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Abstract 

As the share of converter-connected power plants in the power system increases, it 

is essential for the power plants to stay connected to the system during overvolt-

ages, because the disconnection may result in the loss of a significant proportion of 

generation. Due to this, grid codes in some countries include overvoltage ride 

through requirements that require the power plants to stay connected to the grid 

during overvoltage of certain magnitude and duration. In some countries, con-

verter-connected power plants are required to inject additional inductive current to 

mitigate overvoltages. 

    The objective of this thesis was to propose overvoltage ride through and addi-

tional inductive current injection requirements for converter-connected power 

plants in Finland. In addition, the thesis studies whether additional capacitive cur-

rent injection during faults can cause overvoltages due to a delay in the control sys-

tem. The overvoltages were studied using electromagnetic transient type simulation 

software and wind power plant models from two manufacturers. The simulation 

studies were done using three simulation models: a simple model consisting of 

three wind power plants and a small, meshed network, island model corresponding 

to an actual islanding situation in the Finnish power system and a large model cor-

responding to the part of the Finnish power system located in Ostrobothnia. 

    The results obtained in the simple model show that the largest overvoltages were 

observed after faults causing line or bus disconnection in the 110 kV network. These 

overvoltages were aggravated by the constant positive reactive power produced by 

the wind power plants after the fault. However, the magnitude and duration of these 

overvoltages could be reduced by adjusting the control parameters of the wind 

power plants. In the large model, the duration of overvoltages was shorter as the 

slow active power recovery of some wind power plants decreased the overvoltages. 

Employing additional inductive current injection mitigated overvoltages in the sim-

ple model and in the large model but did not affect the overvoltage in the island 

model. The magnitude of capacitive current injected during a fault had small effect 

on the overvoltage occurring after fault clearing. Proposals for overvoltage ride 

through and additional inductive current injection requirements were given based 

on the results. 

Keywords  Overvoltage ride through, converter-connected power plant, addi-
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Tiivistelmä 
Suuntaajavaltaisessa järjestelmässä suuntaajakytkettyjen voimalaitosten on tärkeä 
pysyä kytkettynä sähköjärjestelmään ylijännitteiden aikana, sillä niiden irtikytkey-
tyminen saattaa vaarantaa voimajärjestelmän stabiiliuden. Tämän vuoksi joidenkin 
maiden kantaverkkoyhtiöt ovat määrittäneet suuntaajakytketyille voimalaitoksille 
ylijännitevaatimuksia, jotka velvoittavat voimalaitoksia pysymään kytkettynä jär-
jestelmään tietyn suuruisten ja kestoisten ylijännitteiden aikana. Lisäksi suuntaa-
jakytketyiltä voimalaitoksilta vaaditaan induktiivisen virran syöttöä ylijännitteiden 
pienentämiseksi 
    Tämän diplomityön tavoitteena oli ehdottaa ylijännitevaatimuksia ja vaatimus 
induktiivisen virran syötöstä suomalaiseen sähköjärjestelmään kytketyille suuntaa-
jakytketyille voimalaitoksille. Lisäksi työssä tutkittiin voiko suomalaisessa verkko-
koodissa vaadittu vianaikainen kapasitiivisen virran syöttö aiheuttaa ylijännitteitä. 
Ylijännitteitä tutkittiin käyttäen sähkömagneettitransienttisimulaatio-ohjelmistoa 
ja kahden valmistajan tuulivoimalaitosmalleja. Simulaatiot tehtiin käyttäen kolmea 
mallia: yksinkertaisesta silmukoidusta verkosta ja kolmesta tuulivoimalasta koos-
tuvaa mallia, Suomessa esiintynyttä saareketilannetta vastaavaa mallia ja Pohjan-
maalla sijaitsevaa sähköjärjestelmää vastaavaa mallia. 
   Yksinkertaisen mallin tuloksissa suurimmat ylijännitteet esiintyivät tapauksissa, 

joissa viat johtivat johtojen tai kiskojen pysyvään irtoamiseen ja siten vaikuttavat 

tehonjakoon 400 kV:n ja 110 kV:n verkossa. Näissä tapauksissa tuulivoimalaitosten 

toiminta suurensi ylijännitteitä, sillä vian jälkeen ne syöttivät vakioloistehoa vikaa 

edeltävän asetusarvon mukaisesti tietyn ajanjakson verran. Pohjanmaan mallissa 

simuloitujen ylijännitteiden kestot olivat lyhyempiä kuin yksinkertaisessa mallissa. 

Ylijännitteiden voitiin kuitenkin pienentää muokkaamalla tuulivoimalaitosmallien 

säätäjäparametreja. Induktiivisen virran syötöllä pystyttiin pienentämään ylijän-

nitteitä yksinkertaisessa mallissa ja Pohjanmaan mallissa, mutta ei saarekemal-

lissa. Vianaikaisella kapasitiivisen virran syötöllä oli pieni vaikutus vianjälkeisen 

ylijännitteen maksimiarvoon. Tulosten perusteella annettiin ehdotus ylijännitevaa-

timuksista ja vaatimuksesta induktiivisen virran syötölle ylijännitteen aikana. 

Avainsanat  Ylijännitevaatimus, suuntaajakytketty voimalaitos, tuuli-

voima, loisvirran syöttö  
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Symbols and abbreviations 

Symbols 
 

 

𝐶 capacitance  

𝑓s synchronous frequency of an induction generator  

𝑓r rotor frequency of an induction generator  

𝑖d direct component of current  

𝑖dmax  maximum value of active current  

𝑖max  maximum short-term tolerable current  

𝑖q quadrature component of current  

𝐼n nominal current of a power plant  

𝑘 k-factor of additional reactive current injection  

𝑙L length of a line  

𝑃g active power of a grid side converter  

𝑃gen active power of a rotor side converter  

𝑃ref𝑖  active power reference of a wind turbine generator  

𝑃av𝑖  available active power of a wind turbine generator  

𝑃av available active power of a wind power plant  

𝑃ref active power reference of a wind power plant  

𝑄g reactive power of a grid side converter  

𝑄ref𝑖  reactive power reference of a wind turbine generator  

𝑄n reactive power capacity of a power plant  

𝑄max 𝑖  maximum reactive power of a wind turbine generator  

𝑄max maximum reactive power of a wind power plant  

𝑄ref reactive power reference of a wind power plant  

𝑠 slip of an induction generator  

𝑆k short-circuit apparent power  

𝑈g magnitude of the grid voltage  

𝑈DC DC-link voltage  

𝑈n nominal voltage  

𝑋C capacitive reactance of a series capacitor  

𝑋L inductive reactance of a transmission line  

𝜃 instantaneous angle of the grid voltage in the dq-reference 

frame 

𝜔 angular frequency of the grid  

 

Operators 
 

ⅆ

ⅆ𝑡
 

time derivative  
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Abbreviations 
 

1phg one-phase ground fault  

2ph two-phase short-circuit   

2phg two-phase ground fault   

3phg three-phase ground fault   

AC alternating current   

BESS battery energy storage system   

DC direct current   

DFIG doubly fed induction generator  

FRT fault ride through  

GSC grid side converter   

HV high voltage   

LV low voltage   

LVRT Low voltage ride through   

MOV metal-oxide varistor   

MPPT maximum power point tracking  

MSC machine side converter   

MV medium voltage  

OVRT overvoltage ride through   

PI proportional integral   

PLL phase locked loop   

PMSG permanent magnet synchronous generator   

PoC point of connection   

PV photovoltaic   

RSC rotor side converter   

SCR short-circuit ratio   

VSC voltage source converter   

WPP wind power plant   

WTG wind turbine generator   
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1 Introduction 
 

1.1 Background and motivation 
 

The decarbonization of the energy sector is increasing the share of renewable 

resources connected to the power system. A large share of today’s new renew-

able resources, such as wind power plants (WPPs), solar photovoltaics (solar 

PVs), battery energy storage systems (BESSs), are connected to the grid using 

converters. Due to the increased share of converter-connected resources, the 

future system will behave very differently when compared to the conven-

tional power systems dominated by synchronous machine generation.  

In a power system dominated by converter-connected power plants, the 

disconnection of the power plants due to overvoltage might result in a loss of 

significant proportion of generation, and that might cause stability chal-

lenges to the power system. Grid codes in some countries include overvoltage 

ride through (OVRT) requirements for converter-connected power plants [1] 

[2] [3] [4] [5]. These requirements obligate the power plants to stay con-

nected to the grid during an overvoltage of certain magnitude and duration. 

Additionally, in some grid codes, the power plants are required to inject ad-

ditional inductive current in order to reduce overvoltages [2] [3] [4] [5]. 

Currently, the Finnish grid code specifications for generators require 

power plants to stay connected to the grid for up to one hour if grid overvolt-

age smaller than 1.1 pu occurs and no under- or overfrequency occur. How-

ever, apart from this, no OVRT or additional inductive current injection re-

quirements have been set. [6] Although numerous studies have focused on 

OVRT and additional reactive current injection strategies of converter-con-

nected power plants, very few studies have been published about determin-

ing OVRT or additional inductive current injection requirements [7] [8]. 

 

1.2 Objectives and scope of thesis 
 

The objective of this thesis is to propose OVRT and additional inductive cur-

rent injection requirements for converter-connected power plants in Finland. 

In addition, the thesis studies whether additional capacitive current injection 

during faults required from converter-connected power plants by the Finnish 

grid code can cause overvoltages after fault clearing due to a delay in the con-

trol system. 

To achieve these objectives, the thesis studies the largest overvoltages dur-

ing different fault situations and the effect of additional inductive current in-

jection on these overvoltages using simulations with electromagnetic transi-

ent type software. Simulation studies are used because this allows to examine 

the phenomena in a future grid with increased wind power production and 

to vary the control parameters of the WPP models. Simulation studies also 
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allow investigation of various operational situations with different grid mod-

els. 

The overvoltages observed at the point of connection (PoC) of small and 

large converter-connected power plants radially connected to substations 

and along transmission lines during different fault situations are studied with 

two different simulation models. The simple model consisting of three WPP 

models and a small, meshed network is used to study overvoltages in numer-

ous fault situations and to investigate the effect of wide range variation of 

WPP and wind turbine generator (WTG) control parameters on overvoltages. 

The Ostrobothnia model corresponds to the part of the Finnish power system 

located in Western Finland in the year 2024, and it consists of 70 WPP mod-

els, all 400 kV transmission lines in the Finnish power system and part of the 

110 kV network. This model is used to study the effect of WPP and WTG con-

trol parameters on overvoltage in a large power system model. In addition, 

the effect of WPP and WTG control parameters on the overvoltage experi-

enced by an islanded WPP model is studied in the island model correspond-

ing to an actual islanding event in the Finnish power system. 

The scope of the simulation studies will be limited to WPPs since they con-

stitute the majority of converter-connected resources in Finland. Further-

more, requirements proposed for Type-4 WPPs can be imposed on solar PVs 

and BESSs since they are connected to the grid similarly.  

 

1.3 Content 
 

The rest of this thesis is organized as follows. Chapter 2 discusses converter-

connected resources, such as WPPs, solar PVs and BESSs. Chapter 3 dis-

cusses voltage control and overvoltages in the transmission system. Chapter 

4 discusses fault ride through (FRT) requirements in different parts of the 

world and earlier studies conducted to determine OVRT requirements. Chap-

ter 5 presents the three models used in the simulation studies, fault cases 

simulated in the simulation models and WPP and WTG control parameters 

varied in the simulation models. Chapter 6 presents the results of the simu-

lation studies and Chapter 7 discusses them. Finally, Chapter 8 concludes the 

thesis. 
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2 Converter-connected resources 
 

2.1 Fundamentals of grid-connected converters 
 

Converters are used to connect BESSs and renewable electricity generation, 

such as solar PVs and WTGs to the power system. Solar PV and BESS, shown 

in Figure 5, are sources of DC electricity, and thus they are connected to the 

grid using a DC/AC converter. WTGs are sources of AC electricity and mod-

ern variable speed WTGs are connected to the grid using an AC/AC converter 

consisting of an AC/DC converter, DC-link and a DC/AC converter. DC/DC 

converters also exist, and they are used with solar PVs and BESSs to control 

the DC voltage at the DC-side of the DC/AC converter [9] [10]. 

Considering DC/AC converters, two configurations are possible. Current 

source converter is supplied by a DC current source, has a series inductor in 

the DC-side of the inverter used to provide stable current, and it outputs an 

AC current that is independent of the load supplied. However, when grid-

connected converters are considered, voltage source converters (VSCs) are 

more commonly used. VSCs are supplied by a DC voltage source, have a par-

allel capacitor in the DC-side of the inverter used to provide stable voltage, 

and their output is an AC voltage that is independent of the load supplied. 

[11] Grid-connected converters are typically VSCs because the produced AC 

voltage can be synchronized with the grid voltage. 

Sinusoidal output three-phase AC voltage of the DC/AC converter is cre-

ated by switching of DC-link voltage with transistors. If bidirectional opera-

tion is required from the converter, anti-parallel diodes can be used with the 

transistors to allow power flow in both directions [12]. The quality of the out-

put voltage waveform depends on the level of the converter. For example, 

three level VSC has five possible values of line-to-line voltage and with higher 

level converter the number of possible values increases [13]. In addition, the 

waveform can be improved by filtering [12]. 

Phase locked loop (PLL) is used by the VSC to synchronize the produced 

voltage to the grid voltage. Generally, PLL is used to determine the phase and 

frequency of a signal. When grid-connected VSC is considered, the signal is 

grid voltage. [14] 

Symmetrical three-phase grid voltage can be presented as a vector rotating 

at the angular speed of the grid. VSC current can be presented as d- and q-

components in the rotating dq-reference frame shown in Figure 1. Instanta-

neous angle determined by the PLL is used to align one of the axis of the dq-

reference frame with the grid voltage. Consequently, current components can 

be used to separately control active and reactive power. If d-axis of the refer-

ence frame is aligned with the grid voltage, the d-component of current is 

used by the VSC to control active power and the perpendicular q-component 

is used to control reactive power. [14] 
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When PLL is used for synchronization the VSC is grid-following and thus 

grid-forming sources are needed in the grid to create a voltage that the grid-

following converters can be synchronized to. Synchronous generators are 

currently used in the power system to create the voltage. Additionally, grid-

forming converters exist, but they are relatively novel technology that is not 

covered in this thesis. [15] 

 

 

Figure 1: Grid voltage (𝑈g) can be presented as a vector in a rotating dq-ref-

erence frame rotating at the angular speed of the grid voltage (𝜔). Instanta-

neous angle (𝜃) is used to synchronize the direct (𝑖d) and quadrature (𝑖q) 

components of the converter current with the grid voltage. [14] 

 

As a result of a fault, a part of the grid may be separated from the rest of 

the grid. If only grid-following converter-connected resources are connected 

to the separated part, the separated part is unable to operate properly be-

cause the grid-following converters are unable to create voltage to the grid. 

In the islanding condition frequency and voltage disturbances are experi-

enced by the connected converter-connected resources if no synchronous 

generators or grid-forming converters are connected to the islanded part of 

the grid. In addition to grid-following converters, the imbalance of supply 

and demand of active and reactive power in the island contribute to these 

disturbances. Such disturbances may cause equipment damage before the 

protection trips them. [16] 
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2.2 Wind power 
 

2.2.1 Type-3 wind turbine generator 

 

Type-3 WTG refers to a variable speed wind turbine used with a doubly fed 

induction generator (DFIG). The turbine is connected to the induction gen-

erator through a gearbox that transforms low speed of the turbine to high 

speed of the rotor of the generator. [17] Type-3 WTG can operate in wide but 

limited range of speed around the synchronous speed of the induction gen-

erator [18].  

Layout of a Type-3 WTG is shown in Figure 2. In this configuration the 

stator windings of the generator are directly connected to the grid and rotor 

windings of the generator are connected to the grid through a bidirectional 

AC-AC converter. The converter consists of rotor side converter (RSC), DC-

link capacitor and grid side converter (GSC). [18] The main objective of the 

GSC is to keep the DC-link voltage constant, but it can also be used to support 

the grid during faults by injecting reactive power [17]. The objective of the 

RSC is to control the stator power fed to the grid. [18]  

 

 

Figure 2: Schematic diagram of Type-3 wind turbine generator [17]. 

 

If stator, rotor, and magnetizing losses are neglected, rotor active power is 

proportional to stator active power and their ratio is the slip (s) of the induc-

tion generator: 
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𝑠 =
𝑓s− 𝑓r

𝑓s
                                          (1) 

 

where 𝑓s is the synchronous frequency of the generator and 𝑓r is the frequency 

of the rotor. The operation mode of the generator is dependent on the slip. 

DFIG is in sub-synchronous mode when the slip is positive and in over-syn-

chronous mode when the slip is negative. [18] In the sub-synchronous oper-

ation mode, active power is fed to the rotor by the converter and in the over-

synchronous mode, active power is fed to the grid by the converter. However, 

in both operating modes active power is fed from the stator to the grid. [17] 

If the rotor frequency equals to the synchronous frequency, the slip equals to 

zero and only reactive power is fed to the rotor [18]. 

The GSC and RSC are controlled separately. The GSC control consists of a 

fast inner loop which controls the grid current and slow outer loop that con-

trols the DC-link voltage as well as reactive power exchanged with the grid. 

[18] The GSC controls active and reactive powers by using the d- and q-axis 

components of grid current. When the d-axis is aligned with the grid voltage 

vector as in Figure 1, active and reactive powers exchanged with the grid are: 

 

𝑃g = 𝑈g𝑖d                                         (2) 

 
and 

 

 𝑄g = −𝑈g𝑖q                                       (3) 

 

where 𝑖d and 𝑖q are direct and quadrature components of the GSC current, 

respectively. [18] 

The main objective of the RSC control is to control the active and reactive 

powers fed to the grid by the stator. Similarly to the GSC, the stator active 

and reactive power are controlled using d- and q-axis components of the ro-

tor current. However, unlike the rotating frame of the GSC, in this frame the 

d-axis is usually aligned with stator flux and because the flux lags voltage by 

90 degrees, the reactive power is controlled using the d-axis component of 

rotor current and active power is controlled using the q-axis component of 

rotor current. Similarly to the control of GSC, the control of RSC also consists 

of a fast inner loop controlling the rotor current and a slow outer loop that 

controls the stator active and reactive power. [18] 

Grid faults can cause an undervoltage in the PoC of a WPP. The voltage 

deviations in the PoC are also experienced by the individual WTGs of the 

power plant.  Voltage dip experienced in the terminal of the WTG can result 

in an overcurrent in the stator windings. The overcurrent is transmitted to 

the rotor windings due to the magnetic coupling of stator and rotor. Overcur-

rent in the rotor circuit flows to the RSC and consequently causes overvoltage 
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in the DC-link capacitor. [18] Overcurrent can damage the transistors in the 

RSC and overvoltage can damage the DC-link capacitor. 

Overvoltage in the grid results in an overvoltage in the terminal of the 

WTG which is also experienced in the rotor windings. The magnitude of the 

rotor overvoltage depends on the operation mode of the induction generator 

as in over-synchronous operation mode overvoltages are higher than in sub-

synchronous mode. [19] Similarly to grid undervoltage, during grid overvolt-

age there is overcurrent in the rotor circuit, and the DC-link capacitor expe-

riences overvoltage due to reverse power flow caused by the overvoltage in 

the grid side of the GSC [20]. Voltage over the DC-link capacitor of an AC/AC 

converter is depended on the difference of active power of the two converters: 

 

𝐶𝑈DC
d𝑈DC

d𝑡
= 𝑃g − 𝑃gen                                (4) 

 

where 𝐶, 𝑈DC, 𝑃g and 𝑃gen are the capacitance of the DC-link capacitor, DC-

link voltage, active power transmitted to the grid by the GSC and active power 

transmitted to the DC-link capacitor by the RSC, respectively. Because the 

reverse power flow changes the active power of the GSC, the voltage over the 

capacitor will increase. [20] 

Another issue with grid overvoltage is the controllability of the GSC. Dur-

ing normal operation, the amplitude of the grid voltage is smaller than the 

DC-link voltage. Depending on the pulse-width modulation scheme used to 

generate the switching signals for the GSC transistors, there is a proportion 

of the DC-link voltage that the grid voltage cannot exceed or otherwise the 

converter will lose its controllability. [21] 

A crowbar circuit can be used in the rotor side to protect the RSC during 

voltage deviations. The purpose of the crowbar circuit is to short circuit the 

rotor windings to prevent the overcurrent from damaging the RSC and to 

prevent overvoltage in the DC-link capacitor. After the crowbar short circuits 

the rotor windings, the DFIG may continue operation as a conventional in-

duction generator where only stator windings are connected to the grid. The 

crowbar is triggered either by overvoltage in the DC-link or overcurrent in 

the rotor windings. [17] The connection and disconnection of the circuit can 

be controlled if an active crowbar circuit is used [22]. 

Additionally, chopper circuit is commonly used in parallel with the DC-

link capacitor to protect it from overvoltage. During overvoltage in the DC-

link, the transient current from the rotor flows through the braking resistor 

in the chopper circuit and therefore voltage over the DC-link capacitor is sta-

bilized. [23] When chopper circuit is used together with an active crowbar, 

RSC is protected from the overcurrent by the crowbar and chopper circuit 

allows for earlier disconnection of the crowbar due to which injection of re-

active power to support the grid can be started sooner than if only a crowbar 

is used [22]. 
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2.2.2 Type-4 wind turbine generator 

 

Type-4 WTG refers to a variable speed full converter configuration where all 

the power produced by the generator is fed to the grid through a converter. 

Layout of a Type-4 WTG is shown in Figure 3. The converter consists of ma-

chine side converter (MSC), DC-link and GSC. [17] The generator can be ei-

ther an induction generator or a synchronous generator, but the most popu-

lar generator used in Type-4 WTGs is permanent magnet synchronous gen-

erator (PMSG). When PMSG is used, gearbox is not necessary, because the 

converter adjust the low frequency voltage produced by the generator to 

match the grid frequency. [24] 

The converter used in this configuration is fully rated to enable all the pro-

duced power to be fed to the grid [17]. Because fully rated converter is used 

the generator is able to operate in a wider range of speed and the ability of 

the converter to provide reactive power to the grid is better, which improves 

the ability of the WTG to support the grid during faults [17] [24].  Addition-

ally, because there is no direct connection between the grid and the genera-

tor, it has better fault response than Type-3 WTG. [17] 

 

 

Figure 3: Schematic diagram of Type-4 wind turbine generator [17]. 

 

Similarly to Type-3 WTG, undervoltage in the generator terminal will 

cause overvoltage in the DC-link of Type-4 WTG. Because of the undervoltage 

the GSC is unable to convey the generator active power to the grid and this 

changes the difference between active power of the generator and GSC and 

leads to rise in the DC-link voltage in accordance with Equation (4). The 
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resulting imbalance between mechanical and electrical power of the genera-

tor will accelerate the generator which will result in an overcurrent that can 

damage the MSC. [25] Overvoltage experienced in the generator terminal will 

result in an overvoltage in the DC-link due to the reverse power flow similarly 

as in Type-3 WTG [20]. The GSC of Type-4 WTG may also lose its controlla-

bility if the overvoltage is too high. 

Chopper circuit can be used with Type-4 WTGs to mitigate overvoltage in 

the DC-link capacitor [17]. The chopper circuit resistance is used to consume 

the additional active power that the GSC is unable to transmit to the grid [25]. 

However, crowbar circuit is not needed because the generator does not expe-

rience the deviations of grid voltage similarly as the DFIG of a Type-3 WTG 

since it is isolated from the grid by the converter [17]. 

The main objective of the MSC control is to control the active power and 

AC voltage of the generator. Similarly to Type-3 WTG, fast inner loop con-

trols the MSC currents and slow outer loop controls active power as well as 

the stator voltage. There are several control strategies for the MSC most pop-

ular of which is constant voltage control. This strategy aims to keep the stator 

voltage at its rated value and to maximize the active power of the generator 

by maximum power point tracking (MPPT). [24] 

The other MSC control strategies include unity power factor control and 

maximum torque control. In unity power factor control, stator current is con-

trolled so that there is 180-degree phase difference between the stator voltage 

and current and thus reactive power equals to zero and power factor equals 

to one. In maximum torque control, the electromagnetic torque of the gener-

ator is kept at its maximum value by controlling the stator current. Each con-

trol strategy is implemented by using the rotating dq-reference frame and the 

alignment of the axes in relation to the stator voltage or the magnetic flux is 

chosen according to the desired strategy. [24] 

Similarly as in Type-3 WTG, the main objective of the GSC control is to 

keep the DC-link voltage constant and to keep converter reactive power at its 

reference value. Similarly to MSC, it also consists of outer loop that controls 

the DC voltage and reactive power and inner loop that is keeping the grid 

current at its reference value determined by the outer loop. [24] When the d-

axis is aligned with the grid voltage vector as in Figure 1, active and reactive 

power exchanged with the grid by the GSC are: 

 

𝑃g =
3

2
𝑈g𝑖d                                        (5) 

 

and 

 

𝑄g = −
3

2
𝑈g𝑖q                                      (6) 
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where 𝑈g is the grid voltage [24].  

 

2.2.3 Wind power plant 

 

In addition to generator level control discussed in previous subsections, the 

power plant level control is used in a WPP consisting of multiple WTGs. The 

objectives for this level of control are maximizing the energy production, 

minimizing mechanical loads experienced by the turbines, fulfilling the re-

quirements set by the grid codes and handling faults [26].  

A general layout of a WPP connected to a transmission system is shown in 

Figure 4. The WPP consists of medium voltage (MV) collector bus connected 

to the grid through a MV/HV transformer. The WPP may be connected to the 

transmission system through a long line and depending on the grid code the 

PoC may be located in the receiving end of that line even though the main 

transformer would be located in the sending end. 

WTGs are connected to the collector bus as groups consisting of several 

WTGs connected to each other through individual transformers. Addition-

ally, reactive power compensating devices such as switched capacitors may 

be connected to the collector bus. [27] Switched capacitors are used to in-

crease the capacitive reactive power capability of the plant without decreas-

ing its active power output. The WTGs are connected to the grid through in-

ductive components such as, transformers and transmission lines. The reac-

tive power consumption of these components increase as the active power 

production increases and switched capacitors are used to compensate the 

consumed reactive power. 

Currently, in Finland, converter-connected power plants are required to 

be able to produce or consume reactive power up to one third of rated active 

power if the active power production of the plant is higher than 10 % of the 

rated value. Thus, the total reactive power capacity of the plant is two thirds 

of the rated active power. The power plants are allowed to produce 15 % of 

the total reactive power capacity with shunt devices. Additionally, the power 

plants are required to be able to produce or consume reactive power equal to 

one third of the rated active power without connected shunt devices when the 

active power production of the plant is smaller than 85 % of the rated active 

value. [28] 
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Figure 4: A general layout of a wind power plant. 

 

The main task of the WPP level control is to determine the reference values 

of active and reactive power for each WTG based on the set point values de-

termined by the WPP operator and the available power of each WTG. There 

are several strategies for determining the reference value of reactive power of 

a WPP. Constant reactive power, constant power factor and voltage droop 

control modes can be used to determine the reference value. [6] In all of these 

control modes the controlled variable is measured either in the PoC or in the 

HV side of the main transformer [6] [29]. In the constant reactive power con-

trol mode, the plant level set point value for reactive power is compared to 

the measured value of reactive power and the plant level reference value of 

reactive power is determined for example by a proportional integral (PI) con-

troller [6] [30]. 

In the constant power factor control mode, the WPP level set point of the 

power factor is compared to the actual power factor of the WPP calculated 

using the measured values of active and reactive power [6]. A PI controller is 

then used to determine the plant level reference value for reactive power [31].  

In the voltage droop control mode, reference value of reactive power is 

determined according to the difference between measured voltage and the 

voltage reference and a slope. When larger slopes are used, less reactive 

power is produced or consumed in relation to the change in voltage. [6] 

Active power reference of a WPP is determined by the difference between 

the set point value and measured value of active power. Alternatively, it can 
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be determined according to the difference between the set point of frequency 

and the measured system frequency. The dispatch function is then used to 

determine reference values of active and reactive powers for individual 

WTGs. [31] Active and reactive power references of a WTG are:  

 

𝑃ref𝑖 =
𝑃av𝑖

𝑃av 
𝑃ref             (7) 

 

and 

 

𝑄ref𝑖 =
𝑄max 𝑖

𝑄max
𝑄ref                                    (8) 

 

where 𝑃av𝑖, 𝑃av , 𝑃ref, 𝑄max 𝑖 , 𝑄max  and 𝑄ref are available active power of a WTG, 

sum of available active powers of every WTG of the WPP, WPP active power 

reference, maximum reactive power of a WTG, sum of maximum reactive 

powers of every WTG in the WPP and WPP reactive power reference, respec-

tively [31]. 

Reference values of active and reactive powers are used by the GSC control 

to determine reference values for d- and q-axis components of current. The 

reference values of current are then used by the GSC to control the active and 

reactive power of a WTG according to Equations (2), (3), (5) and (6). 

 

2.3 Solar photovoltaics 
 

Solar PVs are based on solar cells which are P-N semiconductors converting 

solar irradiance to DC current. Consecutively, solar cell can be modelled as a 

DC current source with a parallel diode, resistance, and a series resistance. A 

layout of a grid-connected solar panel is shown in Figure 5 a. Solar panel con-

sists of multiple solar cells and a solar array consists of multiple solar panels. 

Output DC voltage and -current of a solar array depend on the number of 

parallel- and series-connected solar cells. Increasing the number of parallel-

connected solar cells decreases the parallel and series resistance and increas-

ing the number of series-connected solar cells increases both resistances. [9] 

Solar array is connected to the grid using a voltage increasing DC/DC con-

verter and an VSC. MPPT control is implemented on the DC/DC converter to 

output maximum power from the array with different solar irradiances. [9] 

The VSC is controlled to synchronize the output AC voltage with the grid volt-

age and to inject a desired amount of active and reactive power to the grid. 
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Figure 5: a. Grid-connected solar PV system, b. grid-connected battery en-

ergy storage system. 

 

2.4 Battery energy storage system  
 

BESSs have many applications in power systems. For example, they can be 

used together with solar PVs or WTGs to prevent the curtailment of these 

sources by charging the BESS when electricity production is higher than con-

sumption. BESSs can also be used as a reserve or for frequency regulation. 

[32] 

Layout of a grid-connected BESS is shown in Figure 5 b. The BESS consists 

of multiple battery modules connected in series, a DC/DC converter, DC-link 

capacitor, and a VSC. Both converters are bidirectional to allow charging and 

discharging of the battery modules. [32] The DC/DC converter can be used 

either as a voltage decreasing or voltage increasing converter depending on 

whether the BESS is charged or discharged. If the BESS is charged the battery 

side voltage is smaller than the DC-link voltage and if BESS is discharged the 

DC-link voltage is smaller than the battery side voltage. [10] The VSC is used 

to synchronize with the grid voltage and to inject or absorb desired amount 

of active and reactive power. 
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3 Voltage control and overvoltages 
 

3.1 Voltage control in transmission systems 
 

3.1.1 Normal and exceptional voltage range voltage in the Finnish 

transmission system 

 

Voltage control is needed in a transmission system to prevent overvoltages 

and undervoltages by keeping the voltage inside the normal range of varia-

tion [33]. Normal voltage and variation ranges of normal and exceptional 

voltages in the Finnish transmission system is shown in Table 1 [6]. Addi-

tional objectives of voltage control include maintaining operational security, 

maintaining good power quality, and minimizing losses caused by corona 

discharges and current [33]. If voltage in the PoC of a power plant exceeds 

the upper bound of the variation range but stays below 1.1 pu, while the sys-

tem frequency is between 49-51 Hz, operation for 60 minutes is required as 

shown in Figure 6 [6]. 

 

Table 1: Variation ranges of voltage in the Finnish transmission system [6]. 

Nominal voltage (kV) Normal operating 

voltage (kV) 

Normal voltage 

range (kV) 

Exceptional volt-

age range (kV) 

110 118 105–123 100–123 

220 233 215–245 210–245 

400 410 395–420 360–420 
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Figure 6: Voltage-frequency operation area requirement for power plants in 

the Finnish grid code specifications for power generating facilities. When 

voltage in the PoC is between 105–110 % and the system frequency is be-

tween 49–51 Hz, connection is required for 60 minutes. [6] 

 

3.1.2 Voltage control 

 

Voltage of a transmission system is depended on reactive power balance. 

Consecutively, voltage can be increased by producing reactive power and de-

creased by consuming reactive power.  

Voltage control of the transmission system is applied by using shunt com-

pensation devices, tap changers of transformers, synchronous generators 

and converter-connected power plants. [33] Additionally, HVDC-links im-

plemented using VSCs can be used for voltage control. Shunt compensation 

devices and tap changers are used to control the voltage in substations while 

synchronous generators and converter-connected power plants are control-

ling the voltage inside the internal grid of the power plant and in the PoC or 

in the HV side of their main transformer [6]. 
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Shunt reactors, used for voltage control in the Finnish transmission sys-

tem, are connected in the tertiary windings of 400/110/20 kV and 

220/110/20 kV transformers. Shunt reactors are connected to the grid when 

the voltage in the substation rises. Voltage can rise due to 400 kV lines being 

partially loaded which results in reactive power produced by the line capaci-

tance exceeding the reactive power consumed by the line reactance or due to 

capacitive loads producing reactive power. This excess reactive power is com-

pensated by the reactive power consumption of the shunt reactors. [33] 

Shunt capacitors are connected to the busbars of 110 kV substations, and 

they will also be installed to the tertiary windings of 400/110/20 kV trans-

formers in the near future [33] [34]. The capacitors in 110 kV substations are 

used to compensate reactive power consumed by the lines in 110 kV network 

when transmission in the lines is large [30]. The capacitors connected to the 

tertiary windings are used to compensate the reactive power consumed by 

the 400 kV lines when transmission is large. Transformer tap changers are 

used to control the 110 kV side voltage by adjusting the turns ratio of the 

transformers in 400/110 kV and 220/110 kV transformer substations [33].  

While aforementioned shunt compensation devices and tap-changers are 

used to correct voltage variations caused by slow changes in the reactive 

power balance, synchronous generators and converter-connected power 

plants are used to control voltage much faster [30].  

Synchronous generators can be used to either produce or consume reac-

tive power by controlling their magnetization. An underexcited synchronous 

generator consumes reactive power and an overexcited  synchronous gener-

ator produces reactive power. [33] The voltage control is implemented by 

measuring the terminal voltage of an individual generators. If the power 

plant consists of multiple synchronous generators, each has its own voltage 

controller that controls the generator terminal voltage. [6] 

Additionally, converter-connected power plants are required to partici-

pate to voltage control in the transmission system. Converter-connected 

power plant are controlling voltage either in the HV side of the main MV/HV 

transformer or in the PoC. [6] Converter-connected power plants control 

voltage using one of the tree methods discussed in 2.2.3. If voltage droop 

control is used, the slope is set to a value in the range of 2 % – 7 %. Power 

plants are required to be able to produce or consume reactive power up to 

one third of the rated active power, when active power production of the 

power plant is greater than 10 % of the rated value. [6] 

Converter-connected power plants may be connected to the transmission 

system through a long line. If the line connecting the HV side of the main 

transformer and PoC is over 15 kilometers long, voltage control can be imple-

mented by measuring the voltage and current in the PoC. The plant level set 

point of reactive power is determined by comparing the reactive power meas-

ured in the PoC to reference value of reactive power obtained through the 

difference in set point of voltage and measured voltage in the POC. 



27 

 

Alternatively, the voltage control is implemented by calculating the reactive 

power consumed by the line based on the line capacitance and inductance 

and voltage and current measurements in the HV side of the main trans-

former. The plant level reactive power set point is calculated by summing the 

reactive power consumed by the line to the difference of set point of voltage 

and voltage measurement in the HV side of the main transformer. [29] 

 

3.2 Overvoltages 
 

3.2.1 Overvoltages in standards 

 

Standard IEC-60071-1 defines overvoltage as voltage exceeding the peak 

value of highest normal operating voltage of the system [35]. In the Finnish 
transmission system this corresponds to voltage larger than 123 kV, 245 kV 

or 420 kV, depending on the voltage level. Overvoltage occurring between 

phase and ground exceeds the phase voltage corresponding to the peak value 
of the upper bound of the normal variation range [35].  

Two categories of overvoltages are distinguished by the standard. Tempo-
rary overvoltage shown in Figure 7 a is undamped or weakly damped over-

voltage that has a relatively long duration, and that has the same frequency 

as the system frequency. However, in some cases the oscillating frequency of 
temporary overvoltage may be sub- or over-harmonic frequency of the sys-

tem frequency. [35] 
Transient overvoltage is an overvoltage that has a duration of few milli-

seconds, is highly damped and may oscillate in a certain frequency. Further-

more, transient overvoltages can be divided to three categories. Slow-front 
overvoltage are unidirectional, oscillating and they reach their peak value in 

hundreds of microseconds and have total duration of tens of milliseconds. An 
example of a slow-front overvoltage is shown in Figure 7 b. Additionally, fast-

front and very-fast-front transient overvoltages exist but they are mainly 

lightning induced and thus not relevant when OVRT is considered. [35] 
In IEC-60071-1 representative test voltages used for insulation co-ordina-

tion are defined for each category of overvoltage. Temporary overvoltages are 
represented by a power-frequency test voltages shown in Figure 7 c. Power-

frequency test voltage has a duration of one minute and it oscillates in the 

system frequency. Slow-front overvoltages are represented by a switching 
impulse test voltage shown in Figure 7 d. Switching impulse test voltage 

reaches its peak value in 250 microseconds and dampens to half of the peak 
value in 2500 microseconds.  [35] 
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Figure 7: Overvoltages and test voltages used in withstand voltage tests 

defined by IEC-60071-1: a. temporary overvoltage, b. slow-front overvolt-

age, c. power frequency test voltage, c. switching impulse test voltage [35]. 

 

The magnitudes of the representative test voltages shown in Figure 7 c. 

and d. depend on the highest voltage for equipment which is determined by 

the highest voltage of the system. For different voltage levels one or more 

possible standard rated withstand voltages for both power-frequency over-

voltage and switching impulse exist. [35] The RMS-values of the power fre-

quency test voltage and peak values of switching impulse test voltage depend-

ing on the voltage level of the system are shown in Table 2. 
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Table 2: Withstand voltages for power frequency and switching impulse test 

voltages defined by IEC-60071-1 and IEC-62271-1. [35] [36] 

Nominal volt-

age of the 

system (kV) 

Standard power frequency 

withstand voltage (kV) 

Standard 

switching im-

pulse withstand 

voltage (kV) 

21 50 – 

33 70 – 

110 230 – 

 

220 

 

360 

395 

460 

 

– 

 

 

400 

 

 

5201 

 

850 

950 

1050 

1. Only applies to switchgear and control gear. 
 

3.2.2 Temporary overvoltages 

 

Temporary overvoltages can be caused by many reasons. Asymmetrical line-

to-ground faults, load rejection as well as resonance are known to cause tem-

porary overvoltages [37]. While three-phase faults cause voltage dips in each 

phase, asymmetrical line-to-ground faults cause overvoltages in the healthy 

phases. Depending on the grounding method of the system, phase voltages 

in the healthy phases might exceed the nominal line-to-line voltage during 

these faults. System is considered effectively grounded if the ratio between 

maximum phase voltage of the healthy phases during an asymmetrical fault 

and phase voltage during normal conditions is smaller or equal to 1.4. This 

ratio is called ground fault factor. Thus, in these systems overvoltages in the 

healthy phases are smaller than in ineffectively grounded systems during 

asymmetrical fault. [37] 
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The ground fault factor of the system depends on positive and zero se-

quence reactances. The ground fault factor reaches its minimum value when 

the ratio between zero and positive sequence reactances is near zero. The zero 

sequence reactance is depended on the reactance used in the grounding 

points of the system and the line reactance. In a completely ungrounded sys-

tem, the zero sequence circuit is closed by the ground capacitances of the line, 

which greatly increases the zero sequence reactance and results in larger 

overvoltages during asymmetrical faults. [38] 

In ineffectively grounded systems, asymmetrical line-to-ground faults are 

the most common cause of temporary overvoltage. In addition to grounding 

of the system, the fault impedance also affects the magnitude of the overvolt-

age. The magnitude may also be affected by the number of faulted phases as 

in some cases, two-phase line-to-ground faults cause higher overvoltages in 

the healthy phase than one-phase line-to-ground faults. [37] 

Temporary overvoltage may also occur as a results of additional capacitive 

current injection of converter-connected resources after fault clearing. This 

phenomenon was studied in [39] and [40]. In this phenomenon, temporary 

overvoltage with a short duration occurs due to delay in the control system 

due to which the converter-connected resources inject additional capacitive 

current after the voltage has recovered after fault clearing. The excess reac-

tive power after the fault clearing then causes the temporary overvoltage. 

[40] 

The magnitude of the temporary overvoltage is dependent on the amount 

of additional capacitive current the power plants are required to inject, dura-

tion of the control delay, magnitude of the undervoltage caused by the fault 

and proximity of other  converter-connected resources [39] [40]. Faults that 

cause low undervoltages and higher required additional capacitive current 

injection cause higher overvoltages [39]. In [39], increasing the control delay 

caused higher overvoltage until the delay was greater than the rise time of the 

voltage, after which the maximum value of the overvoltage did not increase. 

In systems where converter-connected resources are connected in close vi-

cinity of each other, higher temporary overvoltages are experienced since the 

system has lower short-circuit ratio (SCR) and more reactive power support 

is available during the fault [40]. 

Temporary overvoltages may also occur due to load rejection. When a load 

is disconnected voltage will increase in both ends of a radial line feeding the 

load. The magnitude of the load rejection overvoltage is depended on short 

circuit power of the grid in the sending end, load impedance and length of 

the line. Longer lines and grids with a lower short-circuit power and induc-

tive loads will experience higher overvoltages. [41] 

Load rejection overvoltage is always higher in the receiving end of the 

transmission line [41]. This results from the Ferranti effect, in which the volt-

age increases towards the end of an open ended transmission line due to the 

capacitive current produced by the shunt capacitances of the line [41] [37]. 
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However, the load rejection overvoltage in the sending end of an long trans-

mission line connected to a grid with low short-circuit power might also be 

significant [41]. 

Temporary overvoltages caused by resonance are formed when capacitive 

elements of the system, such as cables and series compensators, interact with 

inductive elements, such as transformers and shunt reactors [42]. In addition 

to capacitive and inductive elements, harmonic current source is needed to 

initiate the resonance. Harmonic current source is typically a converter load. 

The typical elements causing resonance overvoltages are shunt capacitors 

and transformers. The resonance can be classified to series or parallel reso-

nance depending on the location of the harmonic current source in relation 

to the transformer and capacitor. In parallel resonance the harmonic current 

source is located in the same side of the transformer as the capacitor and in 

series resonance it is located in the other side. When parallel resonance is 

considered, the impedance of the resonance circuit on the resonance fre-

quency is very high and thus small harmonic current can cause large over-

voltage oscillating in the resonance frequency. In series resonance circuits 

the impedance is smaller and thus a large harmonic current is needed to 

cause the resonance overvoltage. [41] 

 

3.2.3 Slow-front overvoltages 

 

Slow-front overvoltages are formed as a result of network state changes oc-

curring due to switching or faults. The magnitude of the overvoltage is de-

pended on the properties of the switch and the grid in both sides of the 

switch. In addition, the magnitude of the overvoltage is also largely affected 

by the instantaneous values of voltage and current during the switching or in 

the beginning of the fault. The oscillation frequency of the overvoltage is de-

pended on the inductances and capacitances of the grid in both sides. [41] 

Slow-front overvoltages may occur during the connection of some loads, 

such as capacitors, to the grid. The connection of capacitor causes a slow-

front overvoltage that has a magnitude depended on the instantaneous  grid 

voltage. The maximum value of this overvoltage is typically 2 pu, but it can 

be greater if the connected capacitor is charged before connection. The fre-

quency and dampening of overvoltage resulting from the connection depends 

on the capacitor size and impedance of the feeding network. [41] 

Connection of open-ended lines and line reclosing can also cause slow-

front overvoltages. Switching transient caused by the connection increases in 

the open end of a line due to travelling wave reflection and this results in an 

overvoltage. If line is reclosed after an asymmetrical fault using three-phase 

reclosing the overvoltage is larger due to a trapped charge left in the healthy 

phases of the line during the fault clearing. The magnitude of the overvoltage 

resulting from the line reclosing is depended on the ground fault factor, 

short-circuit power and series compensation degree of the grid as larger 
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overvoltages occur when the short circuit power and series compensation de-

grees are low, and the highest possible value of trapped charge equals to the 

ground fault factor. [41] 

In addition to causing temporary overvoltages, faults also cause slow-front 

overvoltages. Slow-front overvoltages occur during fault initiation and 

switching related to fault clearing. Transient overvoltages occur during fault 

clearing when a line circuit breaker opening removes the voltage drop caused 

by the fault current and the voltage in the grid side of the circuit breaker set-

tles to the higher value determined by the feeding network. Similarly to tem-

porary overvoltages caused by faults, the maximum value of slow-front over-

voltages is depended on the grounding of the system. In effectively grounded 

systems the maximum value of the slow-front overvoltage caused by fault is 

smaller than the slow-front overvoltage caused by fault clearing. However, if 

the ground fault factor of the system is higher than 1.5, the overvoltage re-

sulting from a fault may be higher. [41] 

Slow-front overvoltages may also occur during disconnection of a load. If 

a load current is interrupted in zero-crossing, slow-front overvoltage results 

similarly as when fault current is interrupted. However, restrike might occur 

if capacitive current flowing to a cable, a capacitor or an open-ended line is 

interrupted. In restrike, trapped charge in the capacitor causes the voltage 

difference between the grid and load sides of the circuit breaker to exceed the 

longitudinal withstand voltage and results in a slow-front overvoltage. [41] 

Interrupting a small inductive current may also lead to a slow-front over-

voltage. A small inductive current flowing to a reactor, an open circuited 

transformer or to a motor might me interrupted by the circuit breaker before 

its zero-crossing due to the rated current of the circuit breaker being high 

when compared to the interrupted inductive current. [41] This may cause the 

load inductance to oscillate with the shunt capacitances of the line [37]. As a 

result, restrike resulting to a slow-front overvoltage may occur if the with-

stand voltage over the line circuit breaker is exceeded [41]. 

The magnitude of slow-front overvoltages typically range from 1.5 pu to 5 

pu when the overvoltage is compared to the peak value of voltage before the 

overvoltage [42]. Generally, phase-to-ground faults cause the smallest and 

inductive current interruption causes the largest slow-front overvoltages 

[37]. 

 

3.2.4 Overvoltages in the Finnish transmission system 

 

In the Finnish transmission system, the majority of the WPPs are located in 

western Finland along the main transmission path between Sweden and 

southern Finland. Currently, the WPPs are connected to the 110 kV or lower 

level transmission grid. The 400 kV lines in the main transmission path from 

North to South and between Finland and Sweden are series compensated to 
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increase the transmission capability [43]. The series capacitors located in the 

vicinity of WPPs may contribute to overvoltages during faults [44]. 

Sub-synchronous oscillations between Type-3 WTGs and the series capac-

itors can cause overvoltages. In this phenomenon the oscillations are not 

damped but amplified i.e. due to the induction generator having a negative 

slip and thus a negative rotor resistance, in frequencies below the synchro-

nous frequency. Sub-synchronous oscillations can cause overvoltages in the 

PoC and the collector bus of the WPPs near the series compensated network, 

as well as in the series capacitors themselves. [45] 

Another overvoltage phenomenon affiliated with series compensated lines 

is transient overvoltage. Trapped DC voltages can remain in the series capac-

itor if the capacitor is not bypassed before the line end circuit breaker opens 

during fault clearing. The trapped DC voltage can increase the transient over-

voltage in the line caused by switching after the fault clearing. The severity of 

the resulting transient overvoltage depends, for example, on the length of the 

line, compensation degree of the line and the type of the fault. [44] Long 

transmission lines with high compensation degree are more prone to transi-

ent overvoltages. Multiphase short-circuits typically cause larger overvolt-

ages than single line-to-ground faults [46].  

Additionally, the discharge current of a series capacitor may cause over-

voltages. When series capacitor is bypassed the discharge current flows 

through the line, and this may cause overvoltages. If the line circuit breakers 

have not been opened before the bypassing of the capacitor, the overvoltage 

may be experienced by the WPPs connected to a lower voltage level. The se-

ries capacitors of a line are typically bypassed if the metal-oxide varistor 

(MOV) protections, such as current protection or energy protection picks up. 

As explained in 2.1, WPPs are implemented using grid-following convert-

ers and because of this they are unable to operate in an island, without grid-

forming sources. In the Finnish power system there have been cases where 

WPPs have been islanded and this had led to high overvoltages, which have 

broken overvoltage protection devices of the WPPs. 
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4 Fault ride through 
 

4.1 Concept 
 

It is critical for converter-connected power plants to stay connected during 

under- and overvoltages, especially in an area dominated by this type of gen-

eration. Otherwise, the disconnection of generators might lead to the system 

losing its stability. [47] In addition, it is important that the converter-con-

nected power plants support the system voltage during and after faults [48]. 

FRT refers to the ability of a power plant to stay connected to the grid dur-

ing and after faults as well as during overvoltages caused by other phenom-

ena. As explained in 3.2.2 temporary overvoltages may be experienced during 

faults and after fault clearing, but also due to other reasons, such as load re-

jection.  

Consecutively, FRT includes OVRT and low voltage ride through (LVRT) 

requirements. FRT requirements for power plants are defined in grid codes 

and the requirement is typically presented as a plot of voltage in the PoC that 

represents the voltage during and after a fault and the duration of the lowest 

value of voltage represents the clearing time of a fault. While LVRT require-

ments are included in almost all grid codes, OVRT requirements are compar-

atively new concept included only in some grid codes. [48] 

When LVRT is considered, the power plant is required to stay connected 

to the grid during undervoltage of certain magnitude and duration and when 

OVRT is considered the power plant is required to stay connected to the grid 

during an overvoltage of certain magnitude and duration. Generally, the re-

quirements differ depending on the capacity and type of the power plant.  

In some grid codes converter-connected power plants are required to mit-

igate undervoltage or overvoltage by injecting current with reactive current 

prioritization. This is required to prevent active current from overloading the 

GSC, and thus ensuring that the best possible voltage support is provided by 

the power plant. [49]  

As Equations (3) and (6) show, reactive power injected to the grid by the 

WTG converter is controlled by the q-axis component of current. Conse-

quently, reactive current prioritization can be implemented by limiting the 

d- and q-components differently during undervoltage or overvoltage. During 

these situations, injected current is limited by the maximum and minimum 

values imposed to the reference values of d- and q-axis components of cur-

rent. [49] 

If reactive current prioritization is required, the maximum value of direct 

component of current is limited by the maximum short term tolerable cur-

rent and quadrature component of current [49]. When reactive current is pri-

oritized, the maximum value of active current is limited to 
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𝑖dmax = √𝑖max
2 − 𝑖q

2                                (9) 

 

where 𝑖max  is the maximum short term tolerable current [49]. If active cur-

rent would be prioritized, the maximum value of reactive current would be 

determined by the value of active current, oppositely to Equation (10). 

The limits of d- and q-components of current are implemented on the 

outer control loop that controls the reference values of current according to 

the difference between measured and reference values of active and reactive 

power. When reactive current prioritization is required, k-factor can be used 

to define how much additional reactive current should be injected depending 

on the percentual change in voltage: 

 

𝑘 =

Δ𝐼q

𝐼n
Δ𝑈

𝑈n

                                                (10) 

 

where Δ𝐼q, 𝐼n, Δ𝑈 and 𝑈n are change in reactive current, nominal current of 

converter-connected power plant, change in voltage of the PoC and nominal 

voltage, respectively [6]. The changes in reactive current and voltage are typ-

ically determined in relation to the pre-fault values of reactive current and 

voltage. If the voltage rises, the power plant injects inductive current to de-

crease the voltage and correspondingly capacitive current is injected if the 

voltage decreases to increase the voltage. The requirement for additional re-

active current injection typically include requirement for maximum rise and 

settling times of the reactive current response. Typically, both are required 

in tens of milliseconds. [50] 

Grid codes in some countries require injection of negative sequence reac-

tive current in response overvoltages experienced during asymmetrical 

faults. If this is required, during an asymmetrical fault the power plant will 

inject additional negative sequence inductive current and additional positive 

sequence capacitive current simultaneously to mitigate the overvoltage in the 

healthy phases and undervoltage in the faulted phase. The amount of nega-

tive and positive sequence reactive current injected is usually determined by 

the k-factor. [50] 

Typically, reactive current injection is required outside of deadband. The 

deadband usually equals to the normal range of variation of voltage, inside of 

which, the power plants control the voltage using regular voltage control. An 

example of k-factor and deadband is shown in Figure 8. 
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Figure 8: An example of additional reactive current injection requirement 

with k-factor of two. The slope of the red line equals to the k-factor and 

dashed lines represents the deadband in which no additional reactive cur-

rent is injected. 

 

4.2 Review of grid code requirements 
 

In this section, FRT requirements in various countries were analyzed. FRT 

requirements for converter-connected power plants in the grid codes of dif-

ferent countries are shown in Figure 9 and the highest voltage and its dura-

tion during OVRT are shown in Table 3. Different FRT requirements con-

cerning the converter-connected power plants with the largest capacity are 

presented in Figure 9 and Table 3. For, example New Zealand has different 

LVRT requirements for power plants in North and South Island of the coun-

try and requirements considering north island are presented since they were 

stricter. The FRT requirement in Quebec is based on the positive sequence 

voltage, but in other discussed countries, the requirement is based on line-

to-line voltage. 
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Table 3: OVRT requirements in different countries. 

Country Maximum voltage 

(pu) 

Duration (s) 

Western power in Australia 

[1] 

1.3 1 

Hydro Quebec in Canada 

[2] 
> 1.4 0.033 

Germany [3] 1.3 0.1 

New Zealand [4] 1.2 2.0 

South Africa [5] 1.2 2.0 

 

Canadian province of Quebec had the strictest requirements for OVRT of 

the reviewed grid codes. Converter-connected power plants in Quebec are re-

quired to withstand undervoltage of 0 pu for 0.3 seconds during a single 

phase faults and overvoltage of over 1.4 pu for 0.033 seconds. [2] Similarly, 

western Australia had strict OVRT requirements since withstanding over-

voltage of 1.3 pu was required for one second. The LVRT requirements in 

western Australia were also quite strict since withstanding zero voltage for 

0.45 seconds and undervoltage of 0.8 pu for 10 seconds was required. [1] 

New Zealand and South Africa had somewhat similar OVRT requirements 

since in both countries withstanding overvoltage of 1.2 pu for two seconds 

was required. However, in New Zealand, converter-connected power plants 

are required to withstand overvoltage 1.15 pu for six seconds before 1.1 pu, 

which is the upper limit of normal voltage, is reached [4] [5]. When LVRT is 

considered, South Africa has slightly stricter requirements [5]. 

The German OVRT requirements for converter-connected power plants 
were also fairly strict since power plants connected to the 220 kV network 
have to withstand overvoltage of 1.3 pu for 220 milliseconds and overvoltage 
of 1.25 pu for 60 seconds. Additionally, if the required fault clearance time is 
not considered the LVRT requirements were the strictest of the reviewed 
countries, since during two-phase short-circuits withstanding undervoltage 
smaller than 0.7 pu for 3 seconds is required. [3] 

Currently, the only requirement Fingrid has considering connection to the 

grid during overvoltages is that the power plant is required to stay connected 

during overvoltage that is smaller or equal to 1.1 pu and that has a maximum 

duration of one hour as shown in Figure 6. When the voltage is within the 
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normal variation of 0.9 pu–1.05 pu, continuous operation is required. LVRT 

requirements set by Fingrid require withstanding undervoltage of 0 pu for 

0.2 seconds. [6] 

The reviewed requirements for additional reactive current injection also 
differed from each other. In New Zealand converter-connected power plants 
are required to inject capacitive or inductive fault current for six seconds 
when the voltage decreases below 0.9 pu or when it exceeds 1.1 pu. However, 
amount of reactive current injected is not specified. Similarly as in New Zea-
land, in Quebec reactive current injection is required during over- and un-
dervoltage but the amount is not specified. [4] [2] The amount should how-
ever be proportional to the magnitude of over- or undervoltage [2]. In west-
ern Australia converter-connected power plants are required to inject or ab-
sorb reactive power after fault clearance in such a way that the voltage is 
within the normal range of variation, but no k-factor for additional reactive 
current is specified [1]. 
 

 

Figure 9: Fault ride through requirements in different countries. Connection 

to the grid is required when the voltage in the point of connection stays be-

tween the upper and lower plots. [6] [2] [1] [4] [5] [3] 

 

In South Africa, additional reactive current injection is required during 
under- and overvoltage with different k-factors. During undervoltage South 
African grid code requires injection with a k-factor of 2.5 and during over-
voltage the k-factor is 3. In South Africa, deadband between 0.9 pu and 1.1 
pu is applied to the additional reactive current injection. [5] In Germany ad-
ditional reactive current injection is required during under- and overvoltage 
with a k-factor between 2-6, specified by the network operator. This require-
ment is applied separately to negative and positive sequence reactive current 
as a response to change in positive and negative sequence of voltage. [3] 
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Requirements for additional capacitive current injection in Finland differ 
depending on the type of converter-connected power plant. Reactive current 
prioritization is required from both types of power plants but power plants 
with Type-3 WTGs are required to inject capacitive current with a k-factor 
between 2-6 during undervoltage. However, power plants that are connected 
to the grid through full-scale converter are required to inject reactive current 
with a k-factor of 2.5. During asymmetrical faults negative sequence current 
injection is also required from both types of power plants. Power plants with 
Type-3 WTGs must inject the negative sequence current naturally produced 
by the induction generator and full-scale converter power plants must inject 
positive and negative sequence reactive current according to the k-factor, 
similarly as in Germany.  Additionally, a deadband is applied for both types 
of power plants since the injection of additional capacitive current must be 
started when voltage decreases below 0.85 pu and stopped when the voltage 
recovers above 0.9 pu. The additional capacitive current is injected based on 
the voltage in the PoC or in the unit terminals. [6] 
 

4.3 Literature review on overvoltage ride through studies 
 
This section reviews studies conducted to determine OVRT requirements in 
the synchronous area of western United states and in New Zealand. Only two 
studies are reviewed, because very little literature has been published on this 
subject.  

Requirements for OVRT in the synchronous area of western United States 
were determined in [7]. Voltage traces during four different three-phase 
faults were used to determine the OVRT requirement. Each fault occurred 
individually and resulted in the loss of a single transmission line. These faults 
were chosen because they represented a wide portion of the synchronous 
area. [7] 

In addition to voltage traces, requirements from other countries were used 
to determine the OVRT plot. The maximum value of 1.2 pu was chosen since 
Danish and Scottish grid codes had this requirement and because the peak 
values of the four voltage traces were below 1.2 pu. The second largest voltage 
trace reached its peak value much later than the other two which resulted in 
the plot having two lower levels. Additionally, the relay settings of synchro-
nous generators limited the middle level since the requirements are applied 
for all types of power plants. A different type of plot could also have been used 
but stepwise decrease was chosen since it is simpler to describe and admin-
ister than a curve would be. [7] 

OVRT requirements in New Zealand shown in Figure 9 were determined 
in [8]. The requirements were assessed based on time domain simulation of 
a particular fault and the following overvoltage in several buses in North Is-
land of the country. The simulated fault was chosen as it caused the highest 
temporary overvoltage, and it resulted in tripping of motor load, which ac-
cording to the authors, aggravated the overvoltage. The fault was simulated 
to occur during summer peak demand. [8] 
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Overvoltage was observed in 27 busses of which the worst overvoltage was 
chosen to determine the requirements. The initial situation was then changed 
to a situation where the initial voltage in this bus was 1.1 pu which is the max-
imum value of voltage in the range of normal variation. The overvoltage re-
sulting from the same motor tripping fault was then observed again. The two-
level requirement for OVRT in New Zealand shown in Figure 9 and Table 3 
was determined according to the overvoltage in this bus. [8] 
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5 Simulation models 
 

This chapter presents the simulation and WPP models used in this thesis, as 

well as faults simulated in each model. The simple model presented in 5.1 was 

used to study overvoltages occurring during numerous fault cases and the 

effect that wide range variation of WPP and WTG control parameters had on 

these overvoltages. The island model presented in 5.2 was used to study 

whether additional inductive current injection could be used to reduce over-

voltages experienced by WPPs during islanding events. The Ostrobothnia 

model presented in 5.3 was used to study the effect of WTG and WPP control 

parameters on the overvoltages in simulation model representing a real 

power system. 

 

5.1 Simple model 
 

5.1.1 Network modelling 

 

The simulation model shown in Figure 10 consisted of three WPP models, 

three 400 kV transmission lines, two of which were series compensated, two 

110 kV transmission lines, four network equivalents and four transformers. 

The short-circuit apparent power of the network equivalents, line lengths and 

the capacitive reactances of the series compensated lines are shown in Table 

4. The compensation degree of both series compensated lines was 70 %. The 

WPP models were connected to the grid using 5 kilometer long lines. 

The WPPs were modelled using models from two manufacturers. The 

WPP models of one manufacturer had plant level controller controlling Type-

4 WTG models. The WTGs were modelled as aggregated models. The MV ca-

bling between the WTGs was not modelled. During undervoltage the WPP 

models injected additional capacitive current in accordance with the Finnish 

grid code. The additional capacitive current injection was implemented on 

the WTG level control due to which the amount of injected capacitive current 

was based on the voltage on the LV side of turbine transformer rather than 

the voltage in the PoC or the HV side of the main transformer. These WPP 

models were used in the simulation sets described in 5.1.1 and 5.1.3 and are 

later referred to as Type-4 WPP models. 

The WPP models of the other manufacturer had Type-3 WTGs which were 

similarly aggregated and were controlled by a single plant level controller. 

The MV cabling between the WTGs was not modelled. These WPP models 

are later referred to as Type-3 WPP models. The Type-3 and Type-4 WPP 

models controlled voltage in the HV side of the main transformer and both 

WPP models used voltage droop control with a 4 % slope. 

The grid equivalents were modelled as a three-phase, star connected volt-

age sources with a series impedance. The impedance angle of all four grid 
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equivalents was 80 degrees. Grounding impedances were used between the 

ground and neutral points of the network equivalents and the transformers. 

The grounding impedances were assessed to be such that the maximum 

ground fault factor was 1.6 in the 110 kV network and 1.4 in the 400 kV net-

work. These values were chosen since the maximum value of ground fault 

factors in the Finnish 110 kV and 400 kV systems are 1.7 and 1.4, respectively 

[38]. 

Most transmission line sections between the fault locations were modelled 

using frequency-dependent models, except for line sections shorter than 8 

kilometers. In these short line sections, frequency-independent π-equivalent 

models were used because of the restrictions set by the simulation time step. 

The π-equivalent models were used in lines connecting the WPP models to 

the grid, and in line sections between Fault locations 11 and 12, Fault loca-

tions 14 and 31, Fault locations 31 and 32, and Fault locations 34 and 35.  

                                   

 

Figure 10: Simple simulation model. 

 

The series capacitors were protected using parallel MOVs, spark gaps and 

bypass breakers. The protections of the series capacitor were dimensioned in 

such a way that the capacitor and the MOV were not bypassed in external 

faults. The dimensioned external fault was a 70 millisecond three-phase 

ground fault, and it was assumed to occur in Bus 7 for Series capacitor 1 (𝑋c1), 

and in Bus 5 for Series capacitor 2 (𝑋c2). 
The dimensioning of the protection was done when the short-circuit ap-

parent powers 𝑆k1 and 𝑆k2 were 12 000 MVA and short-circuit apparent pow-

ers 𝑆k3 and 𝑆k4 were 1 500 MVA. If current through the MOV or the energy 

accumulated by the device in these faults was exceeded, the bypass breaker 

was closed with bypass delay of 45–47.5 ms. If the bypass breaker was closed 

and current through the MOV exceeded 1.2 kA, the spark gap was ignited with 

bypass delay of 1 ms. Additional network quantities of the simple model, such 

as the  line reactances and resistances, are presented in Appendix B. 
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Table 4: Short circuit apparent power of the equivalents, line lengths and 

reactances of the series capacitors in the simple model, shown in Figure 

10. 

Network quantity Value Unit 

𝑆k1, 𝑆k2, 𝑆k3, 𝑆k4 8 000, 4 000, 500, 500 MVA 

𝑙L1a, 𝑙L1b, 𝑙L3, 𝑙L4, 𝑙L5, 𝑙L6  20, 20, 30, 50, 50, 100 km 

𝑋c1, 𝑋c2 0.7𝑋L4, 0.7𝑋L6 Ω 

 

5.1.2 Model variation 

 

The parameters varied in the study were the rated active power of the WPP 

models and the following fault parameters: fault type, fault duration and fault 

location. The values of these parameters are shown in Table 5. The fault im-

pedance was zero. Fault locations in 400 kV lines were located 25 % from 

both line ends and in both sides of the series capacitor, except for Line 5 

where the fault locations were located 25 % from both line ends and in the 

middle of the line, since the line was not series compensated. Fault locations 

in 110 kV lines were located in busbars in both line ends, 10 % from both line 

ends and in the middle of the line. 

All of the faults were simulated in two cases: in a grid where WPP 2 and 

WPP 3 had low SCR and in a grid where they had high SCR to study overvolt-

ages in a grid with large and small share of converter-connected resources. 

The SCR of the WPP models was altered by varying their rated active power. 

The rated active power of WPP 2 and WPP 3 was 300 MW in the low SCR 

case and 60 MW in the high SCR case. The rated active power of WPP 1 was 

60 MW in both cases and it was not varied since transmission line connection 

is forbidden from power plants with greater nominal active power than 60 

MW [51]. 

For each line, the disconnection of the line after a fault was also simulated. 

Faults that caused line disconnection were 500 millisecond three-phase 

ground faults in Fault locations 13 and 32, and 200 millisecond three-phase 

ground fault in Fault locations 41, 51 and 64. Additionally, the disconnection 

of a bus was studied as all four breakers connected to Bus 1 were opened after 

a 500 millisecond three-phase ground fault in fault location 31. In a real 

power system, a busbar fault would not cause disconnection of lines con-

nected double busbar substation, but here another busbar type was assumed. 
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Other faults did not cause bus or line disconnection even though this 

would be the case in a real power system, where the protection is working 

properly. During these faults, lines or buses were not disconnected to study 

overvoltage caused by additional capacitive current injection during faults. 

The total number of simulation runs was 480. 

 

Table 5: Fault and WPP parameters varied in the simulation study. 

Nominal 

voltage of 

the line 

(kV) 

Fault type Fault location Fault duration 

(ms) 
Nominal ac-

tive power of 

WPP 2 and 

WPP 3 (MW) 

110 1phg, 2ph, 

2phg, 3phg 
11, 12, 13, 14, 

31, 32, 33, 34, 

35 

100, 200, 500 60, 300 

400 1phg, 2ph, 

2phg, 3phg 
41, 42, 43, 44, 

51, 52, 53, 61, 

62, 63, 64 

50, 100, 200 60, 300 

 

5.1.3 Variation of control parameters and power plant topology 

 

From the fault and WPP parameter combinations used in the simulation set 

presented in 5.1.2 two fault cases causing the highest overvoltages were cho-

sen to study the impact of WTG and WPP control parameters on the over-

voltages. The varied parameters were k-factor of additional capacitive cur-

rent injection, LVRT mode duration and k-factor, activation limit and deac-

tivation limit of additional inductive current injection. These parameters 

were varied according to Table 6, where the bolded default values were used 

in the simulation set described in 5.1.1. The parameters of all three WPP mod-

els are varied. 

The k-factors of additional capacitive and inductive current injection de-

termine the additional reactive current injected by the WTG according to 

Equation (11). The activation and deactivation limits of additional inductive 

current injection determine the value of voltage in the turbine terminal that 

activates or deactivates the injection. LVRT mode duration determines the 

time during which the reactive power reference of WTGs in the WPP model 

is kept at the pre-fault value after the voltage in the HV side of the main trans-

former exceeds the deactivation limit of additional capacitive current injec-

tion. 

The effect of shunt capacitor to the overvoltage was studied by connecting 

a mechanically switched, three-phase, star-connected capacitors to the 
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collector bus of all three WPP models. The capacitance of the capacitors de-

pends on the total reactive power capacity (𝑄n) of the WPP model which is 

two thirds of the rated active power of the model. Two capacitances of the 

shunt capacitor were compared to the overvoltage occurring when all of the 

parameters in Table 6 were set to the default value, and no shunt capacitor 

was used. 

Except for activation and deactivation limits of additional inductive cur-

rent injection, the parameters were varied independently of each other, i.e. 

when a control parameter was varied, the remaining control parameters were 

set to the bolded default values. When the limits were varied, the k-factor of 

additional inductive current was set to the most sufficient nonzero value. 

 

Table 6: Variation of WPP topology and WPP and WTG control parameters. 

Default values with bold font. 

Parameter Value 

k-factor of additional capacitive current in-

jection 

0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6 

k-factor of additional inductive current in-

jection 
0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6 

Activation and deactivation limit of addi-

tional inductive current injection (pu) 
1.05, 1.075, 1.1, 1.125, 1.15 

LVRT mode duration (ms) 0, 50, 100, 150, 200, 250, 300, 350, 400, 

450, 500 

Size of shunt capacitor in connected to the 

collector bus (MVar) 

0, 0.15𝑄n, 0.25𝑄n 

 

5.2 Island model  
 

5.2.1 Network modelling 

 

A simplified single-line diagram of the island model is shown in Figure 11. 

This model consisted of a Type-4 WPP model, four 110 kV transmission lines 

and two loads connected to different buses. The WPP model consisted of 

seven aggregated WTG groups. These groups consisted of varying number of 

WTG models and each group produced the same fraction of the maximum 

active power of the group.  
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The simulation setup corresponded to a real islanding situation in the 

Finnish power system with a few simplifications. In the real power system 

event, the WPP was connected to Buses 4 and 3, but in the simulation model 

it was only connected to Bus 4. Additionally, the active power produced by 

the WPP in the real power system event was distributed evenly between the 

WTG models as explained earlier. The line sections in the model where mod-

elled with frequency-dependent models. However, conductor type, ground 

resistivity or adjacent lines in the real power system were not considered in 

these models. 

The active and reactive power consumed by the loads, produced by the 

WPP model and extracted from the rest of the grid are shown in Figure 11. 

Both loads were constant power loads consuming the same amount of active 

and reactive power before and after the islanding. The active power set point 

of the WPP model was 56 % of the rated active power and most of the active 

power produced was imported to the rest of the grid. The opening of breakers 

B41 and B42 islanded the WPP model 54 milliseconds after an one-phase 

ground fault occurred in Line 4b.  

 

 

Figure 11: Simplified single line diagram of the island model. 

 

5.2.2 Variation of control parameters 

 

The values of WTG and WPP control parameters during different simulation 

runs are shown in Table 7. Four simulation runs are executed in this model. 

In the first run, the WPP model uses the default values presented in Table 6. 

The results of the first run are compared to results obtained using different 

values of k-factor and lower LVRT mode duration to determine whether these 

parameters have an effect to the overvoltage experienced by an islanded WPP 

model. Other control parameters, such as the activation and deactivation 

limit of additional inductive current injection, are set to their default values 

shown in Table 6. 
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Table 7: Simulation run and values of the control parameters in the island 

model. 

Simulation run number k-factor of additional in-

ductive current injection 
LVRT mode duration (ms) 

1 0 500 

2 2 100 

3 3.5 100 

4 5 100 

 

5.3 Ostrobothnia model 
 

5.3.1 Network modelling 

 

The Ostrobothnia model represented a western part of the Finnish power 

system. The model consisted of 110 kV transmission lines in western Finland 

and all 400 kV transmission lines in the Finnish power system in the end of 

the year 2024. All of these transmission lines were modelled using frequency-

depended models. Project-specific line models were used for nine 400 kV 

lines and the rest of the lines were modelled using general models where con-

ductor type, ground resistivity or adjacent lines were not considered. The rest 

of the 110 kV network as well as HVDC-connections to Estonia and Sweden 

and AC connections to Sweden were represented by voltage source equiva-

lents with a series impedance. Figure 12 shows a simplified layout of the 

transmission lines and substations of the Ostrobothnia model.  
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Figure 12: Simplified layout of the Ostrobothnia model. Radial lines con-

necting WPP models and loads to the substations are excluded from this 

figure. Multiple lines between same substations are represented by a single 

transmission line in the figure. 

 

70 WPP models were connected to the model network. 23 of these were 

Type-3 WPP models, and the rest were Type-4 WPP models. All of the Type-

3 WPP models were represented by an aggregated model, where all of the 

WTGs and LV/MV transformers were represented by a single equivalent 

WTG and transformer. The Type-4 WPP models were either modelled simi-

larly or aggregated to several WTG groups. However, if the WPP model was 

aggregated to several WTG groups, the turbine type in all groups was the 

same and the WTG groups were connected to the collector bus through a sim-

ilar line, except for one Type-4 WPP model which had one turbine group that 
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consisted of different types of turbines than the others. These manufacturer-

specific models only simulate the operation of the WPPs in the Finnish power 

system and not in other power systems of other countries. 

 Most of the WPP models were radially connected to Substations 1, 7, 9 

and 6. The sum of rated active powers of WPP models radially connected to 

these substations is shown in Table 8. The rest of the WPP models were con-

nected to the 110 kV busbars of other substations or along 110 kV lines be-

tween the substations. The total rated active power of all WPP models in the 

simulation model was 4.9 GW. The active power capacities, turbine types and 

PoC locations of the WPP models are shown in Table D1 and D2 of Appendix 

C. 

The only synchronous generator in the model was a 191 MVA synchronous 

generator connected to 110 kV busbar of Substation 1. The generator repre-

sented a synchronous condenser that will be connected to the substation in 

year 2025 and thus it mainly produced reactive power and very little active 

power during steady state operation.  

 

Table 8: Wind power capacity connected to different substations in the Os-

trobothnia model. 

Substation Connected wind power capacity (MW) 

1 1035 

2 402 

3 510 

5 322 

6 515 

7 570 

9 551 

 

5.3.2 Fault cases 

 

The faults simulated with Ostrobothnia model are shown in Table 9. All of 

the faults were three-phase ground faults with zero fault impedance, and ex-

cept for busbar fault in simulation run 5, all of the faults occur on 400 kV 
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transmission lines. All of the line faults were cleared 70 milliseconds after the 

fault initiation in the next zero-crossing of current by opening the line circuit 

breakers.  

The line faults were located in the line ends inside the line breakers. The 

busbar fault occurred in the 400 kV busbar of Substation 1. The duration of 

the busbar fault was 100 milliseconds. The busbar was not disconnected due 

to the fault since a double busbar substation was assumed. In these fault 

cases, default values of parameters shown in Table 6 were used for Type-4 

WPP models. The duration of LVRT mode of the Type-3 WPP models was set 

to two seconds and thus these models produced zero active power for two 

seconds after the deactivation limit of additional capacitive current injection 

was exceeded. During simulation runs 5 and 6, Type-4 WPP models consist-

ing of Type-4.2 turbines were equipped with an additional turbine level volt-

age controller. During the simulation runs shown in Table 9, the active pow-

ers production of all WPP models was 100 % of the rated active power. 

 

Table 9: Fault sequences simulated in the Ostrobothnia model. 

Simulation run number Faulted grid component Fault location 

1 Line 3-4 Line end near substation 3 

2 Line 10-5 Line end near substation 5 

3 Line 6-7 Line end near substation 7 

4 Substation 1 400 kV busbar 

51 Line 7-8 Line end near substation 7 

61 Substation 1 400 kV busbar 

1. During simulation run 5 and 6 Type-4 WPP models consisting of Type-4.2 WTGs 

were equipped with a turbine level voltage controller. 

 

5.3.3 Variation of load flow and synchronous machine generation 

 

From simulation runs presented in the previous subsection, the fault case 

that caused highest overvoltage was simulated again in two different runs 

with lower active power production of the WPP models. In both runs, the 

active power production of all WPP models was 40 % of the rated value. In 
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the first run the synchronous generator representing the synchronous con-

denser in Substation 1 was connected, while in the second run it was discon-

nected.  

 

5.3.4 Parameter variation 

 

The fault case causing the largest overvoltage from fault cases presented in 

5.3.2 and 5.3.3 was simulated again with different values for k-factor of ad-

ditional inductive current injection and LVRT mode duration. The values of 

these parameters in different simulation runs are shown in Table 10. The pa-

rameters of Type-4 WPP models were varied, and default parameters were 

used for the Type-3 WPP models. Other parameters, such as the k-factor of 

additional capacitive current injection or the activation and deactivation lim-

its of additional inductive current injection were not varied. These parame-

ters were set to their default values, specified in Table 6. The values of these 

parameters were based on the recommendations given by the manufacturer 

in response to the results obtained in the simple model. 

 

Table 10: Parameter variation in the Ostrobothnia model. 

Simulation run LVRT mode duration (ms) k-factor of additional induc-

tive current injection 

1 500 2.5 

2 500 5 

3 200 0 

4 200 2.5 
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6 Simulation results 
 

6.1 Simple model 
 

The results of the simulations described in 5.1 are presented in this chapter. 

Observed overvoltages when the model, shown in Figure 10,  was varied ac-

cording to 5.1.2 are presented in 6.1.1. The effect of power plant topology and 

WPP and WTG control parameters varied as described in 5.1.3 to the over-

voltages is presented in 6.1.2. In 6.1.2, the overvoltages experienced by Type-

3 and Type-4 WPP models are compared. 

 

6.1.1 Observed overvoltages with default parameters and plant topol-

ogy 

 

Three-phase RMS overvoltages in the PoCs of the WPP models in the low 

SCR case are shown in Figure 13 a. and three-phase RMS voltages during 

same fault cases in the high SCR case are shown in Figure 13 b. As shown in 

Figure 13, in the high SCR case, the overvoltages were substantially smaller 

than in the low SCR case. Three-phase RMS-voltage was calculated from av-

erage of the squares of the line-to-line voltages and when the voltages were 

symmetrical it corresponded to the RMS-value of an individual line-to-line 

voltage [52] [53]. 

The largest overvoltages in terms of magnitude and duration, occurred as 

a result of line or bus disconnection after faults in Fault locations 13 and 31 

in the 110 kV network. A 500 millisecond three-phase ground fault at Fault 

location 31 and the following bus disconnection caused an overvoltage, which 

had a magnitude of over 1.2 pu for about 650 milliseconds in the PoCs of WPP 

1 and WPP 3. Additionally, the disconnection of Line 1a and Line 1b after a 

fault in Fault location 13 caused an overvoltage which had a maximum value 

of over 1.2 pu and relatively long duration in the PoC of WPP 3. These over-

voltages occurred due to line or bus disconnection that changed the power 

flow of the system and the WPPs staying in a LVRT mode for certain duration 

after the voltage in the HV side of the main transformer exceeded the deacti-

vation limit of additional capacitive current injection. When the WPPs trans-

ited from the LVRT mode back to voltage droop control, the plant level con-

troller slowly decreased the voltage. 

In 400 kV fault locations, the largest overvoltages, in terms of magnitude 

occurred during three-phase ground faults that did not cause line disconnec-

tion. Three-phase ground fault in Fault location 44 that had a duration of 100 

milliseconds caused an overvoltage that had maximum value of over 1.15 pu 

in the PoC of WPP 3 and same fault with the duration of 200 milliseconds 

caused an overvoltage that had a maximum value slightly smaller than 

1.15 pu. 
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Figure 13: Overvoltages with highest magnitude and duration in the PoCs 

of the WPP models during different faults when the WPP models had a. low 

SCR, b. high SCR. 

 

The highest transient overvoltage occurred in the line-to-line voltage in 

the PoC of WPP 3 after a line-to-line fault in Fault location 44. The transient 

peak value of this overvoltage was 1.60 pu and the voltage was above 1.25 for 

less than a millisecond. The same fault case also caused a transient overvolt-

age with a peak value of 1.56 in the PoC of WPP 1. Large transient overvoltage 

similarly occurred in the PoC of WPP 3 after a 200 millisecond two-phase 

line to line fault in Fault location 43 with a peak value of 1.55 pu and it simi-

larly lasted for a less than a millisecond.  

In fault cases where lines or buses were disconnected, the highest transi-

ent overvoltage occurred in the PoC of WPP 1 after 500 millisecond three-

phase ground fault that caused the disconnection of Bus 1. This transient 

overvoltage had a maximum value of 1.35 pu and the voltage was above 1.25 

pu for two milliseconds. This overvoltage is shown in Figure A3 of Appendix 

A. 

 

6.1.2 Impact of control parameters and power plant topology on the 

overvoltages 

 

For studying the effect of WPP and WTG control parameters, two fault cases 

were simulated. These fault cases are: 

• Fault case 1: 500 millisecond three-phase ground fault in Fault loca-

tion 31 and the following disconnection of bus 1, when the rated active 

power of WPP 2 and WPP 3 was 300 MW. 

• Fault case 2: 100 millisecond three-phase ground fault in Fault loca-

tion 44, when the rated active power of WPP 2 and WPP 3 was 300 

MW. 
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Fault case 1 was selected because it caused overvoltage with highest magni-

tude and duration. Fault case 2 was selected because it caused the highest 

overvoltage when no buses or lines were disconnected.  

Fault case 1 was then simulated again with different power plant topolo-

gies and values of WPP and WTG control parameters. The parameters varied 

were the k-factor of additional inductive current injection during overvolt-

age, the activation and deactivation limits of the additional inductive current 

injection and the duration of the LVRT mode after voltage recovery. Addi-

tionally, the size of the shunt capacitor, connected to the collector bus of all 

WPP models was varied. Fault case 2 was simulated with different k-factors 

of additional capacitive current injection.  

 

Additional capacitive current injection 

 

Figure 14 presents reactive current and voltages in the PoC and turbine ter-

minals of WPP 3 during 100 millisecond three-phase ground fault in fault 

location 44. During the undervoltage the WPP model injects additional ca-

pacitive current with k-factor of 2.5 until the turbine terminal voltage exceeds 

0.9 pu. After the turbine terminal voltage exceeds the deactivation limit, 

there is a delay of approximately 9 milliseconds until the reactive current de-

creases to the value determined by the pre-fault reactive power setpoint and 

voltage in the turbine terminal. The peak value of voltage in the POC is 1.153 

pu. 

 

 

Figure 14: Positive sequence reactive current in the turbine terminal of 

WPP 3 and voltage in the PoC and turbine terminal of WPP 3 during 

Fault case 2. 

 

The k-factor of additional capacitive current injection was varied accord-

ing to Table 6. Reactive current and voltage in the PoC and turbine terminal 

of WPP 3 with different k-factors is shown in Figure 15. During the fault, 
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increasing the k-factor increased voltage in the turbine terminals and PoC of 

the WPP model. However, varying the k-factor did not have significant effect 

on the duration of the overvoltage.  

The maximum value of overvoltage in the PoC increased when the k-factor 

was increased from 0 to 4, but when the k-factor was increased from 4, the 

maximum value of overvoltage decreased. Nevertheless, the smallest maxi-

mum value of overvoltage occurred when the k-factor was set to zero. The 

smallest and largest maximum values of overvoltage were  1.120 pu and 1.154 

pu, respectively. 

As presented in Figure 15 b. and c. with k-factors exceeding 1.5, during 

undervoltage the WTG model injects reactive current corresponding to the 

maximum short-term tolerable current and with k-factors exceeding 3 the 

WPP model injects reactive current corresponding to the maximum short-

term tolerable current for the whole duration of the fault. Thus, the voltage 

in the turbine terminal or PoC differs very little between these values of k-

factor.  

However, when the voltage is recovering at the instant 5.11 s more reactive 

current is injected with high k-factors, and the injected current with k-factors 

between 3 and 6 vary. Similarly, at the instant 5.13 s when the maximum 

value of voltage in the PoC and turbine terminals occurs, the reactive current 

injected with all studied k-factors differ from each other. When the maximum 

value of voltage occurs, most reactive current is injected when k-factor equals 

to 0 and 0.5. However, almost the same amount of reactive current is injected 

with large k-factors, such as 5.5 and 6. The least reactive current is injected 

when k-factor equals to 2.5. 

 

 

 

 

Figure 15: Variation of additional capacitive current injection in Fault case 2: 

a. Voltage in the PoC of WPP 3, b. voltage in the turbine terminal of WPP 3, 

c. positive sequence reactive current in the turbine terminal of WPP 3. 
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Additional inductive current injection 

 

Figure 16 shows voltage in PoC of WPP 1 and voltage and reactive current in 

the turbine terminal of WPP 1 during Fault case 1 with default parameters. 

During the overvoltage the reactive current injected by the WTG model is 

slightly decreased, when compared to the pre-fault value due to the increased 

voltage and the WTG model producing reactive power according to the pre-

fault set point. 

 

 

 

Figure 16: a. Voltage in the PoC and turbine terminal of WPP 1 and b. posi-

tive sequence reactive current in the turbine terminal and PoC of WPP 1 

during Fault case 1. 

 

The k-factor of additional inductive current injection was varied between 

0 and 6 as shown in Table 6. Similarly to the additional capacitive current 

injection, the control of the additional inductive current injection during 

overvoltage was employed to the aggregated WTG of the WPP model. When 

the k-factor was varied, the activation and deactivation limit of the additional 

inductive current injection were 1.1 pu. Since the control was employed on 

the individual turbines, the injection was started when the voltage in the tur-

bine terminal exceeded 0.792 kV.  

Reactive current and three-phase RMS voltage in the PoC and turbine ter-

minals of WPP 1 in Fault case 1 with different k-factors is presented in Figure 

17. As shown in Figure 17, when voltage recovers after the bus disconnection, 

the voltage reaches its maximum, after which it slightly decreases and be-

comes constant. The overvoltage stays constant until the plant level voltage 

control is activated.  

Increasing the k-factor reduced the maximum value of voltage and the 

magnitude of the constant overvoltage. With k-factor over 1 the maximum 

value of the voltage in the PoC did not exceed 1.2 pu and with k-factors ex-

ceeding 3.5, the maximum was smaller than 1.15 pu. The reduction of 



57 

 

maximum value of overvoltage and constant overvoltage were not equal, but 

between higher k-factors the reduction was smaller. The highest reduction in 

the constant overvoltage in the PoC took place when k-factor was increased 

from 0.5 to 1. However, increasing the k-factor increased the total duration 

of the overvoltage as the voltage in the PoC remained over 1.1 pu for 130 mil-

liseconds longer when k-factor was 6, compared to the initial overvoltage 

with k-factor of zero.  

As Figure 17 shows, with low k-factors the maximum overvoltage and the 

constant overvoltage were higher in the turbine terminal than in the PoC, but 

when k-factor was equal or greater than 2.5 the constant overvoltage was 

lower in the turbine terminal. However, with all studied values of k-factors, 

the maximum value of voltage was higher in the turbine terminal than in the 

PoC. 

Additionally, small oscillations were observed at the PoC and turbine ter-

minal voltages when the value of k-factor was high. With k-factors between 

0.5 and 3.5 increasing the k-factor decreased the overshoot of the maximum 

PoC voltage compared to the constant overvoltage. When the value of k-fac-

tor was increased from 3.5 the overshoot increased, and oscillations were ob-

served. This overshoot seems to be caused by the initial transient, seen in 

Figure 17 b., being significantly higher than the constant overvoltage when 

the k-factor is high. This transient is smaller than the constant overvoltage 

when voltages in the PoC are considered. 

As shown in Figure 17 c., when k-factor was smaller than 2.5, increasing 

the k-factor decreased the capacitive current injected by the WTG model and 

when higher k-factor was used, the WTG model injected inductive current. 

This occurred because the reactive current set point was calculated based on 

the pre-fault values of reactive current and voltage. 

 

 

 

 

Figure 17: Variation of additional inductive current injection in Fault case 1: 

a. voltage in the point of connection, b. voltage in the turbine terminal, c. 

positive sequence reactive current in the turbine terminal. 
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The activation and deactivation limits of the additional inductive current 

injection where also studied. Figure 18 presents the three-phase RMS volt-

ages in the PoC and turbine terminal of WPP 1 when the activation and deac-

tivation limits were varied as described in Table 6. K-factor of additional in-

ductive current injection was 3.5 when the limits were varied.  

Reducing the activation and deactivation limit mitigated the overvoltage 

but the change is insignificant. This is likely the result of fast recovery of volt-

age after busbar disconnection. Because the voltage recovers rapidly the dif-

ferent increments take place very close to each other and additional inductive 

current is started almost at the same time. Figure A4 of Appendix A shows 

voltage and reactive current in the turbine terminal of WPP 1 during Fault 

case 1 when k-factor and activation limit of additional current injection were 

set to 3.5 and 1.1 pu, respectively, and the deactivation limit was set to a lower 

value. 

 

 

 

Figure 18: Variation of activation and deactivation limits of additional induc-

tive current injection: a. voltage in the point of connection, b. voltage in the 

turbine terminal. 

 

Low voltage ride through duration 

 

In the simulation set described in 5.1.2, LVRT mode was set to deactivate 500 

milliseconds after the voltage in the HV side of the main transformer ex-

ceeded 0.9 pu after the undervoltage. During the 500 milliseconds the WPP 

model did not inject additional inductive current to the grid since k-factor for 

overvoltage was set to zero and the additional capacitive current injection due 

to undervoltage was stopped because the deactivation limit had been ex-

ceeded. Instead, the aggregated WTG of the WPP model produced active and 

reactive power according to the set points before the fault. The purpose of 

this parameter was to give enough time for each WTG of the WPP to finish 
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the voltage depended additional capacitive current injection and to start pro-

ducing stable amount of active and reactive power before the plant level volt-

age control is activated. 

Since voltage in the HV side of the main transformer was below 118 kV 

before the fault, the set point of reactive power was positive and together with 

the altered power flow the reactive power produced by the WPP model 

caused the overvoltage. After the deactivation of the LVRT mode, the plant 

level controller started to control the set point of reactive power according to 

the measured value of grid voltage and the chosen control mode, which mit-

igated the overvoltage. 

Three-phase RMS voltage in the PoC of WPP 1 in Fault case 1 with differ-

ent LVRT mode durations is presented in Figure 19. As shown in the figure, 

the duration of the LVRT mode after voltage recovery has a significant effect 

on the duration of the overvoltage if the overvoltage is caused by a fault caus-

ing line or bus disconnection and the following change in power flow. 

Decreasing the LVRT mode duration decreased the duration of overvolt-

age and the voltage recovered similarly after the plant level controller started 

to control the voltage. Each increment between 100 milliseconds and 500 

milliseconds decreased the duration of the constant overvoltage for approxi-

mately 80 milliseconds. However, when the duration was set to zero the mag-

nitude of the overvoltage increased. It was also noticed that setting a duration 

between 0 and 50 milliseconds did not decrease the duration of the overvolt-

age but instead if the duration was set to 25 milliseconds, the voltage was 

identical to the case where the duration was 50 milliseconds. 

 

 

Figure 19: Voltage in the point of connection of WPP 1 when the duration of 

LVRT mode was varied. 

 

 

 

 



60 

 

Shunt capacitor 

 

As explained in 2.2.3, shunt capacitors are used in WPPs to increase the ca-

pacitive reactive power production without decreasing active power produc-

tion. Currently, power plants are allowed to produce 15 % of the required re-

active power capacity by mechanically switched capacitors, partly because of 

concerns that larger capacitors might aggravate overvoltages. 

Figure 20 shows voltage and reactive power with different sized shunt ca-

pacitors connected to the collector buses of all WPP models. Increasing the 

size of the shunt capacitors increased the maximum value and duration of 

the overvoltage. The maximum values of overvoltage with 0 %,  15 % and 25 

% shunt capacitors were 144.2 kV, 145.7 kV and 146.2 kV, respectively. How-

ever, after the maximum value of overvoltage occurred, the voltage with 15 % 

shunt capacitors was slightly higher than if 25 % shunt capacitors were used. 

The voltage just before the deactivation of the LVRT mode with  0 %, 15 % 

and 25 % shunt capacitors were 142.6 kV, 144.8 kV and 144.1 kV, respectively.  

After the deactivation of the LVRT mode, voltage with 25 % shunt capacitors 

stayed higher.  

As seen in Figure 20, before the fault, voltage and reactive power with dif-

ferent sized shunt capacitors were approximately equal, but after the bus dis-

connection the WPP models produces more reactive power when the size of 

shunt capacitor was increased which increases the overvoltage. The reactive 

power increased because the aggregated WTG model produced reactive 

power according to the set point before the fault and the increased voltage 

increased the reactive power produced by the shunt capacitor, since the re-

active power produced by a capacitor is proportional to square of voltage.  

 

 

 

Figure 20: Variation of shunt capacitor connected to the PoC of WPP 1 in 

Fault case 1: a. voltage b. reactive power. 
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Optimal parameters 

 

Based on the results presented earlier in this subsection, Fault case 1 was 

simulated with k-factor of 3.5 and LVRT mode duration of 100 milliseconds 

and the result was compared to overvoltage occurring when default values 

were used for these parameters. This value of k-factor was chosen because it 

caused smallest overshoot when the maximum overvoltage in the PoC was 

compared to the constant overvoltage. The duration of LVRT mode was cho-

sen as it significantly reduced the duration of overvoltage.  

Three-phase RMS voltage in the PoC of WPP 1 in the default Fault case 

and with the optimal parameters is shown in Figure 21. The maximum value 

of voltage decreased from 1.222 pu to 1.151 pu and the value of voltage just 

before LVRT mode deactivation decreased from 1.211 pu to 1.144 pu when 

these values were used. The total duration of the overvoltage exceeding 1.1 pu 

also decreased from 840 milliseconds to 560 milliseconds. This was likely the 

result of decreasing the LVRT mode duration since increasing the k-factor 

slightly increased the duration of the overvoltage. 

 

 

Figure 21: Voltage in the point of connection of WPP 1 when LVRT mode 

duration and k-factor of additional inductive current injection was varied. 

 

6.1.3 Impact of wind turbine generator type on overvoltage 

 

Overvoltages during Fault cases 1 and 2 with Type-3 and Type-4 WPP models 

are presented in Figure 22. As shown in Figure 22, using Type-3 models re-

duced the magnitude of overvoltage in Fault case 1 and in Fault case 2, volt-

age stays inside the normal range of variation when Type-3 WPP models were 

used. Contrary to the Type-4 WPP model, during LVRT the reactive power 

set point of the Type-3 WPP model is zero and this mitigates the overvoltage 

in Fault case 1. However, the duration of the overvoltage during Fault case 1 

increased when Type-3 WTGs were used. This is the result of longer duration 
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of LVRT mode. Reactive power reference of the Type-4 WPP models used in 

the simulations described in 5.1.1 could have also been set to zero but this 

might deteriorate the recovery of voltage after fault clearing if the line or bus 

disconnection decreases the voltage or does not affect the voltage in the PoC. 

 

 

 

Figure 22: Comparison of Type-3 and Type-4 WPP models in a. Fault case 

1, b. Fault case 2. 

 

6.2 Island model 
 

The results of simulations described in 5.2.2 are presented in this section. In 

the four simulation runs, the overvoltage resulting from islanding with de-

fault values of k-factor and LVRT mode duration is compared to overvoltage 

when different k-factors and lower LVRT mode duration is used.   

The fault occurs at the instant 2.93 s and the model is islanded at the in-

stant 2.99 s. Three-phase RMS voltage, reactive power and active power in 

the PoC of the WPP model, and frequency of the model network is shown in 

Figure 23. The operation in island causes an overvoltage of over 1.3 pu that 

lasts until the WPP model is disconnected by overfrequency protection.  
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Figure 23: a. Voltage in the PoC of the WPP model, b. reactive produced by 

the WPP model in the PoC, c. active power produced by the WPP model in 

the PoC, d. frequency of the island. 

 

As seen in Figure 23 a., increasing the k-factor has no effect on the mag-

nitude of the overvoltage. With higher k-factors the WPP model is discon-

nected slightly earlier. As shown in Figure 23 d., increasing the k-factor in-

creases the frequency and this causes the earlier disconnection of the WPP 

model. Thus, decreasing the LVRT mode duration has no effect on the dura-

tion of the overvoltage. Figure 23 b. and c. shows reactive and active power 

the PoC of the WPP model, and as shown in the figure, there is no difference 

when k-factor or the duration of the LVRT mode is varied. Instead, in all runs 

reactive power produced by the WPP model goes to zero and active power 

produced by the WPP model decreases from 120 MW to 14 MW shortly after 

the islanding. 

The fundamental frequency component of positive sequence voltage in the 

turbine terminal, collector bus and PoC of the WPP model are shown in Fig-

ure 24. As shown in Figure 24, similarly to the three phase RMS voltage in 

the PoC, increasing the k-factor does not affect the fundamental frequency 

component of positive sequence voltage in any of the voltage levels of the 

WPP model. The voltage in the collector bus and in the PoC of the WPP model 

also stayed below the values of power frequency withstand voltage shown in 

Table 2. 
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Figure 24: Fundamental frequency component of positive sequence voltage 

in: a. turbine terminal, b. collector bus, c. point of connection. 

 

Figure 25 shows the total harmonic distortion of the positive sequence 

voltage in the turbine terminal, collector bus and PoC of the WPP model. As 

presented in the figure, increasing the k-factor does not mitigate the total 

harmonic distortion in any of the voltage levels of the WPP model. 

The inability of the WPP model to inject additional reactive current or to 

produce active power during the islanding is likely the result of the PLL being 

unable to detect the frequency or phase of the grid voltage due to the in-

creased frequency and harmonic distortion. Alternatively, the WPP model 

may have detected an islanding event and curtailed the active and reactive 

power production because of this. 
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Figure 25: Total harmonic distortion of positive sequence voltage in the: a. 

turbine terminal, b. collector bus, c. point of connection. 

 

6.3 Ostrobothnia model 
 

The results of simulation runs described in 5.3 are presented in this section. 

The results of simulation runs presented in 5.3.2 are presented in 6.3.1, the 

results of simulation runs presented in 5.3.3 are presented in 6.3.2 and re-

sults of simulation runs presented in 5.3.4 are presented in 6.3.3. 

 

6.3.1 Observed overvoltages with default parameters and plant topol-

ogy 

 

Figure 26 presents three-phase RMS overvoltages experienced in the PoCs of 

the WPP models during the fault cases presented in 5.3.2. Fault case simu-

lated in run 1 caused the highest overvoltage. This overvoltage was experi-

enced in the 110 kV bus of Substation 1, and it had a maximum value of 1.206 

pu.  

During this fault case, two WPP models were disconnected shortly after 

fault clearing. These models are Type-4 WPP models disconnected due to 

DC-link overvoltage and they are connected to Substations 1 and 3 and have 

a total rated active power of 588.6 MW.  

The suspected cause for the DC-link overvoltage is the inability of PLL to 

track the angle of grid voltage due to the phase jumps caused by the fault 

initiation and clearing in a relatively weak grid. Due to the phase jumps, the 

converter current is not synchronized with the grid voltage and because of 

this, the active power transmitted to the grid by the GSC differs from the ac-

tive power transmitted to the DC-link capacitor and causes the overvoltage. 

Additionally, the PLL instability causes the WPP models to produce large 

amount of reactive power before disconnecting. 
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The fault case simulated in Run 2 causes an overvoltage with a maximum 

value of 1.167 pu in the 110 kV busbar of Substation 5 and causes the discon-

nection of two Type-4 WPP models that have a total rated active power of 

132.1 MW. The models were similarly disconnected shortly after the fault 

clearing due to overvoltage in the DC-link and both models were connected 

to Substation 5. 

 

  

  

  

Figure 26: Observed overvoltages in the 110 kV busbars of substations and 

PoCs of WPP models connected through transmission line connection. 

 

Fault case simulated in Run 3 causes an overvoltage with a maximum 

value of 1.155 pu in the 110 kV busbar of Substation 6. Four Type-4 WPP 

models and one WTG group of a Type-4 WPP model are disconnected after 

fault clearing due to DC-link overvoltage. All of these models are connected 

to the 110 kV busbar of Substation  7 and the total rated active power of the 

disconnected WPP and WTG models is 369.9 MW. The fault case simulated 
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in Run 4 causes an overvoltage with a maximum value of 1.152 pu in the 110 

kV busbar of Substation 1, but no WPP models are disconnected due to this 

fault or the following overvoltage.  

Fault case 5 causes overvoltage with a maximum value of 1.120 pu in the 

110 kV bus of Substation 6 and no WPP models are disconnected during this 

fault cases. During Fault case 6, the highest overvoltage is experienced in the 

110 kV bus of Substation 1, but the maximum value of voltage does not exceed 

1.1 pu. Thus, the turbine level voltage controller used in Simulation runs 5 

and 6 seems to effectively decrease the maximum value of overvoltage. 

Overall, the duration of these overvoltages are smaller than the duration 

of overvoltages observed after line or bus disconnection in the simple model. 

In addition, contrary to the results obtained in the simple model, after reach-

ing its maximum value, voltage does not become constant, but it decreases 

for the whole duration of the LVRT mode.  

Since all of the WPP models and the synchronous condenser produced 

constant reactive power after the recovery of voltage, the decrease in voltage 

during the LVRT mode can be attributed to the slow recovery of active power 

of The Type-3 WPP models. While the Type-4 WPP models ramped up their  

active power relatively quickly, typically in 100 milliseconds, the ramping 

time of Type-3 WPP models was much longer and it depended on the vicinity 

of the fault. Type-3 WPP models that were close to the fault location, experi-

enced low undervoltage and thus ramped up the active power slower than 

Type-3 WPP models that were further away from the fault location. For ex-

ample, during Fault case 1, it took 800 milliseconds for a particular Type-3 

WPP model to reach the rated active power after voltage in the HV side of the 

main transformer had exceeded the deactivation limit of additional capaci-

tive current injection.  

The gradually increasing active power increased reactive power consumed 

by the transmission lines and decreased the overvoltage during the LVRT 

mode. Likely for the same reason, an overvoltage with a duration of approx-

imately 500 milliseconds was observed in the 110 kV busbar of Substation 1 

during Fault case 4, even though no lines were disconnected.  

 

6.3.2 Impact of load flow and synchronous machine generation 

 

The results of simulation runs presented in 5.3.3 are presented in Figure 27. 

As shown in the figure, decreasing the active power production of all WPP 

models in the simulation model from 100 % to 40 % decreases the magnitude 

and duration of the overvoltage. This may occur as a result of voltage being 

higher when the active power production of the WPP models is lower. Due to 

this, the pre-fault reactive power set point of the Type-4 WPP models is lower 

and thus the models produce less reactive power or consume reactive power 

during the LVRT mode, which mitigates the overvoltage. 
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Additionally, disconnecting the synchronous condenser seems to increase 

the magnitude of the overvoltage. However, this is not caused by higher re-

active power production of the WPP models during the LVRT mode, since 

the pre-fault voltage is higher when compared to same active power produc-

tion with the synchronous condenser connected. During the two simulation 

runs with lower active power production, no WPP models are disconnected 

and this may also affect the overvoltage, since before disconnection these 

models produce large amount of reactive power due to the inability of the 

PLL to track the angle of voltage. 

 

 

Figure 27: Voltage in the 110 kV busbar of Substation 1 during Fault case 1 

when active power production of the WPP models and synchronous ma-

chine generation was varied. 

 

6.3.3 Impact of control parameter variation on the overvoltage 

 

Based on the result presented in 6.3.1 and 6.3.2, Fault case 1 with 100 % ac-

tive power production was simulated with different values of LVRT mode du-

ration and k-factor of additional inductive current injection. Figure 28 pre-

sents three-phase RMS-voltage in the 110 kV busbar of Substation 1 during 

Fault case 1 when the value of k-factor of additional inductive current injec-

tion was varied.  

As shown in the figure, the maximum value of overvoltage is reduced from 

1.206 pu to 1.168 pu when k-factor of 2.5 is used. When k-factor of 5 is used, 

the maximum value of voltage is reduced to 1.156 pu. Contrary to the results 

presented in 6.1.2, the duration of the overvoltage is reduced when k-factor 

equal to 2.5 is used. However, when larger k-factor of  5 is used, duration of 

overvoltage higher than 1.1 pu is slightly increased when compared to over-

voltage when the k-factor was set to 2.5. The two Type-4 WPP models dis-

connected during Fault case 1 when default parameters were used were also 

disconnected when k-factor of 2.5 or 5 was used. 
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Figure 28: Voltage in the 110 kV busbar of Substation 1 during Fault case 1 

when the value of k-factor of additional inductive current injection was var-

ied. 

 

Three-phase RMS-voltage in the 110 kV busbar of Substation 1 during 

Fault case 1 when the LVRT mode duration was varied is presented in Figure 

29. As seen in the figure, reducing the LVRT mode duration decreases the 

duration of the overvoltage. The duration of overvoltage higher than 1.1 pu is 

equal with both values LVRT mode duration, but the duration of overvoltage 

higher than 1.05 pu is 120 millisecond lower when LVRT mode duration of 

200 milliseconds is used. The same two Type-4 WPP models disconnected 

during Fault case 1 when default parameters were used are disconnected 

when lower LVRT mode duration was used. 

 

 

Figure 29: Voltage in the 110 kV busbar of Substation 1 during Fault case 1 

when the LVRT mode duration was varied. 
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Figure 30 presents three-phase RMS voltage in the 110 kV busbar of Sub-

station 1 when both, the LVRT mode duration and k-factor of additional in-

ductive current injection were varied. As presented in the figure, increasing 

the k-factor and decreasing the LVRT mode duration decreases the magni-

tude and the duration of the overvoltage. The maximum value of voltage is 

decreased from 1.206 pu to 1.171 pu. The duration of overvoltage higher than 

1.1 pu is decreased by 83 milliseconds and duration of overvoltage higher 

than 1.05 pu is decreased by 270 milliseconds. 
 

 

Figure 30: Voltage in the 110 kV busbar of Substation 1 during Fault case 1 

when LVRT mode duration and k-factor of additional inductive current injec-

tion was varied. 

 

6.4 Summary of the results 
 

The largest overvoltage that occurred in the simple model with Type-3 and 

Type-4 WPP models and the largest overvoltages that occurred in each fault 

case in the Ostrobothnia model are shown in Figure 31. In the simple model, 

overvoltages with longest duration and highest maximum values occurred in 

the low SCR case after faults that caused disconnection of 110 kV lines or 

buses. The largest transient overvoltage, seen in individual line-to-line volt-

ages occurred after two-phase short circuits in Line 4. 

The overvoltages after faults that caused line or bus disconnection were 

aggravated by the positive reactive power produced by the WPP models for a 

certain period after the fault clearing. However, altering the control parame-

ters of the WTG and WPP models had an effect on the duration and magni-

tude of these overvoltages. Decreasing the LVRT mode duration decreased 

the duration of the overvoltage, while using additional inductive current in-

jection decreased the magnitude of the overvoltage. With higher k-factors of 

additional inductive current injection oscillations were seen in the PoC and 
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turbine terminal voltages. The deactivation and activation limits of addi-

tional inductive current injection had only a minor effect on the magnitude 

of the overvoltage.  

Additionally, connecting a shunt capacitor to the collector bus and de-

creasing its reactance slightly increased the magnitude of the overvoltage. 

This was likely due to the aggregated WTG of the WPP models producing re-

active power according to the pre-fault set point and reactive power produced 

by the capacitor increasing due to the overvoltage.  

The overvoltages experienced by Type-3 WPP models was compared to 

overvoltages experienced by Type-4 WPP models in two fault cases. In the 

other fault case, the Type-3 WPP models experienced overvoltage with 

smaller magnitude. This was because the Type-3 WPP models produced zero 

reactive power after the voltage recovery, but the LVRT mode duration of 

these models was longer, which increased the duration of the overvoltage. In 

the other fault case, overvoltage was avoided when Type-3 WPP models were 

used. Increasing the k-factor of additional capacitive current injection had 

only a minor effect on the overvoltage. The maximum value of overvoltage 

was increased when k-factor was increased in the range of 0-4 and with larger 

k-factors the maximum value of overvoltage was decreased when compared 

to using k-factor of 4.  

The effect of additional inductive current injection and LVRT mode dura-

tion to the overvoltage experienced by an islanded WPP model was studied 

in a simulation model corresponding to a real islanding event in the Finnish 

power system. Using nonzero k-factor or lower LVRT mode duration had no 

effect on the magnitude or duration of the overvoltage. In addition to the 

overvoltage, varying these parameters had no effect on the THD of the posi-

tive sequence voltage in any of the voltage levels of the WPP model. The ina-

bility of the WPP model to inject additional inductive current during the 

overvoltage was attributed to the PLL being unable to track the frequency or 

phase of the grid voltage due to the increased frequency and harmonic dis-

tortion. Another possibility is that the WPP model detected the islanding 

event and as a result of this the active and reactive power production was 

curtailed. 
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Figure 31: Largest overvoltage experienced in the simple model with differ-

ent WTG types and largest overvoltage experienced in each Fault case in 

the Ostrobothnia model. 

 

Six fault cases were simulated in the Ostrobothnia model. Four of these 

faults occurred in 400 kV transmission lines and two occurred in the 400 kV 

busbar of a particular substation. In two simulation runs, an additional tur-

bine level voltage controller were used in part of the Type-4 WPP models. 

The highest overvoltage, experienced in the 110 kV busbars of substations or 

in the PoCs of WPP models connected through a transmission line connec-

tion, was 1.206 pu. Contrary to the simple model, in this model the voltage 

gradually decreased for the whole duration of the LVRT mode. This was due 

to the slow recovery of active power of the Type-3 WPP models.  

Overvoltage experienced during this fault case was simulated again with 

different values of k-factor of additional inductive current injection and 

LVRT mode duration. When the value of k-factor was increased, the maxi-

mum value of overvoltage was decreased. The largest reduction took place 

when the k-factor was increased from 0 to 2.5. When compared to the over-

voltage when k-factor was 0, the duration of the overvoltage was decreased 

when k-factor was increased. However, when k-factors of 2.5 and 5 are com-

pared, the duration of overvoltage higher than 1.1 pu was increased when the 

k-factor was increased, but the duration of overvoltage higher than 1.05 pu 

was slightly decreased. 

Similarly, when the LVRT mode duration was decreased from 500 milli-

seconds to 200 milliseconds, the duration of overvoltage was decreased. 

When the k-factor and LVRT mode duration were set to 2.5 and 200 milli-

seconds, respectively, both the maximum value and duration of overvoltage 

was decreased. Figure 32 shows the reduction in magnitude and duration of 

overvoltage in the simple model and in the Ostrobothnia model when lower 

LVRT mode duration and larger k-factor of additional inductive current in-

jection were used. 
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Figure 32: Reducing the magnitude and duration of overvoltage by decreas-

ing the LVRT mode duration and increasing the k-factor of additional induc-

tive current injection: a. simple model, b. Ostrobothnia model. 
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7 Discussion 
 

7.1 Overvoltage ride through requirement 
 

Currently, in the Finnish power system, most of the known issues with over-

voltages and WPPs have arisen during islanding events. However, as shown 

in the simulation results, increasing the share of wind power production in 

the power system might increase the magnitude of the overvoltages occurring 

after faults. In the simulations, increased overvoltages were observed as a re-

sult of the WPP models producing constant reactive power after faults, when 

their share was higher.  Thus, as the share of converter-connected resources 

increases, higher overvoltages may be expected. In addition to converter-

connected power plants, the number of large loads connected to the Finnish 

transmission  system is increasing in the near future. The presence of these 

loads may increase the prevalence of load disconnection overvoltages in the 

vicinity of converter-connected power plants. 

The proposed OVRT requirement is presented in Figure 33. According to 

the proposal, power plants would be required to stay connected to the power 

system as long as line-to-line voltage in the PoC is lower than the curve shown 

in the figure. The proposed requirement is based on the simulated overvolt-

ages with highest magnitude and longest duration experienced by Type-3 and 

Type-4 WPP models in the simple model, presented in 6.1.3. The Type-4 WPP 

models experienced overvoltage with higher magnitude, while the overvolt-

age experienced by the Type-3 WPP models had lower magnitude but lasted 

substantially longer. The studied fault cases caused similar overvoltage in 

each of the phases, but the OVRT requirement should be based on the highest 

of the three line-to-line voltages, since there might be asymmetry in the line-

to-line voltages before the overvoltage occurring.  
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Figure 33: Highest overvoltage experienced by Type-3 and Type-4 WPP 

models and the proposed OVRT requirement. 

 

The overvoltage relay settings of the power plants connected to the Finn-

ish transmission system have been set to comply with the current require-

ment of withstanding overvoltage smaller than 1.1 pu for up to one hour. Be-

cause disconnection is allowed if voltage exceeds 1.1 pu, protection settings 

of some of the existing power plants may not fulfill the proposed require-

ment. However, if the voltage in the PoC exceeds 1.1 pu, disconnection of a 

power plant is not required and thus, the protection settings of some of the 

existing power plants may already comply with the proposed requirement. 

To comply with the proposed requirement, the overvoltage protection set-

tings of new power plants should be set to be such that overvoltage that has 

a magnitude of 1.2–1.25 pu and duration of 0.7 seconds or overvoltage that 

has a magnitude of 1.1-1.2 pu and duration of 2.4 seconds in the PoC would 

not cause operation of an overvoltage protection in any of the voltage levels 

of the WPP.  

 

7.2 Additional inductive current injection 
 

The results obtained in the simple model and in the Ostrobothnia model 

showed that the overvoltages could be mitigated by additional inductive cur-

rent injection. Additionally, with higher values of k-factor, such as 5 or 6, 

slightly higher voltage oscillations were seen during the fault recovery phase. 

The duration of the overvoltage was also slightly increased when higher k-

factor was used.  

The proposed values for additional inductive current injection and LVRT 

mode duration parameters are shown in Table 11. Based on the results, k-

factor of 2.5 is suitable for the Type-4 WPP models. With this value of k-fac-

tor the overvoltage was substantially reduced in the PoC and in the turbine 

terminals of the Type-4 WPP models and oscillations in voltage were not 
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observed in the simulation studies done in the simple model or in the Ostro-

bothnia model. In addition, the further reduction in the magnitude of over-

voltage was small when higher value of k-factor, such as 5, was used. 

Type-3 WPP models were parameterized to produce zero reactive power 

during the overvoltages  studied in the simple model and in the Ostrobothnia 

model, and consequently no additional inductive current was injected. In ad-

dition, when compared to Type-4 WPPs, controllability of Type-3 WPPs is 

limited, especially if the crowbar is activated, due to which Type-3 WPPs are 

currently required to inject additional capacitive current with a k-factor in 

the range of 2–6, in contrast to Type-4 WPPs which are required to inject 

additional capacitive current with a fixed k-factor of 2.5. Similarly, based on 

the results obtained with Type-4 WPP models, it can be proposed that the 

Type-3 WPPs should inject additional inductive current with a k-factor in the 

range of 2-4. As shown in the results obtained in the simple model with Type-

4 WPP models, voltage in the POC and turbine terminals was reduced and no 

significant voltage oscillations with k-factors in this range were observed. 

The activation and deactivation limits of additional inductive current in-

jection were studied in the simple model. Increasing the activation and deac-

tivation limit increased the magnitude of the overvoltage, but the change was 

very small. Thus, based on the results, activation limit of the additional in-

ductive current injection could be set to 1.1 pu. Power plants connected to the 

Finnish power system are required to stay connected for up to one hour if 

voltage in their PoC is between 1.05 pu and 1.1 pu. If the activation limit 

would be lower than 1.1 pu, in the worst case scenario, a WPP could spend up 

to an hour in a current control with reactive current priority without plant 

level control. No significant difference was seen in the voltage when deacti-

vation limit 0.05 pu lower than the activation limit was used. However, hav-

ing lower deactivation, such as 1.05 pu, would be reasonable, since otherwise 

there might be situations where voltage momentarily exceeds 1.1 pu after it 

has decreased below 1.1 pu earlier, and this would cause unnecessary switch-

ing of additional inductive injection. 

The results showed that when the additional inductive current injection 

was implemented to the turbine terminal, the reactive current response to 

overvoltages was fast and the maximum value of overvoltage occurring 

shortly after fault clearing could be reduced.  If the additional inductive cur-

rent injection would have been implemented to the plant level controller, the 

response would likely have been much slower because of additional control 

loops. Thus, the additional inductive current injection should be required to 

be implemented to the unit terminals of a converter-connected power plant.  

Based on the results, the LVRT mode of the Type-4 WPPs should be re-

duced from 500 milliseconds. Reducing the LVRT mode duration was shown 

to reduce the duration of the overvoltage in the simple model and in the Os-

trobothnia model, since shorter the time was, sooner the plant level control-

ler started to control the voltage. Using lower LVRT mode duration, such as 
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200 milliseconds, would decrease the duration of overvoltage, but still be 

long enough time for voltage in the turbine terminals of different WTGs to 

recover above the deactivation limit of additional capacitive current injec-

tion. 200 milliseconds is also suitable time for Type-4 WPP models since the 

models were able to ramp up their active power before the LVRT mode dura-

tion had passed. 

 However, because of challenges with Type-3 WPP models the effect of 

tuning WPP and WTG control parameters could not be studied and thus no 

requirement considering LVRT mode duration can be proposed. Addition-

ally, because the Type-3 WPP models ramped up their active power slowly, 

the maximum ramp time being approximately 800 milliseconds in the re-

sults obtained in the Ostrobothnia model, using longer LVRT mode duration 

may be justified. 

 

Table 11: Proposed values for additional inductive current injection and 

LVRT mode duration. 

WTG type k-factor of addi-

tional inductive 

current injection 

Activation and 

deactivation limit 

of additional in-

ductive current 

injection (pu) 

 

LVRT mode dura-

tion (ms) 

Type-3 2–4 1.1, 1.05 shall be studied 

further 

 

Type-4 2.5 1.1, 1.05 200 

 

7.3 Overvoltages caused by additional capacitive current 

injections 
 

In the two studies, discussed in 3.2.2, increasing the k-factor of additional 

capacitive current injection was found to increase the magnitude of tempo-

rary overvoltage after fault clearing. However, the results obtained in the 

simple model were inconclusive, since increasing the k-factor in the range of 

0–4 increased the maximum value of temporary overvoltage, but when k-

factor was increased in the range of 4–6, the maximum value of temporary 

overvoltage decreased when compared to using k factor of 4. Nevertheless, 

the lowest maximum value occurred when the k-factor was set to zero. This 
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likely was the result of a short control delay, as with all studied k-factors the 

amount of additional capacitive current injected had already decreased when 

the deactivation limit was exceeded. Thus, based on the results, it can be 

stated that increasing the k-factor of additional capacitive current injection 

slightly affects the maximum value of temporary overvoltage, and generally 

increasing the k-factor increases the maximum value of temporary overvolt-

age. When the current requirement of injecting additional capacitive current 

with a k-factor of 2.5 is compared to injecting no additional capacitive cur-

rent, the maximum values of overvoltages occurring after fault clearing are 

slightly increased. 

 

7.4 Uncertainty in the results 
 

The objective of this thesis was to propose OVRT and additional inductive 

current injection requirements for converter-connected power plants in Fin-

land and to study whether the current requirements for additional capacitive 

current injection may cause overvoltages. Based on the results a proposal for 

OVRT and additional inductive current injection requirements was made. 

The contribution of additional capacitive current injection to overvoltages 

was small when compared to injecting no additional capacitive current.  

The proposed OVRT requirement was made based on the overvoltages ex-

perienced by WPP models of two manufacturers and the proposal for addi-

tional inductive current injection was made based on results obtained using 

WPP models of one manufacturer. The overvoltages caused by additional ca-

pacitive current injection was studied with WPP models of one manufacturer.  

As shown in the results, the duration and magnitude of the overvoltages 

were greatly affected by the parametrization of the WPP and thus overvoltage 

experienced by WPP models from other manufacturers in similar situations 

may differ from these results. Similarly, the additional capacitive current in-

jection from WPP models of other manufacturers may have a greater effect 

on overvoltage after fault clearing, for example due to a longer control delay. 

Considering additional inductive current injection, the inductive current 

injected with specific k-factor by two Type-4 WPP models of the same capac-

ity during similar overvoltage are expected to be somewhat similar. However, 

during a similar fault, injected inductive current of two WPPs may differ be-

cause the duration of active power recovery was found to affect the overvolt-

age.  

This thesis used aggregated simulation models where the WTGs of the 

power plant models were represented by a single or several aggregated wind 

turbines. Using aggregated models likely had an effect on voltage in the tur-

bine terminal of the WPP model. In a WPP model were the turbines would 

be more accurately modelled, voltages in the  turbine terminals of different 

WTGs would likely differ more and the drawbacks of having lower LVRT 

mode duration, such as 100 milliseconds could be investigated. 
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7.5 Future studies 
 

In addition to parameters varied in the simulation study, other WTG and 

WPP control parameters may affect the response of a WPP during overvolt-

ages. The WTGs of the Type-4 WPP models used in the simulation studies 

had a parameter that defined how long the WTGs would be in a current con-

trol mode after the FRT had been finished. Typically, this parameter is set to 

lower value than the LVRT mode duration and after the time defined by this 

parameter had passed, the WTG would start to produce active and reactive 

power according to the pre-fault set point. 

In the Ostrobothnia model, there were WPP models that consisted of mul-

tiple WTG groups, but except for one WPP model, all of the turbine types 

were the same and the groups were connected to the collector bus similarly. 

The only difference between the groups being the number of aggregated tur-

bines and the rating of the aggregated LV/MV transformer. The effect of 

LVRT mode duration lower than 200 milliseconds should be studied in a 

more accurately modelled WPP model, where the cabling between the WTGs 

and WTG groups is modelled. In this kind of model, the voltages experienced 

by different WTGs and WTG groups would likely differ more than they did in 

the aggregated models used in this thesis, and thus the drawbacks of low 

LVRT mode duration could be studied.  

Additional inductive current injection and LVRT mode duration of the 

Type-3 WPP models is another proposed topic for a future study. Since the 

tuning the WTG and WPP control parameters of the Type-3 WPP models was 

limited, only the overvoltages experienced by Type-3 WPP models was stud-

ied in this thesis. Future studies should assess the additional inductive cur-

rent injection of these models with different k-factors. 

As shown in the results, the post-fault active and reactive power produced 

by the WPP models from the two manufacturers differed. Thus, the FRT op-

eration of WPPs from other manufacturers and different converter-con-

nected resources should be studied. The WPPs of the two manufacturers 

whose WPP models were used in this thesis make up the majority of WPPs 

connected to the power system. However there are WPPs from other manu-

facturers in the power system and the operation of these WPPs after faults 

may differ from the manufacturer models studied in this thesis. In addition, 

other converter-connected resources, such as solar PVs and BESSs may op-

erate differently during and after faults because they are not powered by gen-

erators. 
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8 Conclusions 
 

The objective of this thesis was to propose OVRT and additional inductive 

current injection requirements for power plants connected to the Finnish 

transmission system and to determine whether additional capacitive current 

injection from converter-connected power plants can cause overvoltages af-

ter fault clearing. This was done through simulation studies in electromag-

netic transient type simulation software using three different models. The 

simple model consisted of three WPP models and a simple meshed network, 

the island model represented an actual power system event that occurred in 

the Finnish system and the Ostrobothnia model represented the part of the 

Finnish power system located in western Finland. 

The results obtained in the simple model showed that the WPPs experi-

enced highest overvoltages in the faults and following line or bus disconnec-

tion in the 110 kV network. The proposed OVRT requirement was based on 

these overvoltages. The overvoltages could be mitigated in the simple model 

and in the Ostrobothnia model by using additional inductive current injec-

tion but this did not affect the overvoltage experienced by an islanded WPP 

model. Based on the mitigation of overvoltage in the simulation studies, a 

proposal for the magnitude of additional inductive current was made. The 

amount of additional capacitive current injected during an undervoltage was 

found to have only a minor impact on the magnitude of the overvoltage, as 

increasing the injected capacitive current slightly increased the magnitude of 

the overvoltage. Instead of additional capacitive current injection, the con-

stant reactive power produced by the WPP models for a certain duration after 

fault clearing was found affect the duration of overvoltage. Consequently, de-

creasing the duration to a lower value was proposed. 
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 Further results in the simple model 
 

 

 

Figure A1: a. Voltage and b. reactive power in the point of connection of 

WPP 1 in Fault case 1 and when Bus 3 was disconnected without fault. 

 

 

 

 

Figure A2: a. Voltage and b. reactive power in the point of connection of 

WPP 3 in the low SCR case when 𝑆k3 was disconnected with and without a 

fault. Before the disconnection 122 MW of active power was exported to the 

equivalent and 5 MVar of reactive power was imported from the equivalent. 
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Figure A3: Line-to-line voltages in the point of connection of WPP 1 during 

Fault case 1.  

 

 

 

Figure A4: Voltage and positive sequence reactive current in the turbine ter-

minal of WPP 1 during Fault case 1 with different deactivation limits of addi-

tional inductive current injection, when k-factor and activation limit of addi-

tional inductive current injection was set to 3.5 and 1.1 pu, respectively. 
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 Additional network quantities in the simple model 
 

Table B1: Positive and zero sequence resistances and reactances of the 𝜋-

equivalent line sections used in the simple model. 

Quantity Positive sequence Zero sequence 

Resistance (mΩ / m) 0.049 0.262 

Inductive reactance (mΩ / m) 0.285 0.738 

Shunt capacitive reactance (MΩ / m)  249.750 411.353 

 

Table B2: Conductor and ground wire types used in the simple model 

Nominal voltage of the line Conductor type Ground wire 

type 

110 kV 3x2-Duck 2xSustrong 

400 kV 3x3-Finch 2xSustrong 
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 Wind power plant models in the Ostrobothnia 

model 
 

Table E1: Active power capacities, turbine types and locations of the Type-

3 WPP models in the Ostrobothnia model. 

Wind power plant Rated active power 
(MW) 

Turbine type Point of connection  
(110 kV busbar or line) 

Type-3 WPP 1 39.9 3.1 Line 13–1 

Type-3 WPP 2 45.6 3.1 Line 1–11 

Type-3 WPP 3 17.1 3.1 Line 2–14 

Type-3 WPP 4 22.8 3.1 Line 8–6 

Type-3 WPP 5 22.8 3.1 Line 8–6 

Type-3 WPP 6 28.5 3.1 Line 8–6 

Type-3 WPP 7 34.2 3.1 Substation  1 

Type-3 WPP 8 39.9 3.1 Substation  1 

Type-3 WPP 9 188.1 3.1 Substation  1 

Type-3 WPP 10 28.5 3.1 Substation  1 

Type-3 WPP 11 85.5 3.1 Substation  1 

Type-3 WPP 12 250.8 3.1 Substation  6 

Type-3 WPP 13 131.1 3.1 Substation  6 

Type-3 WPP 14 79.8 3.1 Substation  9 

Type-3 WPP 15 28.5 3.1 Substation  9 

Type-3 WPP 16 68.4 3.1 Substation  2 

Type-3 WPP 17 22.8 3.1 Substation  2 

Type-3 WPP 18 51.3 3.1 Substation  5 

Type-3 WPP 19 85.5 3.1 Substation  5 

Type-3 WPP 20 34.2 3.1 Substation  11 

Type-3 WPP 21 17.1 3.1 Substation  11 

Type-3 WPP 22 39.9 3.1 Substation  3 

Type-3 WPP 23 51.3 3.1 Substation  3 
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Table E2: Active power capacities, turbine types and locations of the Type-

4 WPP models in the Ostrobothnia model. 

Wind power plant Rated active power 
(MW) 

Turbine type Point of connection  
(110 kV busbar or line) 

Type-4 WPP 1 19.8 4.1 Line 1–12 

Type-4 WPP 2 29.7 4.1 Line 1–12 

Type-4 WPP 3 26.4 4.1 Line 1–3 

Type-4 WPP 4 30.1 4.3 Line 2–4 

Type-4 WPP 5 30.1 4.3 Line 5–11 

Type-4 WPP 6 26.4 4.1 Line 8–6 

Type-4 WPP 7 57.3 4.5, 4.6 Line 8–6 

Type-4 WPP 8 30.1 4.3 Line 12–11 

Type-4 WPP 9 43 4.3 Line 12–11 

Type-4 WPP 10 58.8 4.5 Line 12–11 

Type-4 WPP 11 23.1 4.1 Line 3–2 

Type-4 WPP 12 141.9 4.3 Substation  7 

Type-4 WPP 13 240 4.2 Substation  7 

Type-4 WPP 14 96 4.2 Substation  7 

Type-4 WPP 15 30 4.2 Substation  7 

Type-4 WPP 16 81.7 4.3 Substation  1 

Type-4 WPP 17 92.4 4.1 Substation  1 

Type-4 WPP 18 408 4.2 Substation  1 

Type-4 WPP 19 72.6 4.7 Substation  1 

Type-4 WPP 20 117.3 4.6 Substation  6 

Type-4 WPP 21 16.5 4.7 Substation  6 

Type-4 WPP 22 54 4.2 Substation  6 

Type-4 WPP 23 42 4.2 Substation  9 

Type-4 WPP 24 90.3 4.3 Substation  9 

Type-4 WPP 25 102 4.2 Substation  9 

Type-4 WPP 26 120 4.2 Substation  9 

Type-4 WPP 27 120 4.2 Substation  9 

Type-4 WPP 28 48 4.2 Substation  9 

Type-4 WPP 29 33.6 4.5 Substation  9 

Type-4 WPP 30 33 4.1 Substation  2 

Type-4 WPP 31 129 4.3 Substation  2 

Type-4 WPP 32 137.6 4.3 Substation  2 

Type-4 WPP 33 90.3 4.3 Substation  2 

Type-4 WPP 34 36 4.2 Substation  2 

Type-4 WPP 35 26.4 4.1 Substation  2 

Type-4 WPP 36 36 4.2 Substation  2 

Type-4 WPP 37 55.9 4.3 Substation  2 

Type-4 WPP 38 43 4.3 Substation  2 

Type-4 WPP 39 48.3 4.6 Substation  2 

Type-4 WPP 40 90 4.2 Substation  10 

Type-4 WPP 41 30.1 4.3 Substation  5 

Type-4 WPP 42 102 4.2 Substation  5 

Type-4 WPP 43 52.8 4.1 Substation  5 

Type-4 WPP 44 96 4.2 Substation  11 

Type-4 WPP 45 180.6 4.3 Substation  3 

Type-4 WPP 46 21.5 4.3 Substation  3 

Type-4 WPP 47 26.4 4.7 Substation  3 

 


