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ABSTRACT 

 

This thesis, as part of the ending phase of the project "Across Continents Electric Vehicle 

Services (ACES)" [1], analyses one of the project’s main objectives “Test whether Elec-

tric Vehicles (EVs) can help supporting Bornholm power system.”  

 

The key for the success of renewables is the capability to store the produced energy, when 

conditions are right and use it when is needed. The idea of utilizing the storage capacity 

from EVs for the benefits of the system, such as providing ancillary services, has been 

investigated in this thesis. 

 

Bornholm’s island power system under islanded operation is used as a study case. The 

island can be considered as a small version of the Danish power system, where there is 

generation from wind, photovoltaics (PVs), biogas, biomass, coal/oil, and diesel genera-

tors. Also, there are 21 EVs connected to vehicle-to-grid (V2G) chargers offering ancil-

lary services such as primary frequency regulation (PFC). The Bornholm power system 

has the capability of operating both connected to the mainland and completely islanded. 

 

By utilizing system’s frequency measurements recorded from the last islanded period, the 

load profile that would cause such frequency behaviour is derived. This load behaviour 

is used as an input signal to simulate the stability of the system, in cases where different 

numbers of EVs provide frequency regulation with specific time delays. The critical pa-

rameter is the acceptable response delay of the whole control chain from EVs [2]. 

 

The investigation is performed with two simulation platforms, MATLAB/Simulink and 

PowerFactory, as both have certain short comings. In this way, results from both pro-

grams could be compared and a better conclusion could be reached. 

 

Finally, the results achieved from this thesis support the newly introduced guidelines from 

Energinet, for the delays and droop values of storage units offering PFC [3]. 
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1   
INTRODUCTION 

The work presented in this report as part of the ACES project [1], follows on-going re-

search in integration of renewable energy sources (RES), e-mobility, storage with a more 

specific focus on local coordination, grid aspects and ancillary services in the island of 

Bornholm. 

 

It has become apparent in recent years that RES integration is an important issue. In this 

regard, local storage is seen as the solution for managing the fluctuating production and 

the uncertainty from RES. Recently, e-mobility has taken a significant portion of the 

transport market, especially in Europe [4], and it has become a valuable player of the 

solution of reducing CO2 emissions in the transport and energy sector. The large battery 

capacity of the growing number of EVs can be used to maintain the power balance of the 

electrical system, and at the same time generate a revenue for the EV owner. By simply 

modulating the charging according to the frequency deviations, any EV can perform pri-

mary frequency control (PFC) and generate a revenue of 52 EUR per year [5]. By using 

a Vehicle to Grid (V2G) charger that also can discharge the EV to the grid, the value 

increases substantially as the PFC can be delivered for extensive periods and generate a 

revenue up to 1100 EUR per year [6], [7]. The results presented in this thesis investigates 

if V2G technology will facilitate the electrification of the transportation sector, by gener-

ating new revenue streams to the EV owner and at the same time be able to provide the 

required ancillary services to the grid, in order to increase integration of RES, like wind 

and solar. 

 

Firstly, this report presents a load profile derivation procedure in an electric power sys-

tem, focused on the Bornholm case, by utilising both MATLAB/Simulink and PowerFac-

tory (PF). The derived load behaviour is analysed using these two simulation platforms. 

Based on a comparison of the historic frequency, data received from ACES project during 

the islanded operation, a conclusion on the most accurate load behaviour is achieved.  

 

Secondly, different scenarios of EVs offering PFC on the Bornholm power system have 

been investigated, by utilizing the derived load behaviour. Through these sensitivity anal-

yses, it has been concluded how fast different number of EVs would need to respond to 

frequency changes, to be able to stabilize the system and not destabilize it further. 



 

Introduction 

15 

Section 1.1 provides a brief description of the RES and EV integration potential and chal-

lenges, including a market perspective. Section 1.2 continues with a description of a Born-

holm power system as a typical example of a system with high penetration of RES. Sec-

tion 1.3 describes the main objectives of this work and lastly, section 1.4 presents an 

outline of the remainder of the report.  

1.1 Electric transportation challenges 

Due to the global warming, the modern society is facing two challenges: the increased 

demand for greener electricity and the electrification of most economic activities to re-

duce carbon footprint. To achieve this, society will be using electricity as a primary source 

in almost every sector. On this regard, transportation is one of the heavy CO2 emitting 

sectors, that is moving quickly towards electrification. 

1.1.1 Electric vehicles market and technology overview 

It has been predicted that by 2050, electricity in Europe will represent almost 70% of all 

energy consumption, in contrast to only 21% in 2015 [8]. 

Figure 1-1, visualizes the area of implementation that is required to fulfil the forecasted 

demand on electricity. 

 

Figure 1-1: (left) Green electricity and electricity-based fuels dominate the EU’s 1.5℃ 

scenario [8]. (right) Area requirements for new RES by 2030 in Danish Energy’s Green 

Scenario [8]. Note:  The green countries are those analysed. 

 

Recently, e-mobility has taken a significant portion of the personal vehicle market, espe-

cially in countries like Norway where 56% of new car sales were Plug-in or full electric 

vehicles [9]. This growth is projected to continue further, after the implementation of bans 

for diesel/petrol cars in many countries in Europe from 2025 and the continuing decrease 

of lithium-ion battery prices (Figure 1-2). In 2018, the global EV fleet consumed around 
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58 terawatt-hours (TWh) of electricity, similar to Switzerland’s total electricity demand 

in 2017 [9]. E-mobility will be able to grow significantly due to the cost reduction of 

battery production, the growing supporting infrastructure on private/public chargers, fast 

chargers and the continuous increase on charging speed together with the improvement 

of battery-cell energy density [10], [11], [12].  

 

Figure 1-2: Continuous decrease of lithium-ion battery prices [11]. 

 

The trend can also be seen from the involvement of almost every company in the auto-

motive industry. This increased involvement, increases competition in the production vol-

umes, as shown at Figure 1-3, which has made EVs more desired in the market, where 

there are almost 500 different EV models [12]. 

 

Figure 1-3: Deep look on EV market, charging speed, launch year and prices [12]. 

 

EVs offer present a new source of electricity demand for suppliers and producers, but also 

pose significant challenges to grid operators [13], [14].  
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1.1.2 Transmission and Distribution grid challenges 

The full 100% EV penetration is expected to not involve more than 45% simultaneous 

home charging from EV owners. Depending on grid characteristics, it would be allowed 

from 30-50 % simultaneous home charging, if the loading factor would be 100% [13].  

 

Figure 1-4: BloombergNEF’s EVs load profile forecast by 2035 [15]. 

Note: Light commercial EVs are considered within home and public infrastructure. 

11kW hardware is assumed to encompass 7-22kW chargers. 

 

Regarding the increased electricity demand from electrification of transport sector is that, 

overall, by 2040 the increased demand is expected to be 5.2 % of global electricity de-

mand, while in Europe is around 7-8 % increase on demand [15]. 

These values, for increased electricity demand during 24-hour shown from both studies 

at [13] and [15], are not as high as previously thought and can be seen in Figure 1-4. The 

future challenge lies on operating the grid in a safe manner, even when there will be 

enough RES generation meeting the increased demand. Moreover, to make things even 

more complicated, Distribution Utilities will need to manage dynamic loads and distrib-

uted generation. Traditional residential consumers are becoming prosumers, which means 

that they produce, consume, and sell energy services. 

Regarding the dynamic load coming from electric transportation, the most important fac-

tors that shape it can be divided into: 

• User driving habits. 

• Vehicle penetration. 

• Charging characteristics. 

• Temporal allocation. 

Another classification for EV impact varies based on customer type and charging [16]. 

1. Home charging. The peak usually happens late in the evening where the EV own-

ers charge for the next working day. 

2. Charging at offices. The peak usually happens midday. 

3. Fleet or public charging. A higher peak happens early morning and a second 

smaller early evening. 
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In order to be able to handle these new challenges, a transformation of the network and 

the way of operating should take place. Some studies show that in North America the 

existing feeders and substations capacity are not able to accommodate the required 

demand and are not flexible enough to cope with dynamic load and power variations [17]. 

The safe operation of the network presents an even bigger challenge, because RES lacks 

generation predictability and constantly experience power oscillations. Those combined 

with the predictions of overloading feeders and transformers in the near future on the 

distribution system, safe operation of the network it will be one of the main challenges 

for the utilities [17].  

1.1.3 Covid-19 pandemic challenges  

The year 2020 marks a difficult year on the global economy, because of global pandemic. 

This event has affected everyone’s lives and it will remain a matter of discussion for years 

to come. That is why, some early analysis and consequences regarding the power grid 

and EVs future, deserves to be mentioned. During the pandemic on Western Europe, a 

sharp decrease was noted on electricity prices, due to the decrease 15-20 % of electricity 

demand. Furthermore, low electricity prices reaching even negative hourly prices in coun-

tries like Denmark, Germany, Sweden, Norway, United Kingdom, made possible to shut-

down coal and nuclear plants in these countries, while renewables like, wind and solar 

thrived. EV sales dropped in 2020, but they hold up better than combustion vehicles and 

it is predicted that they will recover faster [15].  

     

 

Figure 1-5: Effects of reduced internal combustion engine (ICE) vehicle traffic in Eu-

rope due to covid-19: Air quality index in February 2020 (left graph) versus May 2020 

(right graph) [18]. 
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Another crucial discussion about EVs and the future of the cities lies on the pollution 

topic. During the pandemic period, due to the lack of human activity and reduced traffic, 

a large decrease on pollutants like Nitrogen oxide (NOx) and other PM2.5 particulates1 

was recorded [18]. The data shows that EVs not only reduce the total carbon footprint, 

but also help to reduce city pollution, as shown at Figure 1-5. So far, very good signals 

have come from large European political and automaker leaders, who support the idea of 

rebuilding the economy in a better way, by exploiting renewables and embracing the tran-

sition towards electric transportation [15].  

 

To sum up the future challenges that electric transport presents, it can be said that EVs 

will be a key player for the future of network and our cities, by helping to accommodate 

the increased generation from RES. Since most predictions conclude that the number of 

EVs will constantly increase [15], societies should take advantage of these new opportu-

nities. V2G can unlock further flexibility potentials [19]. This technology can enable a 

smoother integration of EVs and RES in power systems. 

This is a significant opportunity for achieving system cost reductions and unlocking the 

flexibility potential from a fraction of the 16 000 GWh of cumulative EV battery capacity 

that is expected to be [20]. 

1.2 ACES project and Bornholm island 

This thesis has been completed in collaboration with the ongoing project ACES (Across 

Continents Electric Vehicle Services) [1]. The project leader is the DTU Center for Elec-

tric Power and Energy, managed by project leader Mattia Marinelli. 

 

The ACES project is built upon a strong partnership with the utility company Bornholm 

Energi & Forsyning (former Østkraft) (BEOF), which is fundamental for this thesis and 

the whole project, as it provides valuable data. In addition, the ACES project has been 

undertaken in collaboration with the Japanese and UK based research centers of Nissan 

Motors. 

 

The ACES project is built on top of previous research, such as the Nikola project [21] and 

the Parker project [22]. As partner of the two cited projects, NUVVE - electric vehicle 

(V2G) aggregation service provider - is a partner in the ACES project, providing technical 

expertise on Bornholm with 21 sets of EV and V2G charger. 

 

The ACES project investigates technical and economic impacts of EV integration in the 

power grid of the Danish island of Bornholm, considering the EVs as contributors to 

 
1 PM2.5 refers to atmospheric particulate matter (PM) that have a diameter of less than 2.5 micrometers 

and include combustion particles, organic compounds, metals, etc. 
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guarantee a reliable and cost-efficient power system operation with a high share of re-

newable energy sources. From the partners involved in this project, ACES investigates 

the benefits of providing ancillary services to the island network.                  

Bornholm island resembles the Danish power system, with a 30 % share of wind, con-

ventional generating units (CGUs), biogas, PV and an small EV fleet run by the munici-

pality. Moreover, the island represents 1% of Denmark for population and area, and it 

faces some of the issues regarding RES integration, when it is operating in islanded mode. 

 

Bornholm is interconnected via a 60 kV, 60 MVA AC cable to Sweden and the Nordic 

power system. This interconnection makes it possible for the island to operate in a non-

isolated mode and the cable has a capacity to completely cover the island’s peak load, 

resulting in improved power quality and increased the security of supply on the island. In 

the normal operation the renewable generation is not curtailed, and the remaining power 

is coming from the cable as the combined heat and power (CHP) plant is running when 

there is a need for heat production [23]. However, due to maintenance or unforeseen out-

ages of the interconnection cable, the island may operate in isolation mode [24]. With an 

installed generation capacity of 157 MW and a peak load of 63 MW, the island can run 

in isolation but faces the challenges regarding isolated systems [25].  

 

When interconnection is lost, the wind turbines are required to reduce their power or even 

shutdown. This means that, while operating in islanded mode, the island cannot exploit 

its full wind generation potential and financial loses are a consequence for wind turbine 

owners, or the utility running the grid. A better view on how the island’s power system 

reacted in this in-between state, from isolated to interconnected, can be seen on Figure 

1-6 . Frequency gets smoother and approaches the nominal value of 50 Hz in the inter-

connected operation mode and deteriorates when the system is in islanded mode.  

 

Figure 1-6: Frequency behaviour of Bornholm’s power system when passing from is-

land mode to interconnected with Sweden during islanded operation on 2008 [26]. 

 

Figure 1-7 shows a frequency behaviour of islanded operation mode, when first there is 

no generation from wind and gradually increasing wind penetration to 7.5-10% and 15%. 
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Frequency oscillations increase with the penetration of wind into the power system, mak-

ing it harder to keep it in nominal value, when it is operated in islanded mode. This re-

markable opportunity to study the effects of RES integration in Bornholm’s power sys-

tem, comes with the responsibility to offer some solutions for a higher penetration of RES 

and improvements on grid stability. This is the reason why, this work is mainly focused 

on grid stability and investigating through testing and simulations new possibilities that 

EVs offer for PFC, based on the data gathered from ACES project during islanded oper-

ation on Spring 2019. 

 

Figure 1-7: Frequency behaviour of Bornholm’s power system depended on the wind 

power penetration, when it was in islanded operation in 2008 [26]. Wind penetration is 

going from 0 to 15 %, with an intermediate period of restricted wind power prediction. 

1.3 Objectives of the thesis 

This thesis investigates the benefits of providing ancillary services from EVs. Moreover, 

by studying the frequency behaviour and by implementing different scenarios of number 

of EVs delivering PFC to the grid, during the islanded operation mode, this small-scale 

project can be used as a reference for an implementation to a larger power system.  

The main objective of the thesis is to analyse and assess the impact of PFC from EVs on 

the islanded power system. The main objective can also be divided into sub-objectives, 

namely: 

o How can we determine a system’s per second load changes based on the historical 

frequency deviations? The goal is to construct a realistic per-second time series 

of the system's net demand, which can be used as a more detailed load input signal 

in a frequency dynamics study. 

o Can EVs make the system more stable? How can the EVs contribution affect the 

frequency, will it significantly reduce the frequency deviations?    

o How critical is the charger’s response delay in the overall frequency response?  

1.4 Report outline 

This thesis is organized in 8 chapters. It starts with a description of the Bornholm power 

system during normal operation mode and proceeds with the islanded operation mode. 

Next step is the introduction of the role of EVs in the power system and the investigation 
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of EV integration during the islanded operation of Bornholm. Finally, the main results 

are summarized and discussed to reach some conclusions, together with some suggestions 

for future work. A short description of each chapter can be read below: 

• Chapter 2 starts with a description of the Danish power system and ancillary ser-

vice. It ends with a thorough explanation of Bornholm power system components 

and displays the data gathered from the research project ACES during islanded 

operation. 

• Chapter 3 starts with the presentation of a simulation model of Bornholm power 

system in the Simulink platform. Afterwards, it describes the method of deriving 

the load behaviour from historic frequency deviations. 

• Chapter 4 contains load behaviour derivation results, evaluation and investiga-

tion via data comparison and statistical analysis. 

• Chapter 5 presents the implementation of different simulation scenarios in Sim-

ulink. The derived load is used as an input on the model and different EV pene-

tration scenarios are implemented, considering different delays and droop values. 

Lastly, a summary of the results is presented on the end of the chapter. 

• Chapter 6 begins with the Bornholm’s power system PF model and concludes 

with the advantages and disadvantages of the model. 

• Chapter 7 contains the same process described at Chapters 3 and 5, but in this 

case, it utilizes the PF platform for simulations. The simplifications and assump-

tions due to PF software limitations are described on this chapter. Finally, it ends 

with the summary of results from PF simulations. 

• Chapter 8 concludes the thesis, by summarizing the most important findings, an-

swering the questions raised in Chapter 1 and suggesting future work. 
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2  
BORNHOLM ISLANDED OPERATION 

This chapter will introduce the general characteristics of the Danish power system and 

Bornholm’s power system, with all the important parameters during the normal and is-

landed operation of the island. 

Danish power system and ancillary services 

Denmark is situated in the northern part of Europe and it is a junction point between two 

synchronous areas, Continental Europe (CE) and Nordel. Denmark’s transmission in-

volves two synchronous areas, East of Great Belt (DK2), part of ENTSO-E RG Nordic 

and West of Great Belt (DK1), part of ENTSO-E RG Continental Europe [27], as shown 

in Figure 2-1.   

        

Figure 2-1: (left) Synchronous Areas, CE purple colour, Nordel blue colour, GB yellow 

colour. (right) Denmark junction points between CE and Nordel corresponding to DK1 

and DK2 [28]. Note: Blue line is an AC interconnection and Red line is a DC intercon-

nection. 

 

Power system’s main quantities that are observed and analyzed are frequency, voltage, 

and phase angle. Frequency is the indicator for keeping the balance between generation 

and consumption of electricity. This balance must be kept within a given limit, defined 

by agreements of TSOs of the same synchronous area [29]. These frequency limits are 

provided in Table 2-1. 
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Table 2-1: Normal operation frequency limits [28]. 

Synchronous Area Frequency limits for standard frequency 

deviation range [Hz] 

Continental Europe Region 49.95-50.05 

Nordic Region 49.9-50.1 

 

System disturbances in the Nordic system has a dimensioning outage of 1200 MW, while 

for CE the dimensioning outage is 3000 MW. 

To be able to control these disturbances, the TSOs procure ancillary services that maintain 

the system’s frequency at the nominal value, for a stable and reliable power system oper-

ation as shown in Figure 2-2.  

 

Moreover, the ancillary services for DK1 are classified as follows [30]: 

• Primary reserve, also called Frequency Containment Reserve (FCR). 

• Secondary reserve, also called Automatic Frequency Restoration Reserve (aFRR).  

• Manual reserves, mFRR. 

• Properties required to maintain power system stability. 

 

The island of Bornholm is connected to the Nordic power system and follows the regula-

tion of DK2. The ancillary services for DK2 are classified as follows [30]: 

• Frequency-controlled normal operation reserve, FCR-N.  

• Frequency-controlled disturbance reserve, FCR-D.  

• Automatic Frequency Restoration Reserve. 

• Manual reserves. 

 

 

Figure 2-2: Ancillary Services available and frequency response [28]. 



 

Bornholm islanded operation 

25 

As a rule, every TSO of the synchronous area is required to provide its share of ancillary 

services and for DK2 (Eastern Denmark) as part of Nordel, it is as follows: 

 

Table 2-2: Frequency controlled normal operation reserve, FCR-N [27]. 

 Annual consumption 

2005 

(TWh) 

Frequency controlled 

normal operation re-

serve, FCR-N 

(MW) 

Eastern Denmark 14.4 23 

Finland 84.9 137 

Norway 125.9 203 

Sweden 147.3 237 

Synchronous area 372.5 600 

 

For instance, FCR-N is in total 600 MW for the synchronous area, and it should be im-

plemented linearly for deviations up to ∆𝑓 = ± 0.1 Hz, upwards/downwards within 150 

seconds without a dead band [30]. FCR-N is distributed between subsystems in the syn-

chronous area and every subsystem needs to have at least 2/3 of it on its own system in 

the event of splitting up and islanded operation [27]. 

 

FCR-D is an automatic upward regulation reserve, which is activated at 49.9 Hz and com-

pletely released at 49.5 Hz. For this purpose, it is required to supply 50% of the response 

within 5 second and the remaining 50% of the response within an additional 25 seconds 

[30]. Each subsystem needs to have at least 2/3 of it on its own system in the event of 

splitting up and islanded operation [27]. 

 

Table 2-3: Frequency controlled disturbance reserve, FCR-D [27]. 

 Dimensioning 

faults 

(MW) 

Frequency con-

trolled disturbance 

reserve, FCR-D 

(MW) 

Frequency 

con-trolled dis-

turbance re-

serve 

(%) 

Eastern Denmark 580 153 15.0 

Finland 865 137 22.4 

Norway 1200 203 31.0 

Sweden 1200 237 31.6 

Total  1020 100 

 

Correspondingly, manual reserve is a manual upward and downward regulation reserve 

which is activated by TSOs control centres. The manual reserve must be supplied in full 

within 15 minutes of activation [30]. 
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Western Denmark (DK1) needs to provide ± 20 MW as primary reserve. That amount 

needs to be fully activated for ± 200 mHz frequency change and a dead band of ± 20 

mHz is permitted. The reserve must be supplied linearly at frequency deviations between 

20 and 200 mHz. The first half of the activated reserve must be supplied within 15 sec-

onds, while the second half must be fully applied within 30 seconds. Furthermore, pri-

mary reserve must make possible to maintain regulation until the secondary and manual 

reserves can take over, after 15 minutes [30]. 

 

Figure 2-3 shows the typical development of frequency, following a production outage, 

and it illustrates the terms “minimum temporary frequency” and “stationary frequency” 

[27]. Here can be observed the main difference of Nordic synchronous area compared to 

CE synchronous area development of frequency (see Figure 2-2). 

 

Figure 2-3: Development in frequency in Nordel, following production outage [27]. 

 

Summarizing for DK2, frequency stabilizes at a stationary frequency, which is not the 

nominal frequency. This is due to the lack of secondary reserve in the Nordic synchronous 

area. 

2.1 Bornholm power system 

The Bornholm power system resembles a Danish distribution system, where the DSO 

Elnetøst [31] supplies electricity to more than 28 000 customers [32]. 

Key components of this power system are [32]: 

• The 132/60-kV substation in Sweden. 

• The connection between Sweden and Bornholm via 60-kV, 63 MVA, 43.5 km 

undersea cable. 

• The 60-kV network with 16 60/10-kV substations, 23 60/10-kV on-load tap 

changer (OLTC) transformers with a total capacity of 219 MVA. 
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• The 10-kV network with 94 10 kV feeders. 

• The 0.4 kV network with 1006 10/0.4 kV transformers and a total capacity of 268 

MVA. 

 

 

Figure 2-4: The island of Bornholm with major generation units and 60-kV grid [32]. 

 

Bornholm power system operates in normal condition when it is connected via undersea 

cable with Sweden and the Nordic synchronous area, and it can operate in islanded mode, 

when the undersea cable is disconnected. 

Furthermore, wind power generation is on average more than 30% of the load [32] and 

these characteristics make the island very attractive towards studying and analysing dif-

ferent scenarios for renewable energy and EV integration. In this regard, when the island 

is operating in normal condition the following generation units are activated: 

•  “Biogas 1 and 2” 2 x 1 MW biogas CHP gas turbine, with inertia constant 2H=5.6 

s and apparent power S=1 MVA. No droop controls. 

• “Block 6” 16 MW biomass combined heat and power plant (CHP), with steam 

turbine that can be boosted to approx. 24/36 MW depending on fuel type coal/oil. 

Apparent power S=46.8 MVA, nominal voltage 10.5 kV, inertia constant 2H=6.4 

s, droop control 2%, voltage control and ramping rate 2 MW/ 10 min. 

• “37 MW wind” (24 machines <100 kW; 16 machines between 100 and 1000 kW; 

17 machines > 1000 kW). 

• “23 MW of PV” (8 MW of rooftops connected at 0.4 kV and 15 MW connected at 

10 kV). 

• “58 MW reserve” (used under islanded operation) described below in details. 

 

Whereas, when the island is operated in islanded condition, the active generation units 

are: 
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• “Block 5” 25 MW oil-powered steam turbine. Apparent power S=29.4 MVA, 

nominal voltage 10.5 kV, inertia constant 2H=8.6 s, droop control 2% and ramp-

ing rate 2.5 MW/ 10 min. Block 5 is generally not used together Block 6 for fre-

quency regulation due to hunting issues. 

• “Block 7” 10 x 1.5 MW diesel generators. Apparent power for each diesel gener-

ator S=2 MVA, nominal voltage 0.4 kV, 2H=1.1 s. No droop control and ramping 

rate 1 MW/ min. 

• “Diesel 1 and 2” 2x4.5 MW diesel generators, fuel type oil, apparent power 

S=5.825 MVA, nominal voltage 10.5 kV, 2H=8 s, capable of droop control. 

• “Diesel 3 and 4” 2x5 MW diesel generators, fuel type oil, apparent power 

S=6.335 MVA, nominal voltage 10.5 kV, 2H=8 s, capable of droop control. 

 

Table 2-4 and Table 2-5 gives some specific information about CGUs during islanded 

operation from 06:00 May 07 to 24:00 May 15, 2019.  

 

Table 2-4: Characteristics of generating Units offering PFC [33]. 

Block 5 2 poles 3000 rpm Synchronous gen 

Diesel 1 2 poles 3000 rpm Synchronous gen 

 

Table 2-5: CGUs parameters during 06:00 May 07 to 24:00 May 15 2019 [34]. 

Conventional Units Droop  

Block 5 ≈ 3% 

Diesel 1 & 2   ≈ 1% 

Block 6 Fixed load 

Block 7 Fixed load 

 

2.2 1-week islanded operation data 

In this section, the data received from the ACES project during the islanded operation are 

presented by focussing on two specific hours, in order to understand how the island’s 

power system behaves. In cooperation with BEOF, it was possible to retrieve the data 

from the operator’s SCADA system during the first week of the islanded period. Addi-

tionally, there were 21 EVs connected to the system via bi-directional chargers and de-

livering PFC to the island via the aggregator, NUVVE. NUVVE [35] has provided the 

aggregated power of all the vehicles. This data consists of:  

1. Frequency data with half second resolution: f [Hz] 

2. Combined delivery of EVs with second resolution: power [kW]  

3. Aggregated production of conventional units (CUs), Photovoltaic (PV) panels, 

and wind turbines. 

4. Production and Consumption data are known only on an hourly basis. 
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5. Aggregated consumption data from Scada. But data recorded by BEOF lack some 

clarity, record 10 seconds average values and do not record every generating unit 

in the island. 

 

Moreover, there is some missing data which affect the system as follows: 

1. PV panels and wind turbines production behind the meters is not distinguished 

from consumption.  

2. 10% (~3.7 MW) of the wind turbine production is not available.  

 

 

Figure 2-5: Frequency behaviour of DK2 and Bornholm island in the period of discon-

nection of undersea cable. 

 

From the acquired frequency data, an increase in deviations on the island’s frequency 

behaviour can be seen. This is evident in Figure 2-5. The frequency data, which has a 

sampling rate of half a second, together with generation and consumption data of hourly 

sampling, will be utilised to derive a load profile for the island.  

Furthermore, during the islanded operation, a clarification needs to be made that the gen-

eration from wind is lower than usual because of wind curtailment. Under normal condi-

tions the higher integration of wind into the system increases power oscillations but it is 

not a problem because of the cable connection compensating. Furthermore, wind and PV 

production connected in the low-voltage (LV) network are not distinguished from the 

household's consumption/production, therefore are not visible on the data. This can be 

viewed in Figure 2-6. 
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Figure 2-6: Production and consumption data (hourly sampling).  

(Upper plot) Total production and consumption values. 

(Lower plot) Residual, non-measured production from PV/wind. 

 
Figure 2-7: Production graph on 9th May 2019 00:00 to 06:00 AM CEST. 

 

The production graph gives an idea of hourly production recorded by BEOF and together 

with the frequency behaviour allow to make an analysis on consumption and how the 

system is acting during this period (Figure 2-7).  
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2.3 2-hours of investigation 

Two hours during islanded operation are chosen for the analysis. The hours chosen for 

analysis are: 9th May 2019 01:00 to 02:00 AM CEST, as the hour with EVs performing 

V2G and 04:00-05:00 AM CEST, as the hour with no/little V2G operation (Figure 2-8). 

Table 2-6 shows the production for the two hours chosen for investigation.  

 
Figure 2-8: Frequency behaviour for the two hours chosen for investigation. 

 

Table 2-6: Production values for 2 hours chosen on 9th May 2019. 

Time 

9th 

May 

Block 

5 

[MWh] 

Diesel 

1 

[MWh] 

Biogas 

1 & 2 

[MWh] 

Wind 

BEOF 

[MWh] 

Wind 

Not 

BEOF 

[MWh] 

Block 

6 

[MWh] 

Block 

7 

[MWh] 

 

Total 

Gen. 

MWh 

01-02 13.42 0.00 1.6 3.2201 1.00 0.00 0.00 19.235 

04-05 14.856 0.00 1.6 3.145 0.427 0.00 0.00 20.028 

 

Based on the production of generating units, offering PFC on the chosen hours, it can be 

said that the DSO is operating the units as follows: 

• Block 5: offering up/down regulation of  16.67 
𝑀𝑊

𝐻𝑧
 or 0.05998 

𝐻𝑧

𝑀𝑊
 . 

• Diesel 1: offering up/down regulation of 9 
𝑀𝑊

𝐻𝑧
 or 0.111 

𝐻𝑧

𝑀𝑊
 ,(when it is online). 

In total, the power system has 0.03895 
𝐻𝑧

𝑀𝑊
 or, 25.67

𝑀𝑊

𝐻𝑧
 capacity to react for a load 

event, when both units are operating and offering PFC. Since, Diesel 1 hourly production 

is 0.00 MWh, only Block 5 is offering PFC during these two chosen hours. 

In addition, it is important to know the equivalent Inertia constant 𝐻𝑒𝑞, according to every  

unit operating during the hour [36]. 𝑆𝑏𝑎𝑠𝑒 is the sum of every unit’s apparent power, op-

erating during the hour of investigation. 

 

 𝑆𝑏𝑎𝑠𝑒 = 29.4 𝑀𝑉𝐴 + 1 𝑀𝑉𝐴 + 1 𝑀𝑉𝐴 = 31.4 𝑀𝑉𝐴  (2. 1) 
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𝐻𝑒𝑞 =

29.4 𝑀𝑉𝐴 

31.4 𝑀𝑉𝐴
× 4.3𝑠𝑒𝑐 + (

1 𝑀𝑉𝐴

31.4 𝑀𝑉𝐴
× 2.8𝑠𝑒𝑐) × 2 = 4.204 𝑠 

 (2. 2) 

 

2.4 Vehicle-to-grid in Bornholm 

In the island of Bornholm there is a running demonstration project, “ACES” [1] with 21 

EVs, connected with 21 bidirectional, 10 kW chargers that are offering PFC together with 

the conventional generating units (CGUs). From those 21 EVs, 5 have a battery capacity 

of 24-kWh, 15 have a 30-kWh battery and 1 has a 40-kWh battery. From the chargers, 

the data for power flow along with the time period are recorded. The V2G chargers can 

consume 10 kW from the grid and deliver 9.2 kW, with an efficiency of 88% at full power. 

This is similar to the standard on-board chargers, where 90% has been reported [37]. The 

response of the EVs is not instant. Instead, they respond to frequency deviations with an 

average delay of 6 seconds [25]. The delay is however not entirely caused by the EV or 

the charger, as the same equipment has shown 2 s delay in an experimental setting but 

still with a frequency measurement communicated over the internet [38]. The 6 second 

delay reaction when providing PFC, is shown by the analyzed data from one charger, at 

Figure 2-9.  

 
Figure 2-9: Visualization of 6 seconds shift matching the expected droop from one typ-

ical charger. 

 

During the analyzed hour, when there is V2G operation (01:00-02:00), there are 19 

chargers operating. Figure 2-10 shows the droop of one typical charger and the droop 

reaction for 19 chargers combined. Figure 2-11 shows the total amount of active power 

that chargers are delivering during delivering/not delivering PFC. The positive value of 
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active power means that the power flow direction is from EVs to the grid and negative 

value means that EVs are charging their batteries.  

  
Figure 2-10: (left) Droop characteristic for each charger. (right) Overall measured 

droop reaction from 19 chargers with 6 seconds shift during 01:00 to 02:00 AM CEST. 

 

 
Figure 2-11: Overall active power delivered/consumed through V2G operation, during 

2 chosen hours. 

 

The next chapter will introduce the methodology used for deriving the load/power profile.   
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3  
DYNAMIC MODELLING IN SIMULINK 

One of the objectives of the thesis is to derive an accurate load profile of the system with 

a very high temporal resolution. This is an important input for conducting dynamic fre-

quency simulations of the power system, with different scenarios of EV penetration in 

PFC. 

3.1  Methodology and Bornholm Simulink model 

3.1.1 Methodology explanation 

To investigate and simulate different EV scenarios, PF and Simulink platforms have been 

used. Figure 3-1 shows the steps followed in Simulink platform. The ACES project data, 

historic frequency deviations are used (the left branch), in order to derive the load profile. 

After deriving the load profile, different EVs scenarios are simulated, to analyse the sys-

tem’s stability. On the other hand, the other data provided from ACES (the right branch 

on generic model) are used to evaluate the derived results from the model. 

 

Figure 3-1: Generic model explaining the methodology used in Simulink platform. 
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3.1.2 Simulink model 

A very common way of representing power system’s frequency dynamics is by using a 

single machine infinite bus system. A Simulink implementation of the resulting dynamic 

model, which is often referred to as the swing equation model, is shown in Figure 3-2. 

To model the behaviour of the Bornholm power system, a single unit is offering PFC, 

namely Block 5, in the Bornholm power system. The generating unit has the governor 

and turbine dynamics represented as a typical steam turbine unit, while the power system 

is represented by rotor inertia and load.  

 

Figure 3-2: Model on frequency domain of a generating unit with a reheat steam tur-

bine [39]. 

𝑃𝑚𝑒𝑐ℎ is the mechanical active power. 𝑃𝑒𝑙𝑒𝑐 , is the electrical active power. 𝐽, is the inertia 

of the system and 𝜔𝑠, is the rated speed in rad/s. The swing equation is described by: 

𝑃𝑚𝑒𝑐ℎ − 𝑃𝑒𝑙𝑒𝑐 = 𝐽 × 𝜔𝑠 ×
𝑑𝜔

𝑑𝑡
 (3. 1) 

 

Moreover, by inputting load changes ∆𝑃𝐿 into the model, it is possible to output frequency 

changes ∆𝑓, which can be compared with the historic frequency changes ∆𝑓ℎ𝑖𝑠𝑡𝑜𝑟𝑖𝑐 , pro-

vided from the ACES project. This model works based on ∆𝑃𝐿 and 𝐽 formulas, which are 

derived as follows (3. 5), (3. 2), [39]. An explanation of the parameters introduced below 

(from (3. 2) to (3. 8)), can be found at Table 3-1 and Table 3-2. 

 

 
𝐽 =

2 × 𝐻 × 𝑆𝑟𝑎𝑡𝑒𝑑

[(
2
𝑝𝑓

) × (2 × 𝜋 × 𝑓0)]2
 

 
(3. 2) 

 

Apart from the Block 5 unit, to fully represent Bornholm power system during the is-

landed operation, a second unit offering PFC is added; the aggregated EVs model. EVs 

have a delay and a simple transfer function. 

Models in frequency domain, used in Simulink model are as follows: 

 

1. CGUs [39], [25]. 

a. Steam turbine with re-heat (Block 5). 
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 (3. 3) 

2. Aggregate EVs model [25], [40] . 

 

 

 (3. 4) 

Table 3-1: Simulink model parameters [25], [41]. 

Parameter Symbol Value Unit 

Governor time constant 𝑇𝑔 0.2 s 

Turbine time constant 𝑇𝑐ℎ 0.3 s 

Reheat turbine time constant  𝑇𝑟ℎ 0 s 

High-pressure turbine constant 𝐹ℎ𝑝 0.3  

Ramp limit Block 5  0.25 MW/min 

Droop reaction Block 5 𝑅𝐵𝑙𝑜𝑐𝑘5 0.059988 Hz/MW 

Saturation Block 5  25 MW 

Synchronous machine B.5 pole 𝑝𝑓 2 poles 

Battery time constant 𝑇𝐸𝑉 0.1 s 

Battery response delay 𝑒−𝑠𝜏 6 s 

Droop reaction EVs 𝑅𝐸𝑉 0.73 Hz/MW 

Saturation EV  0.1748 MW 

 

Table 3-2: System Parameters during 2 chosen hours, with V2G and without V2G.  

Parameter Symbol Value Unit 

Rated speed 𝜔0 314 rad/s 

Nominal frequency 𝑓0 50 Hz 

Inertia constant for 3 Units 𝐻3𝑈 4.204 s 

Equivalent Inertia constant M 8.408 s 

Rated Power  𝑆𝑟𝑎𝑡𝑒𝑑 31.4 MVA 

Hourly generation with V2G 𝑃𝑔𝑒𝑛/ℎ1 19.235 MWh 

Hourly generation without V2G 𝑃𝑔𝑒𝑛/ℎ4 20.028 MWh 

Damping D 0.55 % 

Moreover, by reversing the Simulink model (Figure 3-3), on frequency domain and using 

the option of having a ramp and saturation into each generation branch, it becomes pos-

sible to derive the load profile corresponding to a historical known frequency. 
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Figure 3-3: Model on frequency domain, representing Bornholm power system, where 

Block 5 and EVs are available to perform PFC [39], [25]. 

 

Laplace-transformed load changes formula, for a system with 1-unit offering PFC is [39]: 

∆𝑃𝐿(𝑠) =
∆𝜔(𝑠)

[

−1
𝑀𝑠 + 𝐷

1 +
1
𝑅 × (

1
1 + 𝑇𝐺𝑠) × (

1
1 + 𝑇𝐶𝐻𝑠) × (

1
𝑀𝑠 + 𝐷)

]

 

(3. 5) 

∆𝑃𝐿 𝑠𝑡𝑒𝑎𝑑𝑦 𝑠𝑡𝑎𝑡𝑒 = lim
𝑠→0

[𝑠 ∆𝑃𝐿(𝑠)] 

∆𝑃𝐿 𝑠𝑡𝑒𝑎𝑑𝑦 𝑠𝑡𝑎𝑡𝑒 = −∆𝜔 × (
1

𝑅
+ 𝐷) 

(3. 6) 

∆𝑃𝐿 = −(2 × 𝜋 × ∆𝑓) × (
1

𝑅
+ 𝐷) (3. 7) 

If there is more than 1-unit offering PFC, like in my case, 𝑅𝑒𝑞 equals the equivalent droop 

of both units, than the last formula (3. 7) becomes: 

 
∆𝑃𝐿 = −(2 × 𝜋 × ∆𝑓) × (

1

𝑅𝑒𝑞
+ 𝐷) 

 
(3. 8) 

(3. 8) is used to derive load profile depending on the equivalent droop, damping and fre-

quency changes of the system. The next section will describe calibration and validation 

of the simulation model introduced at Figure 3-3.  

3.2 Calibration and validation of Bornholm Simulink model  

The method used to test the system, is by simulating different load events, and analyzing 

the results. Table 3-1 is the one to be referred to for the system parameters during the 

simulations on this section. Droop and ramping values are those that are tested below. 
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Minimum damping value is set to 0.55 %, in order to stabilize Block 5 and not continuous 

oscillate, when it is the only unit offering PFC into the system, see Figure 3-4. When 

damping is equal to zero, the system continues to oscillate (Figure 3-4 left). 

  
Figure 3-4: Block 5 reaction under 0.5 MW load event with different damping values. 

 

The damping value of 0.55%, is the only assumption that has been taken into considera-

tion for the Bornholm Simulink model. At (Figure 3-4 right) when damping is equal to 

0.55, after the 0.5 MW load event happening at time t = 5 second, frequency stabilizes at 

49.97 Hz. This reaction validates the droop criteria of 16.67 MW/Hz (3. 9). 

 
∆𝑓 =

−∆𝑃𝐿

(
1

𝑅𝐵𝑙𝑜𝑐𝑘5
+ 𝐷)

=
−0.5 𝑀𝑊

(16.67
𝑀𝑊
𝐻𝑧

+ 0.55)
= −0.03 𝐻𝑧 

 
(3. 9) 

Also, Block 5 generates 0.5075 MW for 121 seconds, accordingly, to ramp limits of 

0.25 MW/ min.  
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Figure 3-5: Block 5 reaction, under 1 MW and 0.2 MW load events. 

Following the same principle described at (3. 9), Figure 3-5 shows that the results match 

with droop and ramping values for Block 5.  These three tests conclude that the model is 

reacting accordingly. 

Figure 3-6 shows how the model derives the load changes, based on the frequency as an 

input and depending on how many units are offering PFC. 

  
Figure 3-6: How the load changes are derived, when frequency is the only input. 

(left) Only Block 5 is offering PFC. 

(right) Block 5 and EVs are offering PFC, with EVs experiencing a 6 second delay. 

 

At Figure 3-6, from a 0.05 Hz drop on frequency, generation ramps up accordingly to the 

ramp and droop values of Block 5 (3. 10). It reaches 0.854 MW after 200 seconds, when 

Block 5 is the only unit offering PFC. In the first 10 seconds when the frequency drops, 

the angle of decline is reflected in the load behavior. 

 
∆𝑃𝐿 = −∆𝑓 × (

1

𝑅𝑒𝑞

+ 𝐷) = 0.05 𝐻𝑧 × (16.67 
𝑀𝑊

𝐻𝑧
+ 0.55) = 0.86 𝑀𝑊 

 
(3. 10) 

Second case, again from a 0.05 Hz drop, EVs react with a 6 second delay and generation 

ramps up to 0.937 MW for 200 seconds, matching the equivalent droop value of EVs and 

Block 5 (3. 11). Block 5 reacts by generating 0.855 MW and EVs 0.0825 MW, respec-

tively. Similarly, in first 10 seconds a lot of the system’s dynamics can be observed. 

 
∆𝑃𝐿 = −∆𝑓 × (

1

𝑅𝑒𝑞

+ 𝐷) = 0.05 𝐻𝑧 × (18.04 
𝑀𝑊

𝐻𝑧
+ 0.55) = 0.93 𝑀𝑊 

 
(3. 11) 
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To sum it up, from a frequency change the dynamics of the load can be derived. For the 

same frequency change (-0.05 Hz), in two different scenarios the model creates two dif-

ferent load changes, accordingly to the known system parameters. These tests and math-

ematical calculations validate the model created. The next chapter presents the derived 

load profile on the chosen hours.   
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4  
LOAD PROFILE DERIVATION AND INVESTIGA-
TION 

This chapter presents the derived load profile for the 2 chosen hours of investigation. 

Moreover, these derived load profiles will be investigated, evaluated, and compared to 

historical data, to determine the accuracy of the model. 

4.1 Derived load profile 

The first hour chosen for deriving the load profile is 01:00:00-02:00:00 AM CEST. A 

night hour, when EVs are performing PFC, with a total capacity of +/-190 kW. The meas-

ured frequency of this period is inputted to the model, which then calculates the power 

imbalance, caused by load changes Figure 4-1.  

 
Figure 4-1: Derived load profile, when EVs are performing PFC. 

Also, the output power of Block 5 is calculated based on the effect of the frequency, when 

knowing the operating point and the generator droop. Similarly, the EVs output power it 
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is calculated based on the effect of the frequency, when knowing the droop and saturation 

point of EVs. It can be seen from Figure 4-1, that the variations of the power of Block 5 

is negative proportional to a low pass filtered frequency. This is due to the slow dynamics 

of the generator that is modelled with a ramp limiter. The EVs are reacting more instan-

taneously to the frequency deviations. Note that the EV power is positive when there is 

an under frequency, as positive power is equal to discharging (generation), The load 

changes represent the imbalance that would cause the historical frequency, when includ-

ing the contribution of Block 5. 

 
Figure 4-2: Derived load profile with EVs performing V2G, zoomed at first 16 seconds 

during hour 01:00-02:00 AM CEST. 

 

Moreover, a zoomed view on the first 16 seconds (Figure 4-2), can unveil how the units 

are reacting and the 6 seconds delay experienced by the EVs. Also, it shows that after the 

sixth second, for a short period of time (1 second), 19 EVs that are in V2G operation can 

deliver/absorb more power to counterbalance frequency variations, than Block 5. 

In Figure 4-3, is shown the calculated island consumption as the imbalance (caused by a 

combination of changes in consumption and low voltage production) plus the baseline 

production of Block 5 (calculated island consumption = ∆𝑃𝐿 + 𝑃𝑔𝑒𝑛/ℎ). 
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Figure 4-3: Derived island consumption, when there is V2G operation. 

 

The second hour chosen for deriving the load changes is 04:00-05:00 AM CEST, a morn-

ing hour where smart chargers are preparing the EVs for the working day and so EVs are 

not performing, or performing very little PFC. This is shown at Figure 4-4. 

 
Figure 4-4: Derived load behaviour, for the hour with EVs performing no/little V2G. 

 

In Figure 4-4 Block 5 power variations are counterbalancing the frequency deviations. 

But it can be noted that, Block 5 cannot react fast enough and since EVs reaction is very 

little (because EVs are preparing for the working day and have stopped V2G), the fre-

quency is reaching 49.9 Hz towards the end of the hour. Even though the load changes, 
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representing load imbalances, is gradually going up , Block 5 is not able to react fast 

enough and during the next hour, a new generating unit offering PFC (Diesel 1, which is 

faster than Block 5) , is added to the system. 

 

 
Figure 4-5: Derived Island load with EVs performing no/little V2G. 

 

The reason why a load profile was derived even for a second hour with no V2G operation 

(Figure 4-5), is to validate the model. In this way it can be proved, that the model it is 

not hourly depended. Continuing the next section, the results gained from simulations 

will be analyzed. 

4.2 Simulink model evaluation 

As described before at Figure 3-1, by comparing the results with known data, it can be 

decided how precise the derivation process results are. This will take place during a 3-

step evaluation process, starting with frequency than EVs reaction and consumption data. 

4.2.1 Frequency comparison 

The derived load profiles of previous section can be inputted as a time-series load to 

the Simulink model, described at (Figure 3-3), and the output is the frequency devi-

ations (Figure 4-6). 

 
Figure 4-6: Comparison of frequency, when load profile is inputted into the model for 

the hour with V2G operation 01:00-02:00 AM CEST. 
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(left) Frequency correlation. (right) Zoomed view on first 250 seconds. 

 

Figure 4-6 shows the correlation between the simulated frequency and historic one. This 

correlation is quite good but not ideal. To understand even more how much the error 

between these two frequencies is, root mean is squared error (RMSE) and mean absolute 

error (MAE) are used (Table 4-1). MAE is the average over the test sample (3600 sec-

onds), of the absolute differences between prediction (simulation) and actual observation 

(historic data), where all individual differences have equal weight. RMSE is the square 

root of the average of squared differences between prediction and actual observation [42]. 

“𝑦𝑗” is the prediction (simulated data) and “�̂�𝑗” is the actual observation (historic data). 

𝑀𝐴𝐸 =
1

𝑛
∑ |𝑦𝑗 − �̂�𝑗|

𝑛

𝑗=1

 
(4. 1) 

  

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑(𝑦𝑗 − �̂�𝑗)2

𝑛

𝑗=1

 

(4. 2) 

  

Table 4-1: RMSE and MAE values comparing historic and simulated frequency, for the 

hour with V2G operation 01:00-02:00 AM CEST.  

Units provid-

ing Inertia 

Damping  

[ % ] 

RMSE Value 

[Hz2] 

MAE Value 

[Hz] 

3 0.55 0.2413 0.0018 

 
Figure 4-7: Frequency difference between simulated and historic one, on the hour with 

V2G operation. 

Figure 4-7, shows the mismatch between simulated frequency and historic one. The mar-

gin of this mismatch varies ± 0.005 Hz and the average of 1 hour is equal to MAE value 

0.0018 Hz. So, judging from these numbers the error is quite small. 
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Figure 4-8: Statistical comparison of historic and simulated frequency for the hour with 

V2G operation 01:00-02:00 AM CEST. 

 

Continuing a further statistical analysis between simulated and historical frequency (Fig-

ure 4-8), the probability distribution function (PDF) is shown, which again supports the 

conclusion that simulation results are very close to the historic ones. The simulated and 

historic values behave in a very similar way.  

Moreover, empirical cumulative distribution function (ECDF), shows that both functions 

are not in a normal distribution, where for 50 Hz, empirical cumulative distribution is 

around 0.39, instead of 0.5. But again, both simulated and historic frequency behave in 

the same way. Similarly, sample autocorrelation function shows that the difference it is 

not just a white noise and concluding that the correlation is quite good. 

4.2.2 EVs reaction comparison 

Another option followed in the evaluation process is the comparison of simulated V2G 

operation and the historic one. The historic data regarding V2G was previously introduced 

at Figure 2-9. 

     
Figure 4-9: Comparison of droop reaction between Simulink and historical data. 
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During the derivation process for the hour 01:00-02:00 AM CEST, simulated/derived 

EVs power reaction matches the historic V2G operation (Figure 4-9). Again, even this 

step confirms that the accuracy of the derivation/simulation process in Simulink is quite 

good. 

4.2.3 Consumption comparison 

The last comparison is for consumption during 2 hours of investigation.  

 
Figure 4-10: Consumption comparison with Scada data from DSO for the first chosen 

hour for investigation. 

 
Figure 4-11: Consumption comparison with Scada data from DSO for the second cho-

sen hour for investigation. 

 

For the comparison with Scada data (Figure 4-10 and Figure 4-11), it needs to be re-

peated that, the Scada data recorded by BEOF lack some clarity, record 10 seconds aver-

age values and do not record every generating unit in the island. That is why, the Scada 

data should be used as a comparison on the pattern of consumption and not as direct match 

between the values. And as so, the Scada comparison figures show a similar pattern com-

pared to simulated data. 
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Overall, from the 3 steps of evaluation, there is a very good match between simulated 

results and historic ones. Also, this means that the model designed in Simulink is reacting 

as it should, and it does not depend on a specific hour. 

4.3 Investigation of derived load profiles 

After deriving the load profile and evaluating the results, a comparison between frequency 

and derived load profile is presented in this section, see Figure 4-12, Figure 4-13. At 

these figures frequency and load profile curves are mirroring each other, which is correct. 

 

Table 4-2: Results comparison between 2 hours chosen for investigation. 

Hour EVs offer-

ing PFC 

Mean 

Hourly 

Frequency 

Mean 

Hourly Con-

sumption 

Hourly 

Generation 

Wind 

Hourly 

Genera-

tion 

01:00-02:00 Yes  50.0091 Hz 19.07 MW 19.235 MW 4.22 MW 

04:00-05:00 No 49.976 Hz 20.047 MW 20.028 MW 3.572 MW 

 

From the data of generation, consumption, and frequency, can be seen that during the 

hour where EVs are performing PFC, wind generation is equal to 22% of total hourly 

generation. On the other hand, in the hour where EVs are not performing PFC, hourly 

wind generation is equal to 17.8% of total hourly generation (Table 4-2). 

These wind generation ratios are an improvement from the last investigation [26], where 

15 % level was mentioned as a limit before frequency deteriorates. But still these values 

are lower than those on what Bornholm operates when it is interconnected with Sweden, 

which is typically 30 %. This constraint is what providing PFC from EVs is trying to 

solve and integrate even more wind power into the system. 

 

 
Figure 4-12: Frequency and consumption behaviour for the hour with V2G operation. 

 



 

Load profile derivation and investigation 

49 

 
Figure 4-13: Frequency and consumption behaviour for the hour without V2G opera-

tion. 

 

Figure 4-12 and Figure 4-13 show the frequency and load dynamics of the island during 

the investigated hours. What can be noted is that, in midnight the system is more stable, 

and the load is lower than in early morning, when people start to wake up and prepare for 

the working day. The next chapter presents simulations and results of different EV sce-

narios with the focus on number of EVs, latency and droop value, in order to improve 

system’s stability. 



 

EV scenarios in Simulink 

50 

5  
EV SCENARIOS IN SIMULINK 

In this chapter the derived load profile is utilized as a time-series input and simulations 

with different number of EVs, that are participating in the provision of PFC are per-

formed. The main reason for doing so, is to be able to see if the large-scale V2G frequency 

reserve provision benefits the power system.  

5.1 EV scenarios 

To refer the model used for these simulations see Figure 3-3. Simulations will follow 4 

scenarios. Those 4 scenarios are: 

1. Historic scenario: relates to the historic data during the hour 01:00-02:00 AM 

CEST, where there are 19 EVs offering PFC with a delay of 6 seconds and a droop 

of 2.57%, together with Block 5 operated at 3% droop value. 

2. No EVs scenario: relates to removing from the historic scenario all EVs and sim-

ulating the system with Block 5, as the only unit offering PFC. 

3. 100 EVs scenario: is the scenario where 100 EVs are offering PFC. The 100 EV 

scenario is investigated with 6, 4, 0.5 and 0. 25 second delays, considering both 

2.57% and 12% droop values.  

4. 200 EVs scenario: is the scenario where 200 EVs are offering PFC. The 200 EV 

scenario is investigated with 6, 4, 0.5 and 0. 25 second delays, considering 2.57%, 

6% and 9% droop values. 

During the simulations presented onwards, Block 5 will always be operated at 3% droop.  

5.1.1 Scenario “No EVs”  

At No EVs scenario, the time-series load profile differs from the historic scenario (load 

profile derived at Figure 4-1). This happens because removing EVs from the system 

means, removing them as a unit and as an active power reaction from the historic scenario 

(Figure 5-1). 

Table 5-1: 1-minute MAE values for frequency comparison. 

Scenario Number of 

EVs 

Droop 

[%] 

EVs 

[
𝑴𝑾

𝟎.𝟏 𝑯𝒛
] 

Block 5 

[
𝑴𝑾

 𝑯𝒛
] 

Delay 

[sec] 

MAE 

[Hz] 

Historic 19 2.57 0.136 16.67 6 0.0423 

No EVs 0 0 0 16.67 0 0.0419 

 

The results show that even in such small numbers for EVs, like 19 EVs performing PFC, 

large delays are jeopardizing the system’s frequency (Table 5-1). Even though, this jeop-

ardy is quite small, it still shows that delays are a crucial part for EVs performing PFC. 
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Figure 5-1: System frequency, after removing the V2G effect from the historic sce-

nario. 

 

Figure 5-1 shows the difference on system dynamics, when the V2G operation is re-

moved. The frequency deviations differ from the historic scenario. 

5.1.2 Scenario “100 EVs”  

The 100 EVs scenario means that, 1-virtual unit with 100 EVs is connected to chargers 

via V2G and are controlled to provide PFC together with Block 5. A subclassification 

under 100 EVs scenario is, EVs operated with 2.57 and 12 % droop value. 

a) Below units providing PFC are: Block 5 operated at 3% droop and 100 EVs op-

erated at 2.57% droop value (Figure 5-2). The saturation point of EVs is equal to 

the active power 0.92 MW. 

First, droop reaction is calculated “
1

𝑅100𝐸𝑉
”, from a 2.57 % droop that EVs are operating. 

𝑃100𝐸𝑉 is the active power available from 100 EVs. 

 𝑃100𝐸𝑉 = 9.2 𝑘𝑊 × 100 = 920 𝑘𝑊  
(5. 1) 

 1

𝑅100𝐸𝑉
=

𝑃100𝐸𝑉 × 2

2.57 %
=

716 𝑘𝑊

0.1 𝐻𝑧
= 7.16 

𝑀𝑊

𝐻𝑧
 

 
(5. 2) 

 
𝑅100𝐸𝑉 = 0.1397 

𝐻𝑧

𝑀𝑊
 

 
(5. 3) 



 

EV scenarios in Simulink 

52 

 
Figure 5-2: System frequency through different time delays, with a 2.57% droop ap-

plied for EVs and 3% droop applied to Block 5. 

 

Figure 5-2 shows that delays smaller than 0.5 second can shift the system frequency to-

wards nominal value, 50 Hz, when 100 EVs are operated with 2.57 % droop value. But 

these delays below 0.5 second combined with 2.57 % droop value, are making the fre-

quency more oscillatory. 

b) Simulation presented below, considers a 12 % droop for EVs (Figure 5-3). The 

droop reaction is calculated below (5. 4)(5. 5). 

 1

𝑅100𝐸𝑉
=

𝑃100𝐸𝑉 × 2

12 %
=

153.3 𝑘𝑊

0.1 𝐻𝑧
= 1.533 

𝑀𝑊

𝐻𝑧
 

 
(5. 4) 

 

 
𝑅100𝐸𝑉 = 0.98 

𝐻𝑧

𝑀𝑊
 

 
(5. 5) 

 
Figure 5-3: System frequency through different time delays, with a 12% droop applied 

for EVs and 3% droop applied to Block 5. 
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Figure 5-3 shows that delays smaller than 0.5 second can shift the system frequency to-

wards nominal value, 50 Hz, when 100 EVs are operated with 12 % droop value. These 

delays below 0.5 second combined with 12 % droop value are making the frequency 

smother because the reaction sensitivity of EVs is lower compared to 2.57 %. 

5.1.3 Scenario “200 EVs”  

Like above 100 EVs scenario, the 200 EVs scenario means that 1-virtual unit with 200 

EVs connected to chargers via V2G, are controlled to provide PFC together with Block 

5. A sub classification under 200 EVs scenario is EVs operated with 2.57. 6 and 9 % 

droop value. 

a) Simulation below has 200 EVs with a 2.57% droop, together with Block 5 oper-

ated at 3 % droop (Figure 5-4). 

“𝑃200𝐸𝑉” is the active power available from 100 EVs. Also, droop reaction “
1

𝑅200𝐸𝑉
” for 

this amount of EVs by applying a 2.57% droop is: 

 𝑃200𝐸𝑉 = 9.2 𝑘𝑊 × 200 = 1840 𝑘𝑊 = 1.84 𝑀𝑊  
(5. 6) 

 1

𝑅200𝐸𝑉
=

𝑃200𝐸𝑉 × 2

2.57 %
=

1.432 𝑀𝑊

0.1 𝐻𝑧
= 14.32 

𝑀𝑊

𝐻𝑧
 

 
(5. 7) 

 
𝑅200𝐸𝑉 = 0.0698 

𝐻𝑧

𝑀𝑊
 

 
(5. 8) 

 
Figure 5-4: System frequency through different time delays, with a 2.57% droop, ap-

plied to EVs and 3% droop, applied to Block 5. 

 

Figure 5-4 shows that 200 EVs scenarios operated at 2.57 % droop value, are shifting the 

frequency away from 50 Hz. The large capacity available from 200 EVs, around ±2 MW, 

that can be displaced instantly, does not improve the stability when operated with 2.57 % 

droop value.   
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b) In simulation below, droop applied to EVs is 6% and Block 5 is operated at 3% 

droop value (Figure 5-5). Droop reaction is calculated below, (5. 9)(5. 10). 

 1

𝑅200𝐸𝑉
=

𝑃200𝐸𝑉 × 2

6 %
=

 0.613𝑀𝑊

0.1 𝐻𝑧
= 6.13 

𝑀𝑊

𝐻𝑧
 

 
(5. 9) 

 

 
𝑅200𝐸𝑉 = 0.163 

𝐻𝑧

𝑀𝑊
 

 
(5. 10) 

 
Figure 5-5: System frequency through different time delays, with a 6 % droop applied 

for EVs. 

 

Figure 5-5 shows that for 200 EVs scenario operated at 6 % droop value, the option 0.25 

second delay is improving the frequency (getting closer to 50 Hz). The frequency profile 

is very oscillatory, because of the short latency and power provided from EVs. 

 

c) During simulation below, Block 5 with a droop of 3% and EVs with a droop of 

9%, are offering PFC (Figure 5-6). Droop reaction is calculated and can be seen 

at (5. 11) and (5. 12). 

 1

𝑅200𝐸𝑉
=

𝑃200𝐸𝑉 × 2

9 %
=

 0.409𝑀𝑊

0.1 𝐻𝑧
= 4.09 

𝑀𝑊

𝐻𝑧
 

 
(5. 11) 

 

 
𝑅200𝐸𝑉 = 0.244 

𝐻𝑧

𝑀𝑊
 

 
(5. 12) 

 

Figure 5-6 shows that delays below 0.5 second can shift the frequency towards 50 Hz. 

Those delays combined with droop value of 9 % make the frequency smother. So, 200 

EVs operated with 9% droop value and delays below 0.5 second improve the system’s 

stability. 
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Figure 5-6: System frequency through different time delays, with a 9 % droop applied 

for EVs. 

5.2 Comparison results for large delays 

To compare different scenarios, MAE is used (Table 5-2). MAE compares values of the 

simulated frequency with nominal frequency for the period of 1 minute. “𝑦𝑗” is the sim-

ulated frequency and “�̂�𝑗” is the nominal frequency 50 Hz. 

𝑀𝐴𝐸 =
1

𝑛
∑ |𝑦𝑗 − �̂�𝑗|

𝑛

𝑗=1

 
(5. 13) 

  

Table 5-2: 1-minute MAE comparison for different EVs penetration, droops, and de-

lays. 

Scenario Number of 

EVs 

Delay 

[sec] 

Droop 

[%] 

EVs 

[
𝑴𝑾

𝟎.𝟏 𝑯𝒛
] 

Block 5 

[
𝑴𝑾

𝑯𝒛
] 

MAE [Hz] 

No EVs 0 0 0 0 16.67 0.0419 

Historic 19 6 2.57 0.136 16.67 0.0423 

       

1 100 6 2.57 0.716 16.67 0.8125 

2 100 4 2.57 0.716 16.67 0.6863 

3 100 0.5 2.57 0.716 16.67 0.0306 

4 100 0.25 2.57 0.716 16.67 0.0193 

       

5 100 6 12 0.1533 16.67 0.587 

6 100 4 12 0.1533 16.67 0.1571 

7 100 0.5 12 0.1533 16.67 0.034 

8 100 0.25 12 0.1533 16.67 0.033 

       

9 200 6 2.57 1.432 16.67 1.9553 
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10 200 4 2.57 1.432 16.67 1.6403 

11 200 0.5 2.57 1.432 16.67 0.0996 

12 200 0.25 2.57 1.432 16.67 0.0474 

       

13 200 6 6 0.613 16.67 1.4209 

14 200 4 6 0.613 16.67 1.2452 

15 200 0.5 6 0.613 16.67 0.0495 

16 200 0.25 6 0.613 16.67 0.0311 

       

17 200 6 9 0.409 16.67 1.1525 

18 200 4 9 0.409 16.67 0.9321 

19 200 0.5 9 0.409 16.67 0.0175 

20 200 0.25 9 0.409 16.67 0.0171 

 

No EVs scenario, is the reference to identify improvements. Basically, MAE = 0.0419 Hz 

is the benchmark. Improvements from this benchmark are those MAE values smaller than 

0.0419 Hz and are marked on blue italic at Table 5-2.  

From these results, there are a couple of things that can be noted: 

• When EVs providing PFC became significant (100 EVs), and droop is set at 

2.57%, EVs can help the system if delays are below 0.5 seconds. 

• When EVs offering PFC is increased to 200 EVs, with a droop set at 2.57%, even 

a delay of 0.25 second cannot help the system. 

• With the increase of EVs penetration offering PFC, a droop calibration needs to 

take place. Higher droop values are better for the system frequency. 

• So far from these presented simulations, the improvements come only from small 

delays.  

 

A further engagement is conducted to find a better value for EVs droop control, which 

can accept larger delays than 0.5 second. In next section these investigations are pre-

sented. 

5.3 Finding the largest delay for EV scenarios 

From previous simulations was noted that, when the number of EVs offering PFC is in-

creased, only small delays can improve the system frequency.  

Also, another finding was in regard of droop value, when the number of EVs offering 

PFC is increased, the droop increase could make it possible to extend the delayed time 

and improve the system frequency. Thus, the following results provide an analysis on the 

droop-time delay relation.  
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5.3.1 Scenario 100EVs with small delays 

The Historic scenario and No EVs scenario are the same as in section 5.1. During the 

simulations presented below, 100 EVs are operated with a 12%, 4% and 8% droop, to-

gether with Block 5 that is always operated with a 3% droop value. 

a) Simulation starts with 100 EVs operated with a 12% droop while offering PFC 

(Figure 5-7). 

 
Figure 5-7: System frequency through different time delays, with a 12 % droop applied 

for EVs. 

 

Figure 5-7 shows that delays below 1 second can shift the frequency towards nominal 

value, 50 Hz. Also, the frequency from this droop-delay combination makes the frequency 

smother. This is due to the droop value which decreases the amount of power EVs provide 

to the grid compared to smaller droop values. 

 

b) In simulation presented below, 100 EVs are operated with a 4 % droop value (Fig-

ure 5-8). Droop reaction is calculated and presented below, see (5. 14) and (5. 

15).  

 1

𝑅100𝐸𝑉
=

𝑃100𝐸𝑉 × 2

4 %
=

460 𝑘𝑊

0.1 𝐻𝑧
= 4.6 

𝑀𝑊

𝐻𝑧
 

 
(5. 14) 

 

 
𝑅100𝐸𝑉 = 0.217 

𝐻𝑧

𝑀𝑊
 

 
(5. 15) 

 

Figure 5-8 shows that only delays below 0.5 second can improve the system stability, 

when 100 EVs are operated with 4 % droop value. Since, 100 EVs at 4 % droop can 

deliver 460 kW/sec. This capacity value is too much for the system to handle for delays 

larger than 0.5 second. 
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Figure 5-8: System frequency through different time delays, with a 4 % droop applied 

for EVs. 

c) In simulation below, 100 EVs are operated at 8% droop value, while offering PFC 

together with Block 5 (Figure 5-9). Again, droop reaction is recalculated, see (5. 

16) and (5. 17).  

 1

𝑅100𝐸𝑉
=

𝑃100𝐸𝑉 × 2

8 %
=

230 𝑘𝑊

0.1 𝐻𝑧
= 2.3 

𝑀𝑊

𝐻𝑧
 

 
(5. 16) 

 

 
𝑅100𝐸𝑉 = 0.434 

𝐻𝑧

𝑀𝑊
 

 
(5. 17) 

 
Figure 5-9: System frequency, with an 8 % droop applied to EVs.  

 

Figure 5-9 shows that delays below 1.5 second can shift the frequency towards nominal 

value 50 Hz, when EVs are operated with 8 % droop value. This droop value can accom-

modate the larger delay from 100 EVs scenario.  
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5.3.2 Scenario 200EVs with small delays 

Like previous subsection, 200 EVs are operated with a 12%, 9% and 6% droop, together 

with Block 5 which is always operated with a 3% droop value.  

a) EVs operated with a 6% droop and Block 5 operated with a 3% droop, as the units 

responsible for PFC (Figure 5-10). 

 

Figure 5-10: System frequency through different time delays, with an 6 % droop ap-

plied for EVs. 

 

None of the above delays can shift the frequency closer to 50 Hz, but from previous sim-

ulation for 6 % droop value, 0.25 second delay can do that (Figure 5-10). 

b) In simulation below, 200 EVs are operated with a 9 % droop value (Figure 5-11). 

 

Figure 5-11: System frequency through different time delays, with an 9 % droop ap-

plied for EVs. 
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Figure 5-11 shows that delays below 0.5 second can shift the frequency towards 50 Hz. 

200 EVs at 9 % droop can deliver 724 kW/sec. This capacity value is too much for the 

system to handle for delays larger than 0.5 second. 

c) In simulation below, 200 EVs offering PFC are operated with a 12% droop value 

(Figure 5-12).  Also, the droop reaction is recalculated, see (5. 18) and (5. 19). 

 
1

𝑅200𝐸𝑉
=

𝑃200𝐸𝑉 × 2

12 %
=

306.7 𝑘𝑊

0.1 𝐻𝑧
= 3.067 

𝑀𝑊

𝐻𝑧
  (5. 18) 

 𝑅200𝐸𝑉 = 0.326 
𝐻𝑧

𝑀𝑊
  (5. 19) 

 

Figure 5-12: System frequency through different time delays, with an 12 % droop ap-

plied for EVs. 

Figure 5-12 shows that delays below 1.5 second can move the frequency closer to 50 

Hz, when 200 EVs are operated at 12 % droop value. The scenario with 1.5 second de-

lay and 200 EVs operated with 12 % droop, is the larger delay that can make the system 

more stable, from 200 EVs scenarios. 

5.4 Comparison results for small delays  

On this section all the results achieved from simulations with small delays will be sum-

marized, see Table 5-3. Again, MAE is used to compare simulated frequency with nom-

inal frequency 50 Hz and a simulation period of 1-minute is used for comparison. 

 

Table 5-3: 1-minute MAE comparison for different EVs penetration, droops, and small 

delays. 

Scenario Number of 

EVs 

Delay 

[sec] 

Droop 

[%] 

EVs 

[
𝑴𝑾

𝟎.𝟏 𝑯𝒛
] 

Block 5 

[
𝑴𝑾

 𝑯𝒛
] 

MAE [Hz] 

No EVs 0 0 0 0 16.67 0.0419 
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Historic 19 6 2.57 0.136 16.67 0.0423 

       

1 100 0.5 2.57 0.716 16.67 0.0306 

2 100 0.25 2.57 0.716 16.67 0.0193 

       

3 100 2 4 0.46 16.67 0.3623 

4 100 1.5 4 0.46 16.67 0.2681 

5 100 1 4 0.46 16.67 0.0894 

6 100 0.5 4 0.46 16.67 0.0165 

       

7 100 2 8 0.23 16.67 0.0687 

8 100 1.5 8 0.23 16.67 0.0372 

9 100 1 8 0.23 16.67 0.031 

10 100 0.5 8 0.23 16.67 0.0264 

       

11 100 2 12 0.1533 16.67 0.0591 

12 100 1.5 12 0.1533 16.67 0.0459 

13 100 1 12 0.1533 16.67 0.0383 

14 100 0.5 12 0.1533 16.67 0.034 

15 100 0.25 12 0.1533 16.67 0.033 

       

16 200 0.5 2.57 1.432 16.67 0.0996 

17 200 0.25 2.57 1.432 16.67 0.0474 

       

18 200 2 6 0.613 16.67 0.8684 

19 200 1.5 6 0.613 16.67 0.6629 

20 200 1 6 0.613 16.67 0.3786 

21 200 0.5 6 0.613 16.67 0.0495 

22 200 0.25 6 0.613 16.67 0.0311 

       

23 200 2 9 0.409 16.67 0.5961 

24 200 1.5 9 0.409 16.67 0.3806 

25 200 1 9 0.409 16.67 0.0730 

26 200 0.5 9 0.409 16.67 0.0175 

27 200 0.25 9 0.409 16.67 0.0171 

       

28 200 2 12 0.3067 16.67 0.4039 

29 200 1.5 12 0.3067 16.67 0.0331 

30 200 1 12 0.3067 16.67 0.0264 

31 200 0.5 12 0.3067 16.67 0.0216 



 

EV scenarios in Simulink 

62 

The benchmark is the same as before, MAE for No EVs scenario equal to 0.0419 Hz. 

Scenarios that are improving the frequency are mark in blue at Table 5-3. After summa-

rizing the results, it can be said: 

• In general, when 100 and 200 EVs are introduced with very small delays (below 

0.5 second), they can improve the system frequency. The only exceptions for not 

doing so, are scenarios 16 and 17, due to high droop sensitivity and large droop 

reaction capacity. 

• The best-case scenario for a larger delay to be able to improve the system fre-

quency, is the 1.5 second delay (marked in orange at Table 5-3) applied as fol-

lows:  

▪ 100 EVs offering PFC with 8 % droop. 

▪ 200 EVs offering PFC with 12 % droop. 

 

From the best scenarios for the largest latency, and other scenarios with very small delays, 

which benefit the system frequency can be noted that, the active power used from EVs is 

on a range ± 0.1 MW. By decreasing charger’s delay, decreases even the power required 

from EVs. This finding means that, even a small number of EVs providing PFC, can be 

enough for the islanded operations, if it accomplishes the required capacity of ± 0.1 MW, 

which seems to be the common boundary required for this hour of islanded operation. 

This finding can be seen at Figure 5-13, where 21 EVs operated at 2.57% droop value 

with a delay equal or smaller of 0.5 seconds can improve the system frequency. ACES 

project is operating in Bornholm 21 EVs and that is the reason for choosing 21 EVs in 

my proposal. 21 EVs connected to chargers, offer a regulation capacity ±0.193 MW. 

Simulations have shown that this amount of EVs can improve the frequency of the sys-

tem, during the hour presented below. Furthermore, the average hourly power provided 

is equal to -0.0155 MW (Figure 5-14). The minus sign means that EVs are charging and 

plus means discharging. Table 5-4 and Table 5-5 present the frequency improvement 

from 21 EVs measured using MAE. 

 

Figure 5-13: 21 EVs scenario operated at 2.57% droop. (left) System frequency com-

parison. (right) Correlation showing the improvement in system frequency when load 

behaviour is kept the same. 
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Figure 5-14: 21 EVs active power reaction while operated with an 2.57 % droop. 

 

Correlation graph shows how 21 EVs are moving the frequency closer to 50 Hz, even 

though in 1-hour period the improvement is quite small, around 2.3 % compared to the 

benchmark No EVs scenario. But if you compare it to the first minute period than the 

improvement is 16.7 %, which is quite significant. 

 

Table 5-4: First 1-minute MAE comparison. 

Scenario Number of 

EVs 

Delay 

[sec] 

Droop 

[%] 

EVs 

[
𝑴𝑾

𝟎.𝟏 𝑯𝒛
] 

Block 5 

[
𝑴𝑾

𝑯𝒛
] 

MAE [Hz] 

No EVs 0 0 0 0 16.67 0.0419 

Historic 19 6 2.57 0.136 16.67 0.0423 

My pro-

posal 

21 0.5 2.57 0.15 16.67 0.0349 

 

 

Table 5-5: 1-hour MAE comparison. 

Scenario Number of 

EVs 

Delay 

[sec] 

Droop 

[%] 

EVs 

[
𝑴𝑾

𝟎.𝟏 𝑯𝒛
] 

Block 5 

[
𝑴𝑾

𝑯𝒛
] 

MAE [Hz] 

No EVs 0 0 0 0 16.67 0.0301 

My pro-

posal 

21 0.5 2.57 0.15 16.67 0.0294 

 

 

Figure 5-15 summarizes two most important findings from Simulink simulations to im-

prove system’s stability. Delay should be equal or smaller to 0.5 second and by increas-

ing the number of EVs even the droop value should increase. Also, it shows how the in-

creased number of EVs is making the system more stable, by moving the frequency 

closer to 50 Hz and smothering it. 
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Figure 5-15: Summary of 0.5 second delay simulation scenarios. 

(left) Frequency graph. (right) Scatter, correlation graph between load and frequency. 

5.5 Simulink results summary 

This section will make a resume of the achieved results from Simulink simulations. 

Based on those simulations and results can be said: 

• 100 EVs offering PFC with a latency smaller than 0.5 second and a droop equal 

or higher than 2.57% in value, can improve the frequency. The highest improve-

ment from comparing the first minute MAE values of 100 EVs scenarios to not 

having any EVs into the system is, 53.9%.  

• 200 EVs offering PFC with a latency smaller than 0.5 second and a droop higher 

than 2.57% in value, can improve the frequency. Additionally, the highest im-

provement from comparing the first minute MAE values of 200 EVs scenarios to 

not having any EVs into the system is, 59.2%. 

• Even 19 EVs offering PFC with a latency of 6 seconds, like in historic scenario 

happening during 9th May 01:00-02:00 AM CEST, can negatively impact the fre-

quency.  

• Instead, 21 EVs offering PFC with a latency of 0.5 seconds can impact positively 

the frequency. In the first minute MAE comparison with No EVs scenario, the 

improvement is 16.7%. Whereas, for 1-hour MAE comparison with No EVs sce-

nario, the improvement is 2.3%. 

• Also, the larger latency scenario for 100 EVs offering PFC, is a latency of 1.5 

second combined with a droop equal to 8% in value, can improve the frequency. 

For instance, by comparing the first minute MAE values of this scenario to no 

EVs at all into the system, the improvement on frequency is 11%. 

• Likewise, the larger latency scenario for 200 EVs offering PFC, is a latency of 1.5 

second combined with a droop equal to 12% in value, can improve the frequency. 
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Whereas, by comparing the first minute MAE values of this scenario to no EVs at 

all into the system, the improvement on frequency is 21%. 
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6 POWERFACTORY MODEL VALIDATION 

The Bornholm power system is represented in a PF model from previous work [43], [41] 

, [33]. The crucial point that has been discovered in this thesis, is the over-reaction of PF 

Governor model for the units offering PFC. More specifically, based on the data provided 

by BEOF, the capabilities of PF model were tested. The results received from governor 

were compared to the ones known from the system. Furthermore, this chapter will de-

scribe why the current model was not enough to be used, as the only stand-alone simula-

tion platform on this thesis. A new upgrade has been presented, which can be followed 

even on other investigations.  

6.1 Original PowerFactory governor model 

The Block 5 frame helps to understand how the system can react. Every slot is modeled 

based on a specific requirement and accordingly to Bornholm’s power system.  

 

Figure 6-1: Power plant Block 5 frame model. 

 

The unit controlled from the scheme is Block 5, see Figure 6-1. To provide PFC, Block 

5 needs to have some information from the system and after that reacts based on its own 

parameters. Furthermore, this information is provided to Block 5 by different slots, that 

are described as follows: 

• Power System Stabilizer (PSS), modelled accordingly to IEEE type 2 PSS2A [44].  

• Automatic Voltage Regulator (AVR), modelled accordingly to IEEE Modified 

Type AC1 excitation system (EXAC1A) [44]. 
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• Block 5 Pressure Filter and Boiler are specific models related to Bornholm and 

can be found at [41]. 

• Block 5 Governor, can be found at [41] and for a closer look see Figure 6-2. The 

governor has been a case of discussion, which is presented on this chapter. 

 

Figure 6-2: Governor slot, Block 5 Governor model [41]. 

 

In the original governor model for power plant Block 5, the main component representing 

droop control is, “KG”. “
1

𝐾𝐺
” determines the droop for unit Block 5. 

 

Table 6-1: Parameter “KG”-Droop relation in governor for Block 5. 

KG [p.u] Droop [%] Frequency bias 

[MW/Hz] 

10.84 9.2  5.43 

15 6.67  7.5 

33 3 16.67 

 

Similarly, at Diesel 1 parameter called “PF.Droop”, is responsible for the Diesel 1 unit’s 

reaction. 

Table 6-2: Parameter “Droop”- Droop relation in governor for Diesel 1. 

PF.Droop [p.u] Droop [%] Frequency bias 

[MW/Hz] 

0.03 1.64  5.55 

0.02 1.23  7.3 

0.0125 1 9 

 

 

By referring to the known islanded operation droop value, which is 3% for Block 5, then 

KG parameter in PF should be 33 (Table 6-1). Similarly, the recalibration for Diesel 1 

means parameter in PF, “PF.Droop” should be equal to 0.0125 (Table 6-2). Moreover, to 

test these new values a 1 MW load event is taken as an example. 
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Figure 6-3: First simulation, Block 5 and Diesel 1 droop reaction in PF, for a 1 MW 

load event, under KG=10.84 and PF.Droop=0.03 respectively. 

(Upper plots) Load and Frequency reaction. 

(Lower plots) Electrical and Mechanical Power reaction, for Block 5 and Diesel 1. 

 

After a 1 MW load event, frequency stabilizes at 49.906 Hz, as shown in Figure 6-3. This 

means that Block 5 and Diesel 1, together are providing 10.64 MW/Hz, but the require-

ment for these units offering PFC, should be 25.67 MW/Hz in total. The droop reaction 

10.64 MW/Hz is accordingly to KG=10.84 (for Block 5) and PF.Droop=0.03 (for Diesel 

1), but the droop values in PF for these units under islanded operation should be, KG=33 

(for Block 5) and PF.Droop=0.0125 (for Diesel 1). 

Moreover, after fulfilling these requirements for droop reaction, regarding islanded oper-

ation, the system is simulated and shown in  Figure 6-4. 

 
Figure 6-4: Second simulation, Block 5 and Diesel 1 droop reaction in PF, for a 1 MW 

load event, under KG=33 and PF.Droop=0.0125 respectively. 

(Upper plots) Load and Frequency reaction. 

(Lower plots) The electrical and mechanical power reaction, for Block 5 and Diesel 1. 

 

At Figure 6-4, after the 1 MW load event, frequency stabilizes at 49.963 Hz after 40 

seconds. This frequency stationary value fulfils droop requirements for both units, offer-

ing 25.67 MW/Hz droop reaction in total. 

Furthermore, new challenges arise by trying to fulfil the droop requirements. Firstly, the 

system becomes very oscillatory and this can be seen quite well with the 1 MW load event 
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(Figure 6-4). Secondly, from both simulations on different droop values for units Block 

5 and Diesel 1 can be noted that, the electrical and mechanical power reaction does not 

fulfil ramping limitations for these units. In simpler words, units offering PFC are reacting 

instantaneously, like a “battery”, which is not correct, because mechanical power cannot 

react instantaneously in these large values for CGUs (Table 6-3). 

 

Table 6-3: The ramping limits comparison from real life and PF simulations. 

Unit offer-

ing PFC 

Droop Ramping Ramping 

limits from 

DSO 

Firs Sim-

ulation in 

PF 

Second 

Simula-

tion in PF 

Block 5 ≈ 3% 
 
2.5 𝑀𝑊

10 𝑚𝑖𝑛
 ≈ 4.2

𝑘𝑊

𝑠𝑒𝑐
 ≈ 140

𝑘𝑊

𝑠𝑒𝑐
 ≈ 300

𝑘𝑊

𝑠𝑒𝑐
 

Diesel 1 ≈ 1% 
 
2.25 𝑀𝑊

 𝑚𝑖𝑛
 ≈ 37.5

𝑘𝑊

𝑠𝑒𝑐
 ≈ 60

𝑘𝑊

𝑠𝑒𝑐
 ≈ 200

𝑘𝑊

𝑠𝑒𝑐
 

 

First simulation in PF refers to Figure 6-3 and second simulation in PF refers to Figure 

6-4. The ramping values from simulations, mean that the model does not have a ramp 

limiter block incorporated in the governor slots, respectively for Block 5 and Diesel 1. 

So, the current PF model it is not capable to deliver simulations accordingly to the Born-

holm power system islanded mode operations. 

Furthermore, what this thesis tries to offer differently, is in the “Governor Slot” with the 

Block 5 governor adding a ramp limiter and calibrating it accordingly to the values shown 

at Table 2-5.  Next section will further describe this new update implemented in the PF 

model. 

6.2 Revised PowerFactory governor model 

The Block 5 new governor model is shown in Figure 6-5, where the green slot called 

ramp limiter is the new added value for the model. For an overall view of Block 5 power 

plant frame refer to Figure 6-1. In order to fulfill the ramp requirement of 0.25 MW/mi-

nute, new parameters are introduced, like “Uc and Uo”. Uc and Uo represent a close and 

open limit of the valves, and in this way creating the ramp limits, see Figure 6-6. In order 

to work properly, the droop parameter “KG”, needs to be decreased to 0.25 from 33 (Ta-

ble 6-4).  

 

Figure 6-5: Block 5 new governor model. 
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As a result of ramp limiter, Block 5 reacts to a 0.5 MW load in around 122 seconds, which 

matches the values provided from the DSO (Figure 6-6). However, this new configura-

tion, cannot stabilize the frequency in the desired droop value (accordingly to islanded 

operation). Consequently, load dynamics need to change because of low stationary fre-

quency, meaning that, the model loses frequency dependence dynamics, due to the lack 

of correct droop. 

 
Figure 6-6: Block 5 new governor reaction, after a 0.5 MW load event. 

(Upper plots) Load and Frequency reaction. 

(Lower plots) Electrical and Mechanical Power reaction for Block 5 and Voltage level.  

 

Table 6-4: Block 5 new governor values that are added in the model. 

Unit KG Uc Uo 

Block 5 0.25 -0.00005 0.00005 

 

These challenges cannot be solved without sacrificing one over the other. That is why, a 

compromise has been made in this thesis work, to use the model created in Simulink to 

derive the load profile. That Simulink model presented at Figure 3-3, offers proper droop 

and ramping limitations, resembling the correct Bornholm power system islanded opera-

tion. Hence, it provides a better system behavior when a time series load behavior is in-

putted in the system, but the PF model is still used to make a comparison between the 

results.  

 

The lack of correct droop control, even after correcting ramping limits in PF model, still 

affects investigation. Future work might take a second look and implement a secondary 

frequency controller to the governor, so it can provide a correct droop control together 

with a correct ramp limiter. However, this needs to be discussed firstly with the DSO 

control center and conclude on what the DSO has available in operation. 

6.3 What can original PowerFactory model offer. 

Even though, the original PF model lacks a proper ramping limiter and it does not reflect 

correctly the islanded operation investigated, it can still be used to investigate the islanded 

operation, with different droop setting for Block 5. 
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In previous work for islanded operation [25], [28], [45], a case of peak load 66.6 MW and 

a 9.2 % droop value for Block 5 have been considered. 

 

Primary frequency regulation is provided by: 

• Block 5 with 5.4 MW/Hz, implying 9.22 % relative droop with the PF parameter 

“KG” =10.84. 

• Diesel with 3.5 MW/Hz, with 2.57 % droop. 

• Diesel can be replaced with V2G EVs providing same 3.5 MW/Hz with 2.57% 

droop. 

 

Table 6-5: Common values used on previous investigations for Bornholm [28]. 

Total 

genera-

tion 

[MW] 

Block 5 

[MW] 

Block 6 

[MW] 

Biogass 

1&2 

[MW] 

Wind  

[MW] 

Diesel 

[MW] 

V2G 

EV 

[MW] 

Block 7 

[MW] 

66.6 20 8 1.6 37 0.0 0.0 0.0 

 

Table 6-6: Updated generation values for 1-hour islanded operation for Bornholm [28]. 

Total 

genera-

tion 

[MWh] 

Block 5 

[MWh] 

Block 6 

[MWh] 

Biogass 

1&2 

[MWh] 

Wind  

[MWh] 

Diesel 

[MWh] 

V2G 

EV 

[MWh] 

Block 7 

[MWh] 

19.205 13.898 0.0 1.6 3.707 0.0 0.0 0.0 

 

As can be seen, there is a huge difference on production values between cases. At Table 

6-5, for common values used on previous investigation there is a total apparent power 

from units providing inertia of 77.4 MVA, with an inertia equivalent 𝐻𝑒𝑞 equal to 3.6 

seconds. In comparison, for the updated values shown at Table 6-6, there is a total appar-

ent power from units providing inertia of 31.4 MVA, with an inertia equivalent of 𝐻𝑒𝑞 

equal to 4.204 seconds.  

Different inertia equivalent coefficients, total apparent power, generators set points and 

the opportunity to make different investigations for V2G performance on frequency reg-

ulation, when there is a load behavior running, make a good case for the old PF model to 

be used. In this way, the difference between previous work presented on [45] and the new 

updated generation values during islanded operation, can be investigated. 
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7  
EV SCENARIOS IN POWERFACTORY 

Another lead followed in this thesis, is to make a comparison with previous work shown 

at [45] and Simulink results, using PF model as proposed at section 6.3. This chapter will 

present the same process followed at Chapter 3 and 5. Firstly, it is derived the load profile 

and then it is simulated different EVs penetration scenarios, while offering PFC. The main 

reason for doing so, is to be able to see if the V2G operation in a large-scale benefit the 

power system, through PF platform.  

7.1 Derived load profile for PowerFactory 

The process of deriving the load profile for PF is shown at Figure 7-1.  

 

Figure 7-1: Generic model explaining the methodology used in PF platform. 

The main difference from previous load profile derivation is that, the Simulink model is 

adapted to the PF characteristics. This mean that in the Simulink model, it is removed the 
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ramping limiter and increased the droop value for Block 5, to match the PF model (Table 

7-1).The PF model offers a more complex representation of Bornholm power system dy-

namics but with the downside that does not incorporate the ramp limiters for the generat-

ing units.  

7.1.1 Derived load profile 

The model used to derive the load profile can be found at Figure 3-3. In the load deriving 

process, the historic frequency is the input and the load changes are the output. Equation 

(3. 8) is the one used and represents the entire process. Historic frequency during 9th May 

03:00-04:00 AM CEST, has been taken as the reference to derive the load behavior. 

Moreover, during this hour there are 18 EVs connected to chargers performing PFC, to-

gether with Block 5 (Figure 7-2 shows the PF simulation model). The main assumption 

made is to keep the droop of Block 5 equal to 9.2 % and remove the ramp limiter. This 

droop value is the same as in previous studies made on this topic [45]. 

 

Figure 7-2: PF model, Single line diagram used for simulations. 

Table 7-1: Simulink model parameters adapted to PF parameters. 

Parameter Symbol Value Unit 

Governor time constant 𝑇𝑔 0.2 s 

Turbine time constant 𝑇𝑐ℎ 0.3 s 

Reheat turbine time constant  𝑇𝑟ℎ 0 s 

High-pressure turbine constant 𝐹ℎ𝑝 0.3  

Saturation Block 5  25 MW 

Droop reaction Block 5 1/𝑅𝐵5 5.2 MW/Hz 

Battery coefficient 𝐾𝐸𝑉 1  

Battery time constant 𝑇𝐸𝑉 0.1 s 

Battery response delay 𝑒−𝑠𝜏 6 s 

Droop reaction EVs 1/𝑅𝐸𝑉 1.3 MW/Hz 

Saturation EV  0.162 MW 

 

Figure 7-3 show the derived consumption of the island and frequency deviations, when 

are applied PF parameters and limitations to Simulink deriving model. The patterns mir-

ror each other which is correct. 
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Figure 7-3: Island derived load from Simulink model with PF configuration and his-

toric frequency. 

The next subsection is evaluating the accuracy of load profile derivation process when PF 

parameters are applied to Simulink model. 

7.1.2 PowerFactory simulation and evaluation 

On this subsection, it will be evaluated how much does the frequency behavior match 

with historic one, when the derived load behavior is inputted in PF platform. 

 

Figure 7-4: (left) Scatter plot between historic and PF simulated frequency. (right) 

Hourly plot of historic and PF simulated frequency. 
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Figure 7-4 show that there is not a good match between values, but there is a match on 

the pattern followed. Furthermore, MAE between these data is equal to 0.0229 Hz. Sub-

sequently, reasons why there is not a good match between historic and simulated values 

are: the difference on complexity on the models and the lower droop chosen for Block 5 

to operate, at 9.2%. PF model is more complex for generating units, compared to Simulink 

model.  

Hence based on the results, the simulated frequency from PF is assumed as the base sce-

nario. The reason behind this assumption is to make the comparison between different 

simulation scenarios easier and to be able to compare only the difference of each scenar-

ios, by removing the error coming from the model limitations. The next section will pre-

sent the results from different EVs simulation scenarios. 

7.2 PowerFactory simulation scenarios 

To compare different simulation scenarios, a base scenario is needed. That is why the 

base scenario relates to the simulated frequency in PF during 9th May 03:00-04:00 AM 

CEST. Additionally, on this base scenario Block 5 is operated at 9.2% droop value and 

18 EVs at 2.57% droop value, with a 6 second reaction time delay. These upcoming sim-

ulations will give a comparison between the model used in Simulink and in PF. In addi-

tion, by having the results of both simulation platform, a discussion can be made, which 

can lead to a better understanding of the process. Simulations will follow a path of 1, 2, 

4, 6 second delay with different EV scenarios. 

7.2.1 1 second delay scenarios 

On this subsection simulations with 10, 100, 200, 300 EVs scenarios operated with a 

2.57% droop value are presented (Figure 7-5).  

 

Figure 7-5: 9 minutes frequency comparison between EV scenarios.  

 

Scatter and frequency graph show pretty well how the increased number of EVs are mov-

ing the frequency closer to nominal value, 50 Hz (Figure 7-6). 
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Figure 7-6: Scatter correlation between EV scenarios with 1 second delay. 

7.2.2 2 second delay scenarios 

On this subsection simulations with 10, 100, 200, 300, 400 EV scenarios operated with a 

2.57% droop value are presented (Figure 7-7). 

 

Figure 7-7: 9 minutes frequency comparison between EV scenarios with 2 second de-

lay.  

 

Figure 7-8: Scatter correlation between EV scenarios with 2 second delay. 

 

In this case, scatter and frequency graph show how the increased number of EVs are 

moving the frequency away from nominal value, 50 Hz (Figure 7-8). After 15 minutes 
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into simulation on scenario 400 EVs, the frequency jumps to 60 Hz due to Block 5 going 

out of synchronism and causing a blackout in the island. 

7.2.3 4 second delay scenarios 

On this subsection simulations with 10, 100, 200, 300, 400 EV scenarios operated with a 

2.57% droop value are presented (Figure 7-9). 

 

Figure 7-9: 9 minutes frequency comparison between scenarios with 4 second delay. 

 

Figure 7-10: Scatter correlation between EV scenarios with 4 second delay. 

 

Similarly, scatter graph shows how the increased number of EVs are moving the fre-

quency away from nominal value, 50 Hz (Figure 7-8), when operated with 4 second de-

lay. 

7.2.4 6 second delay scenarios 

Similarly, on this subsection simulations with 10, 100, 200, 300, 400 EV scenarios oper-

ated with a 2.57% droop value are presented (Figure 7-11). Again, scatter and frequency 

graph show how the increased number of EVs are moving the frequency away from nom-

inal value, 50 Hz (Figure 7-12), when operated with 6 second delay. 
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Figure 7-11: 9 minutes frequency comparison between scenarios with 6 second delay. 

 

Figure 7-12: Scatter correlation between EV scenarios with 6 second delay. 

7.3 PowerFactory results summary 

At this section, the comparison between each simulated scenario in PF is presented. Fur-

thermore, MAE compares the simulated frequency with 50 Hz nominal value, see Table 

7-2. The series of simulated frequency used in MAE is 1 hour long. 

 

Table 7-2: System frequency results from PF, for different EV scenarios and delays. 

Scenario Number of 

EVs 

Delay 

[sec] 

Droop 

[%] 

EVs 

[
𝑴𝑾

𝟎.𝟏 𝑯𝒛
] 

Block 5 

[
𝑴𝑾

 𝑯𝒛
] 

MAE  

[Hz] 

Base 18 6 2.57 0.136 5.2 0.0649 

       

1 10 1 2.57 0.0716 5.2 0.0650 

2 100 1 2.57 0.716 5.2 0.0590 

3 200 1 2.57 1.432 5.2 0.0531 

4 300 1 2.57 2.148 5.2 0.0481 

5 400 1 2.57 2.864 5.2 0.0441 

       

6 10 2 2.57 0.0716 5.2 0.0655 
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7 100 2 2.57 0.716 5.2 0.0649 

8 200 2 2.57 1.432 5.2 0.1905 

9 300 2 2.57 2.148 5.2 1.4067 

10 400 2 2.57 2.864 5.2 5.85 out 

       

11 10 4 2.57 0.0716 5.2 0.0655 

12 100 4 2.57 0.716 5.2 0.0666 

13 200 4 2.57 1.432 5.2 0.5739 

14 300 4 2.57 2.148 5.2 1.4353 

15 400 4 2.57 2.864 5.2 1.9638 

       

16 10 6 2.57 0.0176 5.2 0.0658 

17 100 6 2.57 0.716 5.2 0.0669 

18 200 6 2.57 1.432 5.2 0.9633 

19 300 6 2.57 2.148 5.2 1.2777 

20 400 6 2.57 2.864 5.2 1.5670 

       

21 10 8 2.57 0.0176 5.2 0.0660 

22 100 8 2.57 0.716 5.2 0.0682 

23 200 8 2.57 1.432 5.2 1.0977 

24 300 8 2.57 2.148 5.2 1.5700 

25 400 8 2.57 2.864 5.2 6.3485 out 

 

The base scenario is the benchmark for the simulations. Each scenario capable of improv-

ing the frequency should have a smaller MAE than 0.0649 Hz. Those scenarios that are 

improving the stability are marked in blue, while the scenarios marked in red are causing 

a blackout in the island. 

The main result coming from these simulations are: 

• Increasing the delay makes the system unstable. 

• Increasing the EVs penetration makes the system very oscillatory and unstable. 

Apart from 1 second delay scenario. 

• 1 second delay or smaller delays can improve system frequency. 

 

These results match with the previously gained results from Simulink platform. The dif-

ference in time delays, is that in Simulink the delay is equal or smaller to 0.5 second and 

in PF platform is equal or smaller to 1 second, if the droop value of EVs is on the range 

2.57-6 %. 
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8  
CONCLUSION 

The thesis work focused on analyzing and assessing the impact of frequency regulation 

from EVs on the island of Bornholm. Results presented are more based on Simulink find-

ings because PF model lacks implementation of a ramping limiter. 

Nonetheless, PF model results supported the results gained from Simulink. First, a model 

was developed to derive the load profile based on the frequency and hourly generation 

data. Second, it was evaluated how good this derived load profile was, compared to ex-

ternal known data. Third, the Simulink model utilized the derived load profile as a time-

series input, to simulate different EVs penetration scenarios offering PFC, with different 

delays. Fourth, the same process was performed in PF model, while applying some as-

sumption to the model parameters. Finally, results from the different simulations were 

analyzed and compared. The work is focused on three main research questions as listed 

in Section 1.3. This chapter aims to conclude them, relying on results and knowledge 

gained. 

 

• How can we determine a load/power profile based on the frequency devia-

tions?  

 

From ACES project valuable data, like frequency deviations and hourly genera-

tion were recorded and provided. Based on this information, the Simulink model 

created and implemented on this thesis derives a load/power profile by using the 

frequency deviations as an input and load profile as the output. 

 

• Can the EVs make the frequency behavior smoother?  

 

Through different EVs scenarios implemented on this thesis it has concluded that: 

▪ The EVs can make the frequency behavior smother, but it requires new 

values for the most important factors like, EVs reaction time and droop 

value.  

▪ Latency smaller than 1 second and droop values in the range 4-8% for 100 

EVs and 9-12% for 200 EVs can make the frequency smother during is-

landed operation. 

 

• How much can EVs affect the frequency positively or negatively, if it can be 

measured through simulations?  
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Similarly, the simulations implemented on this thesis have concluded that, im-

provements on frequency behavior come from latencies smaller than 1 second and 

droop values on a range 2.57 % -12 %. These results agree with [46], where it was 

shown that relatively small delays in the order of one second for demand response 

loads offering PFC can have a negative impact on frequency stability. 

These findings are supported even from Energinet technical guidelines for storage 

units offering PFC, which are stating that storage units should deploy their entire 

power below 1 second latency and droop values should be on a range from 2-12 

% [3].  

 

• How critical is the chargers delay in the overall frequency response?  

 

The chargers delay is very critical. The work carried out throughout the thesis 

indicates that control chain delays larger than 1 second are not beneficial, given 

the characteristics of the analyzed power system. A decentralized provision of 

PFC based on local frequency measurements can help towards achieving such 

small delays [47], [48]. 

8.1 Perspectives 

Going back to introduction chapter, electric transportation and investments on RES will 

be the focus of the governments and industry in the upcoming years. But going forward 

there are challenges that need to be solved. One of those challenges is the system stability 

and provision of ancillary services from EVs.  

What this thesis showcase is that large delays during V2G operation (that come from the 

measurement of the frequency, to the communication and control latency and finally to 

charger-EV response), jeopardize the system stability. Furthermore, delays of the whole 

control chain smaller than 1 second, can improve the system stability. But the thesis does 

not stop there. It has been thought that if these very small delays might not be achieved 

in a short-term, a proposal for a larger delay that can be technology achieved in short-

term has been given.  

For instance, 1.5 second delay is beneficial to the system frequency, when it is combined 

with a specific droop value. Another perspective is regarding the number of EVs offering 

PFC. Even a small number can affect the system in a significant margin, because in a 

period of 1-2 seconds they can deliver more power to the system than CGUs. That is the 

case even in simulations with 21 EVs and a latency equal or smaller to 0.5 seconds. This 

latency and the capability of delivering more power/sec from a small number of  EVs 

compared to CGUs, like it was shown at Figure 4-2, make it possible to deliver fast fre-

quency response (FFR) and synthetic inertia from EVs. The burden is the small latency, 

which has been achieved only in laboratory facilities, like SYSLAB [49]. Even though, 

the possibility to use EVs as a manual reserve or control the unidirectional charging is 

quite appealing and have been proven effective [50]. 
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So, to sum it up it is required a small control chain delay for the system to improve its 

stability. On the other hand, even small number of EVs offering PFC can improve the 

system frequency significantly when the whole control chain delay is equal or smaller to 

0.5 seconds. Lastly, when the number of EVs offering PFC is increased, the droop for 

EVs needs to be calibrated (increased).  

8.2 Future work 

Under this section it will be described some future topics and proposals that are not cov-

ered in this thesis: 

• Undoubtedly, the first thing would be the intervention on PF model, to provide 

the correct droop and ramping levels for Bornholm power system. 

• Second, test the system with a high load event and investigate how good is the 

reaction of the system. A high load event would be common in a scenario with 

higher wind generation share integrated into the system. 

• Third, an investigation on the optimal number of EVs required to offer PFC on 

Bornholm power system. 

• Fourth, an investigation if the islanded operation of Bornholm is the worst-case 

scenario in terms of frequency oscillations and will EVs be more helpful when the 

island is operated in interconnection mode.  
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A   
BLOCK 5 POWER PLANT 

 

A1. Machine parameters 

 

Parameters Parameter description Value 

Reactance (per unit) 

Xd (unsat) D-axis synchronous reactance 1.57 

X’d (unsat) D-axis transient reactance 0.16 

X"d (unsat) D-axis subtransient reactance 0.125 

Xq (unsat) Q-axis synchronous reactance 2 

X’q (unsat) Q-axis transient reactance Blank (due to1 Q-axis 

rotor winding) 

X"q (unsat) Q-axis subtransient reactance 0.2 

X1 (unsat) Stator leakage reactance 0.1 

X2 (unsat) Negative-sequence reactance - 

X0 Zero-sequence reactance - 

Open-circuit Time constants (seconds) 

T’do D-axis transient time constant 53.969 

T"do D-axis subtransient time constant 0.064 

T’qo Q-axis transient time constant - 

T"qo Q-axis subtransient time constant 0.075 

Short-circuit Time constants (seconds) 

T’d D-axis transient time constant 0.55 

T”d D-axis subtransient time constant 0.05 

T’q Q-axis transient time constant - 

T”q Q-axis subtransient time constant 0.05 

Other Parameters 

H (MW sec/MVA) Unit inertia constant 4.318 

D Damping factor 0 

S1.0 Saturation factor at 1.0 pu flux Assumed lin. 

S1.2 Saturation factor at 1.2 pu flux Assumed lin. 
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A2. IEEE Modified Type AC1 excitation system (EXAC1A) AVR 

parameters 

 

Parameters Parameter description Value 

Tr Measurement delay [s] 0.025 

Tb Filter delay time [s] 1 

Tc Filter derivative time constant [s] 2 

Ka Controller gain [p.u] 400 

Ta Controller time constant [s] 0.02 

Te Exciter time constant 0.5 

Kf Stabilization path gain [p.u] 0.01 

Tf Stabilization path delay tine [s] 1 

Kc Rectifier regulation constant [p.u] 0.65 

Kd Exciter armature reaction factor [p.u] 0.2 

E1 Saturation factor 1 [p.u] 3.9 

Se1 Saturation factor 2 [p.u] 0.1 

E2 Saturation factor 3 [p.u] 5.2 

Se2 Saturation factor 4 [p.u] 0.5 

Ke Exciter constant [p.u] 1 

Vmin Controller minimum output [p.u] -10 

Vmax Controller maximum output [p.u] 10 

 

A3. Power System Stabilizer (PSS2A) parameters 

 

Parameters Parameter description Value 

Tw1 1st Washout 1st time constant [s] 1.5 

Tw2 1st Washout 2nd time constant [s] 1.5 

T6 1st Signal transducer time constant [s]  0.015 

Tw3 2nd Washout 1st time constant [s] 1.5 

Tw4 2nd Washout 2nd time constant [s] 1.5 

Ks2 2nd Signal transducer factor [p.u] 0.5 

T7 2nd signal transducer time constant [s] 1.5 

Ks3 Washouts coupling factor [p.u] 1.5 

Ks1 PSS gain [p.u] 3 

Ts1 1st Lead-Lag derivative time constant [s] 0.18 

Ts2 1st Lead-Lag delay time constant [s] 0.02 

Ts3 2nd Lead-Lag derivative time constant [s] 2 

Ts4 2nd Lead-Lag delay time constant [s] 5 

T8 Ramp tracking filter derivative time constant [s] 0.4 
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T9 Ramp tracking filter delay time constant [s] 0.1 

N Ramp tracking filter 1 

M Ramp tracking filter 4 

Ic1 1st Input selector [1-6] 2 

Ic2 2nd Input selector [1-6] 3 

Kd Derivation factor [p.u] 0.01 

IPB PSS base selector (1=gen MVA, 0=gen MW) 1 

Vstmin Controller minimum output -0.05 

Vstmax Controller maximum output 0.05 

 

A4. Governor parameters 

 

Parameters  Parameter description Value 

KSR Speed reference servomotor gain [p.u] 0.021296 

TSR Speed reference servomotor time constant [s] 1 

Control_signal Speed reference logic control [p.u] 0 

KG Speed to oil pressure (droop) [p.u] 10.8416 

TR Speed relay time constant [s] 0.5 

TSM Servomechanism time constant [s] 0.1 

TCH Chest (turbine) time constant [p.u] 0.2 

KPD Piping pressures drop [p.u] 0 

KP Valve position correcting factor [p.u] 1 

del Algebraic loo circumventing delay [p.u] 0.01 

BL Backlash [p.u] 0.00014 

Oil_min Oil tank minimum level 0 

Oil_max Oil tank maximum level 1 
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