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Abstract

Frequency control - Pay for performance

Elin Dahlborg

The frequency control in the Nordic grid is to a large extent delivered by
hydropower plants. The hydropower plants deliver frequency control of varying
quality, meaning that a remuneration method based on more than just the static gain
of the power plant is called for. This thesis has examined how three remuneration
methods based on the hydropower plant output and the grid frequency deviation
affects the grid stability.

Using frequency data, the remunerated work along with the bandwidth and
phase-crossover frequency was plotted and compared for varying governor settings.

The results show that all three remuneration methods examined need constructive
technical specifications (for example based on the frequency response) to not
decrease the grid stability. The first remuneration method, where the power plant is
remunerated for being on the right side of the power set point value as the grid
frequency deviates, gave incentives for increased bandwidth, but no particular
incentives regarding the phase-crossover frequency. The second remuneration
method, where the power plant is remunerated for how well it matches the output
power from a plant with no dynamics using a proportional controller, gave incentives
for moderately high bandwidth and phase-crossover frequency. The third
remuneration method, which remunerates how well the plant power output matches
the load disturbance that gave rise to the grid frequency deviation, needs to be
investigated further, but the initial analysis show that it did neither give incentives for
increased bandwidth nor phase-crossover frequency. 
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Executive summary 
All remuneration methods examined needs constructive technical specifications (for 

example based on the frequency response) to not decrease the grid stability. But a 

purposeful remuneration method can increase the power plant performance in a way 

that technical specifications cannot achieve. 

 

The first remuneration method, which remunerates suppliers of FCR-N for being on 

the right side of the power set point value as the grid frequency deviates, gives incen-

tives for increased bandwidth, but no particular incentives for the phase-crossover 

frequency. 

 

The second remuneration method, where the remuneration depends on how well the 

plant output power matches the output power from a plant with no dynamics using a 

proportional controller, gives incentives for moderately high bandwidth and phase-

crossover frequency. The implementation of this remuneration method can be adjusted 

so that it gives stronger incentives for phase-crossover frequency. 

 

The third remuneration method, where the remuneration depends on how well the 

plant output power matches the load disturbance, does not give incentive for neither 

bandwidth nor phase-crossover frequency, but it needs further investigation. This 

remuneration method cannot be practically implemented without more information 

about the Nordic grid. 

 
  



Populärvetenskaplig sammanfattning 

Frekvensen på det nordiska elnätet är 50 Hz, men ändringar i produktion och kon-

sumtion gör att frekvensen ofta avviker från sitt nominella värde. Stora frekvens-

avvikelser kan få allvarliga konsekvenser, till exempel strömavbrott. Frekvens-

reglerande kraftverk anpassar sin produktion efter frekvensen och bidrar på så sätt till 

elnätets stabilitet. Men de senaste årtiondena har frekvenskvaliteten försämrats, vilket 

är högst oroväckande. 

 

Forskning har visat att vissa vattenkraftverk har bättre förutsättningar för att leverera 

frekvensreglering av hög kvalitet än andra. Dessa kraftverk kan justera sina regula-

torinställningar, reglera mer aggressivt och höja elnätets stabilitet samt förbättra 

frekvenskvaliteten. Att reglera mer aggressivt kan dock leda till ökat slitage och ökade 

kostnader. Vore det då inte rättvist om dessa kraftverk fick mer betalt för sitt utförda 

arbete? 

 

Idag baseras ersättningen för frekvensreglering i princip på reglerstyrka, vilket inte 

säger något om kvaliteten på det utförda jobbet. I det här examensarbetet har det där-

för undersökts om man kan ge betalt för frekvensregleringens kvalitet och kvantitet, 

eftersom det skulle ge incitament till kraftverksägare att justera sina regulatorinställ-

ningar och öka elnätets stabilitet. 

 

Examensarbetets omfattning var att undersöka hur olika ersättningsmodeller kan 

komma att påverka elnätets stabilitet. För samtliga ersättningsmodeller ska det betalda 

arbetet baseras på kraftverkets uteffekt givet en viss frekvensavvikelse. Det betyder att 

man genom att mäta ett kraftverks uteffekt och frekvensen på elnätet varje sekund ska 

kunna beräkna hur mycket av arbetet man får betalt för utifrån dessa två signaler. 

Arbetet var begränsat till det nordiska elnätet och till vattenkraft, eftersom den största 

delen av frekvensregleringen levereras av vattenkraftverk. 

 

Första frågan att reda ut var hur man kan koppla en ersättningsmodell till elnätets 

stabilitet. Den valda metoden var att använda befintlig frekvensdata som insignal till 

en Simulink-modell över ett vattenkraftverk och på så sätt simulera kraftverkets ut-

effekt. Genom att variera regulatorinställningarna kunde man få flera olika uteffekt-

signaler för olika kombinationer av regulatorsinställningar. Med de olika uteffekt-

signalerna och frekvenssignalen beräknades sedan hur mycket arbete man skulle få 

betalt för som funktion av regulatorinställningarna enligt olika ersättningsmodeller. 

Den informationen användes sedan för att ta reda på vilka regulatorinställningar som 

var mest lönsamma och sedan kunde man koppla hur dessa regulatorinställningar 

påverkar elnätets stabilitet. 

 

Tre olika ersättningsmodeller undersöktes, där den första ger betalt för att ett kraftverk 

ändrar sin uteffekt till att ligga över eller under sitt effektbörvärde när frekvensen 

ligger under eller över 50 Hz. Den andra ersättningsmodellen ger betalt för att kraft-

verkets uteffekt liknar den negativa frekvensavvikelsen så väl som möjligt och den 

tredje ersättningsmodellen ger betalt för att man ligger motsatt laststörningen. 

 



Alla tre ersättningsmodeller undersöktes enligt metoden beskriven ovan, och resultatet 

visar att alla gav incitament till olika regulatorbeteenden, men att kraftverken inte 

straffades för att ha extrema regulatorinställningar. Till exempel ger den första ersätt-

ningsmodellen incitament för att regulatorn ska ha stor integrerande del (och ju större, 

desto bättre). Visserligen har en sådan regulator sina fördelar, men om den integre-

rande delen blir för stor leder det till ett mer instabilt nät. 

 

Alla ersättningsmodeller behövde tekniska specifikationer som komplement för att 

vara användbara. Därför undersöktes hur tekniska specifikationer baserade på 

frekvenssvaret skulle avgränsa det möjliga valet av regulatorinställningar. Det kom-

pletterades med att beräkna hur bandbredden (hur väl ett kraftverk kan hantera lång-

samma förlopp) och fas-skärfrekvensen (hur snabba förlopp ett kraftverk kan hantera) 

beror på regulatorinställningarna. 

 

När de tekniska specifikationerna kombinerades med det tidigare beräknade ersatta 

arbetet kunde man tydligt se vilka beteenden de olika ersättningsmodellerna gav inci-

tament för. Den första ersättningsmodellen gav incitament för att ändra regulator-

inställningarna på ett sådant sätt att kraftverket effektivt kunde hantera långsamma 

förlopp, men inte riktigt hänga med på snabbare störningar. Den andra ersättnings-

modellen gav incitament för kraftverk att vara ganska bra på både långsamma och 

snabbare förlopp. Den andra ersättningsmodellen är också ganska flexibel och kan 

anpassas så att den helt ger incitament för att kraftverk ska fokusera på snabbare för-

lopp. Den tredje ersättningsmodellen gav inga tydliga incitament till kraftverken att 

satsa på antingen snabba eller långsamma förlopp, men den måste undersökas närmare 

innan man drar några slutsatser. 

 

Examensarbetets slutsats är att det går att ge betalt för både kvalitet och kvantitet med 

ganska enkelt formulerade ersättningsmodeller. Vilken ersättningsmodell som är bäst 

beror på hur begreppet kvalitet definieras, vilket innebär att ett beslut om vilka incita-

ment som ska prioriteras måste fattas. Kraftverken kan till exempel fokusera på att 

prioritera långsamma eller snabba förändringar i frekvensavvikelse, men det finns 

också andra egenskaper hos frekvensregleringen som kan vara värda att anpassa sin 

ersättningsmodell efter.  
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Frequently used expressions 

This section explains and defines some of the expressions frequently used in this 

report. Three different concepts of frequency are used throughout the report, and they 

are defined below. Those definitions are the same as in [1].  

 

Grid frequency 

 

The frequency with which the voltages and cur-

rents on the grid oscillate. The Nordic grid fre-

quency is 50 Hz. 

 

Frequency control 

 

The frequency control is in place to keep the grid 

frequency at its nominal value. 

 

Frequency 

 

The concept of frequency is related to the fre-

quency contents of a signal and is derived from its 

Fourier transform. 

 

Static gain of the control-

ler/governor 

 

Specifies the change in guide vane opening given 

a constant grid frequency deviation. The physical 

unit is %/Hz. Calculated from C(0). 

 

Static gain of the turbine  

 

Specifies the change in output power given a con-

stant guide vane opening deviation from set point 

value. The physical unit is MW/%. Calculated 

from Gturbine(0). 

 

Static gain of the power plant 

 

Specifies the change in output power given a con-

stant grid frequency deviation (reglerstyrka in 

Swedish). The physical unit is MW/Hz. Calculated 

from C(0)*Gturbine(0). 

 

Bandwidth 

 

The frequency at which the gain has dropped to 

70.79% of the static gain [2]. An indication of how 

efficiently a power plant handles slower dynamics. 

The unit is Hz. 

 

Phase-crossover frequency 

 

The frequency at which the open loop phase 

is -180 degrees [3]. An indication of how fast 

dynamics a power plant can handle. The unit is 

Hz. 

  



   

   

 

   

 

Abbreviations 
The symbols are inspired by, but not identical to, the ones used by Saarinen in [1].  

Symbol Unit Physical 

unit 

Description 

C(s)   Transfer function of the controller 

D pu/pu MW/Hz Load frequency dependency 

Ep pu/pu Hz/% Droop, inverse static gain of the controller 

Ep0, Ep-

setting 

  Governor settings (Kp, Ki and Ep) 

Eplant pu*s MWs Integral of the absolute value of the output power 

deviation 

Eremunerated pu*s MWs The amount of control work a plant is remunerated for 

∆f pu Hz Grid frequency deviation 

FCR-N   Frequency containment reserve, normal operation 

fdev Hz  Mean grid frequency deviation over the operational 

hour 

FRR-A   Frequency restoration reserve, automatic 

K pu/pu  MW/Hz Incremental gain of hydropower plant 

Kbl pu/pu %/% Gain of the linear approximation of the backlash 

Ki s
-1 

 Integral gain of controller 

Kp pu %/Hz Proportional gain of controller 

M s  System inertia of the electric grid 

N(s) pu Hz Measurement noise 

PI   Proportional, integral controller 

∆Pload pu MW Load disturbance 

∆Poptimal pu MW Optimal power plant output 

∆Pplant pu MW Plant power output deviation from set point value 

r   Correlation coefficient 

R(s) pu Hz Reference signal 

SvK   Svenska kraftnät, the Swedish TSO 

Tbl s  Time constant of the linear approximation of the 

backlash 

Tdev s  Time deviation from synchronous time 

Tf s  Time constant of the governor filter 

Tg s  Time constant of the inverse grid 

TSO   Transmission system operator 

Tw s  Water time constant 

Ty s  Time constant of the governor servo 

W(s) pu Hz Grid frequency disturbance 

∆Y pu % Guide vane opening deviation from set point value 
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1 Introduction 

The Nordic grid frequency is 50.0 Hz, but changes in production or consumption will 

make the grid frequency deviate from its nominal value. The frequency containment 

reserve for normal operation (FCR-N) is meant to keep the grid frequency within the 

normal operation band from 49.9 to 50.1 Hz. The FCR-N is mostly provided by 

hydropower plants, where the turbine governor changes the guide vane opening signal 

as the grid frequency deviates [1].  

 

The time outside normal operation band has gradually increased over the last decades, 

and there are several possible explanations for the decreasing grid frequency quality. 

For example, the deregulation of the electricity market has led to increased changes in 

production around the hour shift and the production from intermittent energy sources 

has increased. Another contributing factor is the oscillation with a period of 40-90 

seconds in the grid frequency, the so called 60 s oscillation [1].  

 

Research has shown that the grid frequency quality can be improved by retuning of the 

hydropower turbine governors. However, the optimal tuning and performance of the 

frequency control strongly depends on the characteristics of the individual plant. 

While an aggressive tuning of plants with slow internal dynamics and large backlash 

may be detrimental to the stability of the power system due to large negative phase 

shift, a more aggressive tuning of plants with fast internal dynamics and small back-

lash would be beneficial for the power grid and improve the grid frequency quality 

[1].  

 

The keyword is that the governors can be tuned and the grid stability can increase. 

However, from the perspective of suppliers of frequency control, tuning a governor 

more aggressively might increase the wear and tear, which means increased costs [1]. 

Today, suppliers are remunerated based on the static gain of the power plant alone [4], 

meaning there are no incentives for a supplier to deliver frequency control of better 

quality than what is the minimum required by the technical specifications. But if some 

power plants are contributing to the stability of the grid to a larger extent, would it not 

be fair to pay them accordingly? 

 

This means that a new remuneration method of FCR-N, where suppliers are paid for 

both quality and quantity of the delivered frequency control, is called for. Are there 

remuneration methods that lead to increased grid stability as the suppliers are maxim-

izing their profits? 

1.1 Project description 

A certain remuneration method gives incentives to suppliers of frequency control to 

alter their governor settings in certain ways so as to maximize profit. The resultant 
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plant performance will affect the power system stability. At the heart of the problem is 

to choose a remuneration method that increases grid stability and frequency quality. 

 

The aim and scope of this master's thesis is to examine how different  remuneration 

methods of FCR-N affect the power system stability. The remuneration methods 

should be based on measured power plant output power given a certain grid frequency. 

Interesting remuneration ideas are evaluated using already existing Matlab models. 

 

The work is limited to frequency containment reserve for normal operation (FCR-N), 

the Nordic grid (with main focus on Sweden) and hydropower plants. The controller 

structure is limited to Vattenfall’s PI controller with droop structure. 

1.2 Disposition of the report 

The report is divided into several parts, starting with Chapter 2 giving some back-

ground information necessary to understand the coming chapters. Chapter 3 to 10 are 

divided into method, results discussion and conclusions. Chapter 3 describes how the 

hydropower plant output signals were simulated, which is followed by the evaluation 

of the first and second remuneration methods in Chapter 4 and 5 respectively. The 

third remuneration method needs an estimation of the load disturbance to be evalu-

ated, and how the estimation was made is described in Chapter 6. The third remunera-

tion method is evaluated in Chapter 7. A suggestion for new technical specifications is 

investigated in Chapter 8, which is followed by Chapter 9 where Bode plot character-

istics are linked to remuneration. The second remuneration method is analysed more 

thoroughly in Chapter 10. The report is concluded with the discussion in Chapter 11 

and final conclusions in Chapter 12, and some suggestions for future work in Chapter 

13. 
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2 Background and related work 

To help in the understanding of the following sections in this report, this chapter gives 

a brief background to electrical frequency, frequency control and how the electric grid 

and frequency control can be modelled. 

2.1 Electrical frequency and frequency control 

The nominal value of the Nordic grid frequency is 50.0 Hz. The grid frequency is the 

frequency which voltages and currents on the grid are alternating with and it is 

strongly related to the rotational speed of the rotating machines connected to the grid. 

The rotating masses provide the system with its inertia. If there is a difference in 

power extracted from the system and power delivered to the system, the energy will be 

either stored in or extracted from the rotating masses. This means that the rotational 

speed of the machines will either increase or decrease, which changes the frequency of 

the alternating voltages and currents and therefore the grid frequency [5]. 

 

The phenomenon can be described by  

 

 𝑃𝑡 − 𝑃𝑔 = 𝐽𝜔
𝑑𝜔

𝑑𝑡
, (1) 

 

which is called the swing equation. In the swing equation, Pt is the driving mechanical 

power from the turbine, Pg is the braking electrical power extracted by the grid, J is 

the moment of inertia and ω is the angular speed. The equation represents the rotating 

system at the unit-level, meaning it is valid for individual turbines, but also for the 

whole electric grid [5]. 

 

Opening the guide vanes more increases the discharge and the mechanical power. The 

driving power becomes larger than the braking power and energy is stored in the 

system because the angular velocity increases. On the other hand, if a large load is 

connected to the grid, the increased braking electrical power will make the angular 

velocity and the electrical frequency slow down [5].  

 

The grid frequency should preferably be kept at 50.0 Hz, as deviations can be harmful 

to the machines connected to the grid. Thermal power plants, for example, disconnect 

from the grid if the grid frequency becomes too low to protect the machinery. This 

increases the power mismatch further and a blackout can occur unless proper measures 

are taken [1].  

 

The electricity production is planned from operational hour to operational hour based 

on consumption forecasts [6]. For the grid frequency to remain at 50 Hz, however, the 

production must equal the consumption in each instant. This is impossible, as the 

instantaneous load and production are unknowns and the load along with some inter-
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mittent power production vary uncontrollably. The power plants participating in fre-

quency control adjust their power outputs according to the grid frequency, stabilizing 

the grid frequency at around 50 Hz [1].  

 

There are different types of frequency control, all designed for different purposes. The 

frequency containment reserve for normal operation (FCR-N) is meant to keep the 

grid frequency within the normal operation band, 49.9 to 50.1 Hz [1]. The reserves 

activated in the grid frequency range of 49.9 to 49.5 Hz are called frequency contain-

ment reserves for disturbed operation (FCR-D). The FCR-N and FCR-D are activated 

automatically by the grid frequency [4]. The frequency restoration reserve is in place 

to restore the grid frequency and the FCR, and there is one manual (called FRR-M) 

and one automatic restoration reserve (FRR-A). The FRR-A is only used a few hours 

each day. Most of the frequency control in the Nordic grid is delivered by hydropower 

plants [1].  

 

This thesis focuses on the FCR-N, which is described in more detail in the section 

below. 

2.2 FCR-N in general 

The transmission system operators (TSOs) are responsible for the grid stability and the 

TSOs in the different countries connected to the Nordic grid procure frequency control 

reserves. The TSOs have slightly different technical specifications, procurement pro-

cedures and remuneration methods for the FCR-N [7].  

 

For every operational hour, 600 MW of FCR-N is procured in the Nordic grid. It 

should be fully activated when the frequency is 49.9 Hz, meaning that the total static 

gain of the power plants supplying FCR-N is 6000 MW/Hz. The amount of FCR-N 

each country must supply is calculated from the electricity consumption the previous 

year, meaning Sweden should provide around 40% of the FCR-N in the Nordic grid. 

There is, however, more FCR-N in the system than 600 MW. This is due to the fact 

that the Norwegian TSO procures a larger amount than what is demanded of them [7]. 

One estimation of the total amount of FCR-N in the Nordic grid is 753 MW [1].  

 

The Swedish TSO, Svenska kraftnät (SvK), procures the frequency control from 

power producers in Sweden through auction on weekly and hourly procurement mar-

kets. Suppliers report their sealed bids (amount of FCR-N and bid price) to SvK and 

when all the bids are collected, they are opened and procured. This means the price is 

decided through a so called open bidding process
1
 [7].  

 

                                                      
1
 To clarify; the name open bidding process may suggest the bids are public, but this is not the 

case. When all bids (sealed) are submitted, they are opened and then procured publically. 



   

   

 

 Page 5 (53)  

 

The following sections explain the technical specifications and remuneration of 

FCR-N in Sweden. 

2.2.1 Technical specifications 

The technical specification of FCR-N used in Sweden today is based on the power 

plant response for an instant decrease or increase in grid frequency. The FCR-N 

should be activated if the grid frequency deviates from 50.0 Hz and is active in the 

interval from 49.9 Hz to 50.1 Hz. If the frequency increases or decreases 0.1 Hz in a 

step, the FCR-N should be activated to 63% within 60 seconds and 100% within 3 

minutes [4]. This means that the power plant time constant should be shorter than or 

equal to 60 seconds [3].  

 

The units supplying FCR-N can be subjected to functional tests, including regulation 

capability, system time constant and real-time measurements. The regulation capabil-

ity has been tested on around 80% of the units [7].  

2.2.2 Remuneration 

The remuneration of FCR-N is divided into two parts, where one part is related to 

being ready-to-provide a certain capacity and the other to a volume of energy [4]. 

Around 90 to 95% of the revenue comes from the procured ready-to-provide capacity 

[8].  

 

For the remuneration of capacity, the supplier of FCR-N is paid according to the deal 

struck when the FCR-N was procured. The supplier bid a price for being ready-to-

provide a certain amount of FCR-N and if the FCR-N is procured, SvK pay the sup-

plier according to that price [4].  

 

The volume of energy for FCR-N is calculated from the actual amount of delivered 

FCR-N and the mean frequency deviation during the operational hour. The price paid 

for having delivered the volume of energy is decided according to certain market 

mechanisms [4].  

 

According to [8], the mean frequency deviation is calculated using the synchronous 

time deviation. Synchronous time is proportional to the integral of the frequency, 

meaning that if the frequency lies below its nominal value for a period of time, the 

synchronous time lags behind and a time deviation occurs. The difference in time 

deviation, ∆Tdev, at the start of the operational hour compared to the end is used to 

calculate the mean frequency deviation, fdev, according to  

 

 𝑓𝑑𝑒𝑣 =
∆𝑇𝑑𝑒𝑣 ∗ 50

3600
. (2) 
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For example, if 1000 MW/Hz is procured by the TSO, the supplier gets paid for 

providing 1000 MWh/h to the price agreed upon. At the end of the operational hour, 

values show that the supplier actually delivered 1200 MW/Hz. If the difference in time 

deviation is 9 seconds, it is approximated that the supplier has delivered a volume of 

FCR-N corresponding to 1200*9*50/3600 = 150 MWh/h [8].  

2.3 Basic control theory concepts 

This section briefly presents some of the control theory concepts used throughout the 

thesis. For more detailed explanations, any book on basic control theory should cover 

the matter. 

 

If the input to a linear system G(s) is a sinusoidal signal, the output will also be a 

sinusoidal signal with the same frequency, but its amplitude and phase might be dif-

ferent. The so called frequency response G(iω) fully describes how the system 

behaves for a sinusoidal input signal with angular frequency ω. The amplitude of the 

output signal will be the amplitude of the input signal times the gain |G(iω)| and G(0) 

is called the static gain. The output signal will be shifted by the phase of the system, 

which is arg(G(iω)) and the commonly used unit is degrees [3].  

 

The gain and phase of a linear system can be plotted as functions of ω in Bode plots. 

Bode plots can be used to examine the open or closed loop systems, as well as selected 

parts of the system. The closed loop system is stable if the gain of the open loop 

system is less than one when its phase is less than -180 degrees [3].  

2.4 PI controller with droop 

As the grid frequency deviates, the power plants taking part in frequency control 

change their output power. It is the turbine governor and its governor settings that 

decide how the power plant will react to a grid frequency deviation [5]. This section 

explains the structure of the turbine governor and how the settings influence the plant 

behaviour. The explanation focuses on hydropower plants and the servo has been 

removed to simplify the explanation. 

 

The governor design used today in Vattenfall’s hydropower plants is a PI controller 

with droop and its structure can be seen in Figure 1. The turbine governors in Swedish 

hydropower plants mostly use guide vane opening feedback, meaning a change in grid 

frequency leads to the governor changing the guide vane opening, which in turn 

changes the output power. This means that E(s) in Figure 1 is the frequency deviation 

and U(s) is the control signal of the guide vane opening [1].  



   

   

 

 Page 7 (53)  

 

 

The governor settings (Kp, Ki and Ep) are explained briefly below. 

 

 Kp is the proportional gain of the controller. It increases the gain of the 

controller and decreases the negative phase shift caused by the integral gain 

[3]. 

 Ki is the integral gain of the controller and a larger value of Ki makes the con-

troller faster, but also increases the negative phase shift, which decreases the 

stability [3].  

 Ep is the droop of the controller and it limits the static gain of the controller. 

For a pure PI controller, the static gain is infinite, meaning a lasting frequency 

deviation would make the output signal infinitely large. No power plant is 

large enough to control the grid frequency by itself, and by introducing the 

droop, the power plants across the grid can share the burden of controlling the 

grid frequency. A lower droop setting increases the static gain [9].  

 

Each turbine has a guide vane opening set point value, and if the turbine participates in 

frequency control, it changes the guide vane opening from the set point value. The 

droop setting indicates how much the guide vane opening will deviate from its set 

point value, where a lower droop setting means a larger change in guide vane opening 

[1].  

 

Vattenfall uses a few standard sets of governor settings, called Ep-settings (or Ep-

lägen in Swedish). The Ep-settings have different values of the droop, meaning that 

how much a plant participates in the frequency control can be varied for every opera-

tional hour. For every set of governor settings, the integral gain has been adjusted 

according to the droop setting so that the plant is fast enough to fulfil the technical 

specifications. The set of governor settings with the highest droop, called Ep0, is 

summarized in Table 1 [10].  

 

Figure 1: Basic structure of a PI controller with droop. E(s) is the deviation from 

the reference signal and U(s) is the control signal. Kp is the proportional gain, 

Ki is the integral gain and Ep is the gain of the droop. [1] 



   

   

 

 Page 8 (53)  

 

Table 1: The governor settings in Vattenfall’s Ep-setting Ep0. [10] 

Kp [pu] Ki [s
-1

] Ep [pu] 

1 1/6 0.1 

 

2.5 Modelling frequency control 

One way of modelling frequency control is to use composite modelling. This means 

that the turbines participating in frequency control are condensed into one equivalent 

rotating mass, giving the grid its moment of inertia, M. The hydro power plants are 

approximated by only one representative water time constant, Tw, and the governor 

settings are assumed to be the same for all turbines. The load damping constant, D, is 

also approximated by one value [9].  

 

The block diagram shown in Figure 2 is inspired by a model used in [1] and it is an 

example of composite modelling. The governor gives a guide vane opening signal ∆Y 

to the backlash and transfer function of the turbine and waterways, which gives the 

hydropower plant output power deviation ∆Pplant as output. The power output and the 

load disturbance ∆Pload are added and becomes the input to the grid transfer function. 

The output from the grid block is added to the grid frequency disturbance, W(s), which 

gives the grid frequency deviation, ∆f. Measurement noise N(s) is added to ∆f, which 

is then compared to the reference signal R(s). R(s) is equal to zero, as this is the 

desired value of the grid frequency deviation. The new signal is used as input to the 

governor and the cycle is repeated. All the signals in Figure 2 are in per unit [1].  

 

The sections below explain the governor, turbine and waterways and grid blocks in 

some more detail. 

Figure 2: One way of modelling frequency control. The behaviour of the frequency control has been 

estimated with one governor and one equivalent hydropower plant. The frequency control power output, 

ΔPplant, is added to the load disturbance, ΔPload, and the sum is input to the grid, which is described by its 

equivalent inertia, M, and the load frequency dependence, D. [1] 
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2.5.1 Governor 

The governor in Figure 2 is a PI with droop like the one in Figure 1, only transfer 

functions for a filter and a servo have been added. The filter has time constant Tf and is 

an approximation of the filter used in hydropower plants. The servo is also modelled 

by a first order low-pass filter and has time constant Ty [1].  

 

The governor transfer function can be written as 

 

 
𝐶(𝑠) =

𝐾𝑝𝑠 + 𝐾𝑖

(𝑇𝑓𝑠 + 1)(𝑇𝑦𝑠2 + (𝐸𝑝𝐾𝑝 + 1)𝑠 + 𝐸𝑝𝐾𝑖)
, (3) 

 

according to [1]. The static gain of this PI controller with droop is   

 

 𝐶(0) =  
1

𝐸𝑝
. (4) 

 

This means that by keeping the droop, Ep, constant, the static gain is kept constant. 

However, it is different if the integral gain Ki = 0, which changes the controller struc-

ture to a purely proportional controller with droop. The static gain for such a controller 

equals 

 

 𝐶(0) =
𝐾𝑝

𝐸𝑝𝐾𝑝 + 1
. (5) 

 

2.5.2 Turbine and waterways 

This block in Figure 2 contains a backlash and the transfer function of a turbine and 

waterways. Input is the guide vane opening signal ∆Y and output is the frequency 

control output power ∆Pplant. The transfer function for the turbine and waterways is 

 

 𝐺𝑡𝑢𝑟𝑏𝑖𝑛𝑒(𝑠) = 𝐾
−𝑇𝑤𝑠 + 1

0.5𝑇𝑤𝑠 + 1
 (6) 

 

where Tw is the water time constant and K is called the incremental gain. The gain K is 

a measure of how much the output power changes given a change in guide vane posi-

tion and the static gain of the turbine is Gturbine(0) = K. The incremental gain is often 

approximated by dividing the rated power with maximal guide vane opening, but this 

yields a constant value of K, which can lead to over- or under-estimations of the static 

gain of the power plant. The discharge is not a linear function of the guide vane 

opening, and neither is the power a linear function of the discharge. Using calculated 

incremental gain from index tests of the turbine is a more accurate method as these 

values correspond well with data from experiments [1].  
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The hydropower plant is a non-minimum phase system, meaning that the transfer 

function Gturbine(s) has a zero in the right half plane. This affects the system in such a 

way that any change in the guide vane opening signal will first lead to a power output 

that is in the wrong direction. For example, the grid frequency drops and the guide 

vane opening signal increases. However, the power output from the plant will first 

decrease before it increases due to the non-minimum phase [1]. The physical explana-

tion behind this is that after the guide vanes have been opened further, it takes some 

time before the water in the waterways accelerates and discharge increases due to 

water inertia. Instead, there is a temporary pressure drop over the turbine which results 

in a power dip before the increasing discharge increases the power output [11].  

 

The backlash decreases the ability of the plant to react to small changes in frequency. 

In Figure 2, the backlash is placed after the guide vane opening measurement, mean-

ing the governor does not have access to the true value of the guide vane opening. The 

size of the backlash varies from unit to unit [1]. The backlash is explained in a bit 

more detail in Section 2.6. 

 

The static gain of the power plant is calculated from the static gain of the controller 

and the static gain of the turbine. The static gain of the controller specifies how the 

guide vane opening will change given a constant grid frequency deviation, whereas 

the static gain of the turbine specifies how the power output will change given a con-

stant guide vane opening deviation from the set point value. Hence, the static gain of a 

power plant with a PI controller with droop is 

 

 𝑆𝑡𝑎𝑡𝑖𝑐 𝑔𝑎𝑖𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑜𝑤𝑒𝑟 𝑝𝑙𝑎𝑛𝑡 = 𝐶(0)𝐺𝑝𝑙𝑎𝑛𝑡(0) =
𝐾

𝐸𝑝
. (7) 

 

The incremental gain K depends on the operational set point, meaning the only way to 

deliberately change the static gain of the power plant is to change the droop setting. 

The droop affects the remuneration as well, where a lower droop setting increases the 

static gain and increases the remuneration from supplying FCR-N [1].  

2.5.3 Grid 

The frequency control output power ∆Pplant added to the load disturbance ∆Pload is 

input to the grid block and the output is how much the grid frequency deviates from 

50.0 Hz in per unit. If the input is positive, the grid frequency will increase. The trans-

fer function of the grid is 

 

 𝐺𝑔𝑟𝑖𝑑(𝑠) =
1

𝑀𝑠 + 𝐷
 (8) 
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and can be derived from the swing equation. The parameter M is the inertia of the 

system and D describes the frequency dependence of the load. A larger value of M 

means that a temporary change in power has less influence on the grid frequency, 

meaning the system is less sensitive to load variations, but also slower to control. For 

a large value of D, the load will decrease more if the grid frequency drops. This miti-

gates any change in grid frequency [1].  

 

2.6 Quality of frequency control 

A recent study performed at Vattenfall and Uppsala University has shown through 

experiments and simulations that even a small backlash in the guide vane mechanism 

or the runner regulating mechanism affects the quality of delivered frequency control 

in a negative way. The size of the backlash is individual from hydropower unit to 

hydropower unit, but all units can be expected to have some backlash in the regulating 

mechanism. Attributes that affect the size of the backlash are for example turbine type 

(Kaplan, Francis or Pelton) or if the guide vanes have individual servos or a regulating 

ring [1].  

 

Backlash is a non-linear phenomenon, as it has a larger relative impact on small 

adjustments in the regulating mechanism than it has on large changes. It has the same 

behavior as a floating deadband, and filters small changes in guide vane opening or 

runner blade angle. This means that small adjustments in the regulating mechanism 

might be delayed or not happen at all. On the other hand, when the governor signals a 

large change, the servo make a fast and considerable change in regulating mechanism 

and the backlash affects the output a lot less [1].  

 

The backlash affects the gain and phase of the power plant in a negative way, meaning 

that a plant with considerable backlash delivers a smaller amount of frequency control 

and of lower quality compared to an equivalent plant with smaller backlash. Experi-

ments performed at hydropower plants show that it is possible to have governor set-

tings that ensure that the unit fulfills the technical requirements of frequency control, 

but that the phase shift is so large that the plant actually decreases the grid stability for 

some frequencies [12].  

 

The impact of the backlash is related to the amplitude of the input signal, the fre-

quency of the signal and the gain of the controller for that frequency, meaning the 

backlash will have a relatively larger impact on frequencies where the governor has 

low dynamic gain. Having a lower droop setting gives a higher static gain, which 

increases the dynamic gain and therefore decreases the impact of the backlash. This 

means that hydropower turbines with small backlash and low droop setting can deliver 

frequency control with lower phase shift, which is beneficial for the grid stability [1].  
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The research referred to above clearly indicate that the quality and amount of deliv-

ered frequency control can vary, but no research on how to remunerate suppliers for 

both quality and quantity has been found. Previous research has mostly focused on 

how to design technical specifications for primary frequency control so as to guarantee 

the quality of the service or how to remunerate suppliers for providing a certain quan-

tity of frequency control. The following paragraphs shortly sums up the research 

found on the subject. 

 

Concerning quality of frequency control, technical specifications for primary fre-

quency control can be defined in a number of different ways. Specifications centered 

on time domain criteria for how a hydropower plant should respond to step, ramp and 

random changes in grid frequency have been proposed [13]. Another approach is to 

use criteria for gain and phase margins to design PID controllers for hydropower 

plants [14], but some argue that sensitivity margin is a better indicator of performance 

as it can guarantee closed loop stability over a wide range of frequencies [11]. 

 

Structures for bids and payments for ancillary services are most often based on an 

availability price or utilization payment. Other possible structures according to [15] 

are fixed allowance, opportunity cost, utilization frequency payment or price for pro-

vided quantity of kinetic energy [15].  
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3 Simulation of hydropower plant output power  

By determining how different remuneration methods affect the governor settings, and 

how the governor settings affect the power system stability, the remuneration methods 

can be analyzed and compared. However, given that the remuneration methods should 

be based on the grid frequency signal and the power plant output, the first task was to 

generate grid frequency and output power signals that could be used to analyse the 

remuneration methods. 

3.1 Method 

Assuming that suppliers of FCR-N would change their governor settings to maximize 

income, the decision to generate hydropower output signals for different combinations 

of Kp and Ki was made. To compare the result for varying governor settings, the static 

gain of the power plant must be constant. Consequently, the droop Ep was held con-

stant. The time constants Tf and Ty were kept constant as well.  

 

Using grid frequency data from the first week of 2012 as input, the output power for 

varying governor settings could be simulated using a Simulink model. Figure 3 shows 

the block diagram of the model and it has no grid frequency feedback. The assumption 

is that the power plant output is too small to affect the grid frequency, but that the 

power plant uses the signal to maximize its profit. The frequency data had a sample 

rate of 1 Hz. 

 

 

Four different cases with hydropower plant properties were decided upon. First, a case 

with nominal property values was defined and then three cases to be used for sensi-

tivity analyses. One case had a backlash, another a longer water time constant and the 

third case had both backlash as well as a longer water time constant. The incremental 

gain K was kept constant in all cases. See Table 2 for the values used for the governor 

Figure 3: A block diagram of the Simulink model used to simulate the 

hydropower plant output power. One week of frequency data was used as input 

signal, ∆f, and by varying the governor settings Kp and Ki, the output power, 

∆Pplant, was obtained for different combinations of Kp and Ki. 
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properties and Table 3 for the values used for the power plant properties in the differ-

ent cases. The values are inspired by, but not identical to, the ones used in [1]. The 

backlash in Table 3 is small [12], but large enough to have an impact on the per-

formance of the system. 

Table 2: The governor settings and parameters used when simulating the hydro-

power plant output power. By varying the proportional gain Kp and the integral 

gain Ki, the response of the power plant for different governor settings was 

obtained. 

Kp [pu] Ki [s
-1

] Ep [pu] Tf [s] Ty [s] 

Variable Variable 0.1 1 0.2 

 

Table 3: The values used for the plant properties for the different cases used for 

sensitivity analysis. 

Case Water time 

constant Tw [s] 

Deadband 

width [%] 

Incremental 

gain K [pu] 

Nominal values 1.5 0 1 

Backlash 1.5 ±0.05 1 

Long Tw 2.5 0 1 

Backlash+long Tw 2.5 ±0.05 1 

 

All signals (grid frequency deviation, guide vane opening and power) in the model are 

in per unit. The bases used for the different signals are presented in Table 4. The 

power base depends on the static gain of the power plant. For example, if the static 

gain of a power plant is 50 MW/Hz, the power base should be chosen as 250 MW. 

This means the power output in per unit will be 1 when the grid frequency deviation is 

0.1 Hz. 

 

Table 4: The bases for the different variables. The power base is variable and 

depends on the static gain of the power plant. 

Base Value 

Pbase Variable 

fbase 50 Hz 

Ybase 100% 

 

The measurement disturbance, N(s), and the grid frequency disturbance, W(s), in 

Figure 2 are included in the grid frequency data used as input to the Simulink model in 

Figure 3. 



   

   

 

 Page 15 (53)  

 

3.2 Results 

The result was one week of simulated hydropower plant outputs with sample time of 1 

second, stored in 3D matrices for varying combinations of Kp and Ki for the different 

cases. The power output data was stored along with the Kp- and Ki-vectors in MAT-

files, which could be used for analysing the remuneration methods. 

 

Appendix A contains some example plots of the power outputs for some governor 

tunings and the different hydropower plants. 

3.3 Discussion 

To make a fair comparison between different controller tunings, they should all have 

the same static gain. For a PI controller with droop, this is achieved by keeping the 

droop Ep constant. However, the static gain is only constant for values of Ki > 0, as the 

controller structure changes for Ki = 0. A purely proportional controller does not need 

a droop, as it suffices to the Kp equal to the desired static gain. This means that the 

purely proportional controller cannot vary Kp and keep the static gain constant, which 

makes a fair comparison of controller tunings where Ki = 0 impossible. Therefore, the 

result for Ki = 0 is omitted in the analysis.  

 

Using only one week of grid frequency data has its limitations. The grid frequency 

data from the first week of 2012 might not be representative for the overall grid fre-

quency behaviour, or the sample length might be too short. However, considering that 

the data is sampled every second, the amount of data is still considerable.  

3.4 Conclusions 

The simulated power data can be used to analyse how the remunerated work varies 

with Kp and Ki for different remuneration methods. The result is valid for governor 

settings where Ki > 0.  
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4 Remuneration method 1 

This chapter contains the definition of the first remuneration method, how the calcula-

tions were performed, along with results, a discussion of the results and conclusions. 

4.1 Definition of remuneration method 1 

The first remuneration method is based on suppliers of FCR-N getting remunerated for 

being on the “right side” of their power set point value. For example, if a turbine has a 

set point value of 70 MW and the grid frequency decreases below 50.0 Hz, the sup-

plier would get paid for the energy produced in excess of the originally planned 70 

MW, for as long as the grid frequency lies below its nominal value. 

 

In Figure 4, an example of the grid frequency being above its nominal value is shown. 

The remunerated work, Eremunerated, is the integral of the absolute value of the power 

plant output deviation from its set point value, given that the output power is below 

the power set point value.  

 

4.2 Implementation 

Using Matlab and the previously simulated output power signals, the amount of 

remunerated work over the week could be calculated for different combinations of Kp 

and Ki. The amount of remunerated work was calculated and plotted in 3D figures for 

every case (nominal values, backlash, long water time constant and the combination of 

backlash and long water time constant). 

Figure 4: The first remuneration method pays the supplier for being on the 

“right side” of the set point value as the grid frequency, ∆f, lies above or below 

its nominal value. Eremunerated is the green area in the figure and represents the 

work the supplier is remunerated for. 
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4.3 Results 

The result from the first remuneration method for the power plant with the nominal 

values can be seen in Figure 5. One axis has values of the proportional gain Kp ranging 

from 0 to 5, while another has the integral gain Ki ranging from 0.1 to 5. The z-axis 

has the amount of remunerated work for different values of Kp and Ki. The remuner-

ated work for Ki = 0 is roughly one third of the values shown in Figure 5 and therefore 

Ki = 0 was removed from the plot. 

 

The unit of the remunerated work is pu*s and by multiplying the remunerated work by 

the power base in MW (which depends on the static gain of the power plant), the 

remunerated work is expressed in MWs. 

 

Similar figures for the other cases have been plotted. The trend is the same, but the 

amount of remunerated work is lower. The two cases with the backlash and the longer 

water time constant both get more remunerated work than the case with both backlash 

and long water time constant. 

Figure 5: Results for the first remuneration method for the plant with nominal 

values on its properties. The remunerated work as a function of the governor 

settings Kp (ranging from 0 to 5) and Ki (ranging from 0.1 to 5), while the droop 

Ep is held constant. The remunerated work for Ki = 0 is about one third of the 

values plotted here. 



   

   

 

 Page 18 (53)  

 

4.4 Discussion 

As can be seen in Figure 5, the first remuneration method gives incentives for higher 

values of the integral gain Ki, whereas the proportional gain Kp does not affect the 

remunerated work in any notable way. Higher values of Ki means the controller 

becomes faster, but it also leads to larger negative phase shift for high frequencies and 

this jeopardizes the grid stability. What governor settings that decrease the grid stabil-

ity is examined in Chapter 8. 

 

It is true that the result does not reflect the possible increase of costs due to a faster 

governor, but the costs are not something the TSO can control anyway. The TSO can 

only decide what they should remunerate, meaning that the remuneration method must 

not remunerate governor settings that are harmful to the grid. As the first remuneration 

method does not limit the profitable governor settings in any direction, the method 

cannot by itself lead to increased grid stability. This remuneration method would need 

to be complemented with constructive technical specifications to be useful. 

 

One explanation for this result is that it might be too easy just being on the “right side” 

of the set point value as the frequency deviates. The grid frequency tend to lie above 

or below its nominal value for longer periods of time, meaning that the first remuner-

ation method gives no incentives to keep up with faster dynamics like the 60 s oscilla-

tion. The increased value of Ki gives a large phase shift for higher frequencies, which 

means the governor can deal with slower dynamics better than it deals with faster 

dynamics. 

 

As expected, the remunerated work for values of Ki = 0 is lower. As discussed pre-

viously, this is due to the lower static gain for pure proportional controllers when 

using the structure of a PI controller with droop and keeping the droop constant. 

4.5 Conclusions 

The first remuneration method gives incentives for increased values of Ki, but as it 

does not limit the profitable governor settings in any way, it will lead to grid stability 

problems. The remuneration method would need to be complemented with construc-

tive technical specifications for it to be useful.  
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5 Remuneration method 2 

This chapter contains the definition of the second remuneration method, how the 

calculations were performed, along with results, a discussion of the results and conclu-

sions. 

5.1 Definition of remuneration method 2 

With the second remuneration method, suppliers of FCR-N get paid for how well the 

power plant output power matches the output power from a theoretical plant with no 

dynamics and using a purely proportional controller. As can be seen in Figure 6, this 

means that the power output from the theoretical plant, ∆Poptimal, is always opposite 

that of the grid frequency deviation.  

 

 

The amount of remunerated work is calculated according to  

 

 𝐸𝑟𝑒𝑚𝑢𝑛𝑒𝑟𝑎𝑡𝑒𝑑 = 𝑟 ∗ 𝐸𝑝𝑙𝑎𝑛𝑡, (9) 

 

where Eplant is defined as the integral of the absolute value of the power plant output 

deviation from power set point value (see Figure 6), and r is the correlation coefficient 

of the optimal power output and the hydropower plant output power. 

 

 

Figure 6: In the second remuneration method, the optimal power plant output, 

∆Poptimal, is defined as the opposite of the frequency deviation, ∆f. The power 

plant output deviation from set point value, ∆Pplant, is used to determine the 

work performed by the plant, Eplant. The remunerated work, Eremunerated, is then 

the performed work times the correlation coefficient, r.  
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The correlation coefficient is calculated according to 

 

 
𝑟 =

𝑐𝑜𝑣(∆𝑃𝑜𝑝𝑡𝑖𝑚𝑎𝑙 , ∆𝑃𝑝𝑙𝑎𝑛𝑡)

√𝑣𝑎𝑟(∆𝑃𝑜𝑝𝑡𝑖𝑚𝑎𝑙) ∗ 𝑣𝑎𝑟(∆𝑃𝑝𝑙𝑎𝑛𝑡)

, 
(10) 

 

where cov stands for the covariance of two signals and var stands for the variance of a 

signal. The correlation coefficient is approximately a normalized covariance of two 

signals, where r is a value between -1 and 1. A value of r close to -1 or 1 means that 

the two signals have a strong linear correlation, where the sign determines if the 

correlation is negative or positive. If r is close to 0, the linear correlation between the 

signals is small or non-existent [16].  

 

To get a large amount of remunerated work, Eplant should be high and r should be close 

to 1. 

5.2 Implementation 

When calculating the correlation coefficient, the length of the data samples affects the 

result. The longest time horizon practically possible is one hour, as the FCR-N is pro-

cured on an hourly basis. However, having a shorter time horizon is quite possible. 

The decision to use a time horizon of one hour for an initial investigation was made.  

Shorter time horizons for remuneration method 2 are investigated further in Chapter 

10. 

 

Choosing a time horizon of one hour means that for every hour of data, a correlation 

coefficient was calculated and multiplied with Eplant for that hour. To get the total 

amount of remunerated work over the week, the remunerated work for each hour was 

summed up. 

 

Yet again, the calculations and plots were done using Matlab. The amount of remu-

nerated work for one week was plotted in 3D plots for different combinations of Kp 

and Ki for all cases, while the droop Ep was held constant. 

5.3 Results 

The result from remuneration method 2 for the case with nominal values is presented 

in the same way as the result from the first remuneration method, see Figure 7. Kp is 

ranging from 0 to 5, Ki from 0.1 to 5 and the remunerated work is plotted on the z-axis 

for different combination of Kp and Ki. 

 

The result for Ki = 0 and for the other cases is like the result for the first remuneration 

method. The remunerated work for Ki = 0 is roughly one third of the remunerated 

work for other governor settings. For the other cases, the trend is the same, but the 
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amount of remunerated work is lower. The two cases with the backlash and the longer 

water time constant both get more remunerated work than the case with both backlash 

and long water time constant.  

 

See Appendix B for 3D plots of the correlation coefficient and Eplant. 

5.4 Discussion 

The result for the second remuneration method is similar to the result from the first as 

it does not limit the profitable governor settings at all, meaning that extreme governor 

settings give more remunerated work. The trends for the two remuneration methods 

are, however, differing. For values of Ki < 1, the first remuneration method gives 

incentives for increasing values of  Ki, whereas the second gives incentives for both 

increasing values of Kp and Ki. For values of Ki > 1, the trends are quite similar. 

 

Compared to the first remuneration method, the second method was expected to take 

the faster dynamics into consideration to a larger extent, and was therefore expected to 

Figure 7: Results for the second remuneration method for the plant with 

nominal values on its properties. The remunerated work as a function of the 

governor settings Kp (ranging from 0 to 5) and Ki (ranging from 0.1 to 5), while 

the droop Ep is held constant. The remunerated work for Ki = 0 is about one 

third of the values plotted here. 
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limit the profitable governor settings in some way. However, the results show that 

extreme governor settings get more remunerated work, which leads to grid stability 

problems. Therefore, the second remuneration method needs to be complemented with 

technical specifications to be useful. 

 

There are two main factors contributing to the result. One part of the explanation is 

that the correlation coefficient will be quite high as long as the faster dynamics have 

much lower amplitude than the slower changes in grid frequency. A possible solution 

to this problem is shortening the time horizon, as this would give the faster dynamics a 

larger impact on the result. Shorter time horizons are examined in Chapter 10. 

 

Another factor contributing to the result is that the model used for simulating the 

hydropower plant output uses no grid frequency feedback. Grid frequency feedback 

would lead to grid frequency oscillations of frequencies where the plant has a phase 

close to or below -180 degrees for the harmful governor settings. This is due to the 

power plant output being so time shifted for certain frequencies that the response 

increases the disturbance, causing oscillations in the grid frequency. Such oscillations 

would lower the correlation coefficient for harmful governor settings and decrease the 

remunerated work. This dynamic is lost in the simulations due to the assumption that 

the power plant output is too small to affect the grid frequency signal. 

 

There are a number of possible implementations of the second remuneration method. 

For example, the remunerated work can be calculated by multiplying the static gain of 

the power plant with the correlation coefficient. Then, the trend of the remunerated 

work would look identical to the trend of the correlation coefficient. The correlation 

coefficient in plotted in Figure 25, Appendix B. It is also possible to compare the 

similarity of the optimal power plant output and the simulated power plant output 

using other measures than the correlation coefficient.  

5.5 Conclusions 

The second remuneration method gives incentives for increased values of Kp and Ki 

for values of Ki < 1 and increased values of Ki for Ki > 1. As it does not limit the 

profitable governor settings in any way, it will lead to grid stability problems. The 

remuneration method would need to be complemented with constructive technical 

specifications for it to be useful. 
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6 Simulation of the load disturbance 

The third remuneration method not only needs the power plant output, but also a sig-

nal of the load disturbance to be evaluated. The load disturbance is unknown, but this 

chapter gives an account of how an estimation of the load disturbance was made. 

6.1 Method 

By using Figure 2 as starting point, the goal was to estimate the load disturbance, 

∆Pload, that gave rise to the grid frequency deviation in the one week grid frequency 

data used in the previous chapters. The chosen method was to estimate the power 

output from the FCR-N, ∆Pplant, and also estimate the power difference that caused the 

frequency deviation. The load disturbance was then the frequency control output 

power subtracted from the power difference. 

 

A Simulink model was built to simulate the load disturbance and its block diagram can 

be seen in Figure 8. The one week frequency data from 2012 was used as input to both 

the frequency control (governor, turbine and waterways) and to the inverse of the grid. 

This means that the measurement noise N(s) and the grid frequency disturbance W(s) 

are included in the simulated load disturbance. 

The assumption that the frequency control consisted of hydropower plants having 

properties with nominal values and the governor settings being Ep0 was made. By 

assuming that, the output from the frequency control, ∆Pplant, was estimated.  

 

Yet again, all signals are in per unit and the same bases for grid frequency and guide 

vane opening as before are used. As the governor and turbine now represents all of the 

frequency control in the Nordic grid, the power base must now be based on that the 

total amount of FCR-N should be 753 MW. This means that the power base is 37650 

MW [1].  

Figure 8: A block diagram of the Simulink model used to simulate the load 

disturbance, ∆Pload. The input signal was one week of frequency data, ∆f, which 

is used to calculate the output from the frequency control, ∆Pplant. The signal 

was subtracted from the output from the inverse of the grid to obtain the load 

disturbance. The time constant Tg was added to make the system stable and its 

value was decided through iteration. 
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When inverting the grid transfer function, the pole becomes a zero, and an additional 

pole is needed to make the system physically realistic [17]. Therefore, a pole with time 

constant Tg was added. As is described in the next paragraph, the value of Tg was 

decided through iteration. By assuming a system inertia (M = 13 s) and a load fre-

quency dependence (D = 0.5), the power difference that caused the frequency devia-

tion was estimated. The frequency control output was then subtracted from the power 

difference to estimate the load disturbance. 

 

To estimate the value of Tg, the simulated load disturbance was used as input to a 

closed loop Simulink model with the same structure as in Figure 2. By plotting the 

measured grid frequency data together with the grid frequency that had been simulated 

using the load disturbance, the likeness of the two signals was compared using visual 

inspection. By changing the value of Tg, and comparing the two signals, the time con-

stant could be decided through iteration. The process was stopped when the two 

signals were deemed similar enough. 

6.2 Results 

For a value of Tg = 2 s, the comparison between the grid frequency data and the simu-

lated grid frequency can be seen in Figure 9. The standard deviation of the load 

disturbance for Tg = 2 s was 0.0085 pu, which corresponds to 320 MW for a power 

base of 37650 MW.  

Figure 9: The frequency data compared to the simulated frequency when the 

calculated load disturbance is used as input to the closed loop system. The 

value of Tg = 2 s. 
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A figure of the simulated load disturbance that caused the grid frequency deviation in 

Figure 9 is found in Appendix C. 

6.3 Discussion 

As can be seen in Figure 9, some of the faster dynamics are lost when simulating the 

grid frequency using the simulated load disturbance. This is due to that the time con-

stant Tg filters the frequency signal when the load disturbance is simulated. To regain 

the faster dynamics when comparing the grid frequency signals, introducing the term 

(Tgs+1) in Figure 2 in the grid transfer function numerator is an option. 

 

A load disturbance standard deviation of 320 MW means that the FCR-N is able to 

handle most load disturbances, as 600 MW FCR-N is procured every operational hour. 

The value of the standard deviation is an indication that the load disturbance is in the 

right order of magnitude. Moreover, the grid frequency data was from 2012, meaning 

the FRR-A has not influenced the result. This makes that the assumption that the fre-

quency control is delivered by plants with Ep0 as governor settings a bit more valid. 

 

However, the properties of the frequency control and the grid are unknowns and the 

estimations made when calculating the load disturbance are rough. This means that the 

third remuneration method, which is based on the load disturbance, can only be evalu-

ated under the assumptions that data for the frequency control and the grid are avail-

able. A more accurate approximation of the load disturbance lies outside the scope of 

the thesis. 

6.4 Conclusions 

An estimation of the load disturbance was possible and the load disturbance standard 

deviation was 320 MW. However, the assumptions necessary to estimate the load 

disturbance limits the practical use of the third remuneration method. 
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7 Remuneration method 3 

This chapter contains the definition of the third remuneration method, how the calcu-

lations were performed, along with results, a discussion of the results and conclusions. 

7.1 Definition of remuneration method 3 

The third remuneration method is based on that the optimal frequency control power 

output is the opposite of the load disturbance. If the load disturbance could be com-

pletely extinguished, the grid frequency would not differ from 50.0 Hz in the first 

place.  

 

The third remuneration method is similar to the second; the remunerated work is still 

defined as equation (9), the correlation coefficient is defined as equation (10), and 

Eplant is still the integral of the absolute value of the power plant output deviation from 

power set point value. What differs is the definition of the optimal plant output. Here, 

the optimal plant output is defined as 

 

 ∆𝑃𝑜𝑝𝑡𝑖𝑚𝑎𝑙 = −∆𝑃𝑙𝑜𝑎𝑑, (11) 

 

where the definition of ΔPload can be seen in Figure 2. 

7.2 Implementation 

A one hour time horizon was chosen for the third remuneration method as well, 

although a short time horizon would be practically possible. For every hour of data, 

the correlation coefficient was calculated using the simulated hydropower plant output 

and the estimated load disturbance and multiplied with Eplant for that hour. The 

remunerated work for every hour was added to get the total amount of remunerated 

work over the week for varying Kp and Ki. The droop Ep was held constant. The 

calculations were done for all cases. Matlab was used for the calculations and for 

plotting the 3D figures. 

7.3 Results 

The result from remuneration method 3 is presented in the same manner as the for the 

two previous remuneration methods. In Figure 10, the remunerated work over the 

week for the case with nominal values is seen for varying combinations of Kp and Ki, 

where Kp varies from 0 to 5 and Ki varies from 0.1 to 5. The result for Ki = 0 is about 

one fourth of the remunerated work seen in Figure 10, and that being the reason why 

those values have been removed. 

 

Appendix B has a 3D plot of the correlation coefficient for the plant with nominal 

values and a 3D plot of the remunerated work for the plant with backlash and long 
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water time constant for comparison. The difference in remunerated work between the 

different cases is almost unnoticeable.   

 

7.4 Discussion 

The trend of the remunerated work for the third remuneration method is the first that 

somehow limits the governor settings. The remuneration method limits Ki from 

adopting low or high values. It gives incentives for the governor to have some speed, 

but not to such an extent so as to have large negative phase shift. The value of the 

proportional gain, Kp, does not affect the remunerated work nearly as much, meaning 

that the remuneration method cannot be said to yield a particular governor behaviour. 

The third remuneration method is in a way more promising than the first two methods, 

but it also needs technical specifications to limit the governor settings. 

 

However, there is little difference in the amount of remunerated work for varying 

governor settings for the different plants (nominal values, backlash, long water time 

Figure 10: Results for the third remuneration method for the plant with nominal 

values on its properties. The remunerated work as a function of the governor 

settings Kp (ranging from 0 to 5) and Ki (ranging from 0.1 to 5), while the droop 

Ep is held constant. The remunerated work for Ki = 0 is about one fourth of the 

values plotted here. 
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constant, and both backlash and long water time constant). This is not desired from a 

remuneration method as these plants would deliver frequency control of varying qual-

ity when using the same governor settings. The result is probably due to the fact that 

the load disturbance is not used as input to the governor, making all plants almost 

equally bad at following the load disturbance. 

 

If implementing the third remuneration method, the values of system parameters (sys-

tem inertia M, grid frequency dependence of the load D, time constant Tg and the 

assumed characteristics of the frequency control) the TSO intends to use to calculate 

the load disturbance with must be public information. Otherwise, the TSO could adjust 

the values afterwards, which would affect the remuneration. If the values of the sys-

tem parameters are known beforehand, it is possible for suppliers of FCR-N to change 

the governor structure and use the load disturbance as input to the governor. This 

would probably be the most efficient way of increasing the amount remunerated work.  

 

Assuming that suppliers would change the governor structure and use the estimated 

load disturbance as input to the governor, the evaluation above, where grid frequency 

deviation is used as input to the governor, is insufficient. The trend for the remuner-

ated work for varying combination of Kp and Ki when the load disturbance is used as 

governor input needs to be investigated to properly evaluate the third remuneration 

method.  

 

Another possible implementation of the third remuneration method is to remunerate 

power plants for how well they match the grid input signal (ΔPplant+ΔPload in Figure 2). 

Fewer assumptions are needed to implement this alternative remuneration method, as 

only the system inertia M and the grid frequency dependence of the load D would 

need to be estimated. This would give incentives for suppliers of changing the gover-

nor structure to that of a PID controller with droop, as the derivative gain would 

counteract the integral behaviour of the grid. 

 

The results indicate that the third remuneration method needs to be investigated 

further before coming to any final conclusions. However, as the third remuneration 

method cannot be implemented in the near future due to lacking system knowledge, 

the decision to not analyse it further was made. 

7.5 Conclusions 

When using the grid frequency deviation as input to the PI controller with droop, the 

third remuneration method limits the integral gain Ki from having low or high values, 

but gives no particular incentives to change the proportional gain Kp. It needs to be 

complemented with technical specifications to limit the possible values of Kp. 
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A more natural controller structure for the third remuneration method is to use the 

calculated load disturbance as input to the governor, and this needs to be investigated 

before the remuneration method can be evaluated. 

 

Many assumptions and estimations are needed to calculate the load disturbance due to 

lacking system knowledge, making the third remuneration method hard to implement 

in the near future. 
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8 Technical specifications 

All three remuneration methods give incentives for quite extreme governor settings, 

and they need to be complemented with technical specifications to limit the allowed 

governor settings. However, the technical specifications of today demand a fast 

enough step response, which only limits the integral gain from being too small. 

Because of these two reasons, technical specifications based on the frequency 

response were examined.  

 

The technical specifications examined here are developed by Linn Saarinen and the 

specifications are a suggestion of how one might address the issue of specifying crite-

ria in the frequency response, see [18]. The next section explains Saarinen’s sugges-

tion of how to implement technical specifications in the frequency response. However, 

the explanation is not complete, but focuses on the parts necessary to understand how 

the specifications were implemented in this analysis. 

8.1 Suggestion for new technical specifications 

The suggestion for technical specifications is based on the frequency response, mean-

ing the specifications can be plotted in the Bode diagram [18]. In the Bode diagram, 

the open loop system can be used to draw conclusions about the closed loop system. 

By plotting the Bode plot for the open loop system, and examining the phase and gain, 

conclusions about the closed loop stability can be made [3].  

 

When the phase of the open loop system becomes less than -180 degrees (meaning 

that the systems response is so phase shifted that it actually contributes to the disturb-

ance), the gain of the open loop system at those frequencies should be lower than 1 for 

the system to be stable (meaning that the system response should be damped for those 

frequencies) [3].  

 

In this case, the open loop system Go(s) consists of the governor, the turbine and the 

grid according to 

 

 𝐺𝑜(𝑠) = 𝐶(𝑠)𝐺𝑡𝑢𝑟𝑏𝑖𝑛𝑒(𝑠)𝐺𝑔𝑟𝑖𝑑(𝑠). (12) 

 

The gain of the open loop system can be expressed as  

 

 |𝐺𝑜| = |𝐶| ∗ |𝐺𝑡𝑢𝑟𝑏𝑖𝑛𝑒| ∗ |𝐺𝑔𝑟𝑖𝑑|, (13) 

 

whereas the phase is 

 

 𝑎𝑟𝑔(𝐺𝑜) = 𝑎𝑟𝑔(𝐶) + 𝑎𝑟𝑔(𝐺𝑡𝑢𝑟𝑏𝑖𝑛𝑒) + 𝑎𝑟𝑔(𝐺𝑔𝑟𝑖𝑑). (14) 
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For the closed loop system to be stable, the gain of the open loop system Go must be 

less than 1 when the phase of Go is less than -180 degrees. This criterion of stability 

can be expressed as  

 

 

{

𝑎𝑟𝑔(𝐶) + 𝑎𝑟𝑔(𝐺𝑡𝑢𝑟𝑏𝑖𝑛𝑒) < −180 − 𝑎𝑟𝑔(𝐺𝑔𝑟𝑖𝑑)

|𝐶| ∗ |𝐺𝑡𝑢𝑟𝑏𝑖𝑛𝑒| <
1

|𝐺𝑔𝑟𝑖𝑑|

 (15) 

 

and can be illustrated in the Bode plot. In Figure 11, the two right hand sides in equa-

tion (15) have been plotted with a black line (inverse grid). The values used for the 

grid are “worst case scenario” values with large negative phase shift and low damping 

(M = 8 s and D =  0.4). The idea is that the technical specifications should be based on 

the most “unstable” grid [18].  

 

In Figure 11, an example power plant (governor C(s) + plant Gturbine(s)) has been plot-

ted with a blue line. By examining the phase plot, the phase of the open loop system 

(governor+turbine+grid) becomes less than -180 degrees as the blue line (gover-

nor+turbine) cross the black line (inverse grid). At the frequency where the lines cross, 

called the phase-crossover frequency in this report, the gain of the governor and tur-

Figure 11: Bode plot to explain the suggested technical specifications. The phase of 

the power plant crosses the phase of the inverse grid at the phase-crossover 

frequency. If the gain of the power plant is less than the gain of the inverse grid at that 

frequency, the closed loop system is stable [18]. The bandwidth is defined as the 

frequency at which the gain has dropped to 70.79% of the static gain [17]. 
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bine must be lower than the gain of the inverse grid for the closed loop system to be 

stable. By studying the gain plot at the phase-crossover frequency, it is clear that the 

blue line lies under the black, meaning that the closed loop system is stable for this 

example power plant [18].  

 

The idea is that a power plant fulfills the technical specifications by investigating if 

the closed loop system is stable under the assumption that all of the frequency control 

is delivered by this power plant. If the closed loop system is unstable, the power plant 

has to adjust its governor settings to participate in the frequency control or maybe the 

power plant cannot participate at all [18].  

 

The basic idea behind Saarinen’s reasoning on technical specifications in the fre-

quency response have been presented here. But as mentioned above, the explanation is 

not complete. 

 

The definition of the term bandwidth as it will be used in this report made visible by 

the red line in Figure 11. The bandwidth is the frequency at which the gain has 

dropped -3 dB or dropped to 70.79% of the static gain. This definition is the same as 

the definition used by the Matlab function “bandwidth()” [2]. 

8.2 Method 

To limit the combinations of Kp and Ki available, the governor settings were evaluated 

according to the technical specifications explained above. This means that the gain 

and phase as a function of frequency were calculated for every combination of Kp and 

Ki, and then the stability was evaluated.  

 

The closed loop stability for every combination of Kp and Ki for each case of hydro-

power plant values was evaluated by finding the phase-crossover frequency and com-

paring the gain of the power plant to the gain of the inverse grid at the phase-crossover 

frequency. If the closed loop system was stable for a pair of governor settings, the 

settings were deemed stable, and if the closed loop system was unstable, the governor 

settings were deemed unstable. The analysis was done without additional phase or 

amplitude margin. 

 

The gain and phase can only be calculated for linear systems and thus the non-linear 

backlash had to be approximated. A backlash of ±0.05% can be approximated using a 

low pass filter with transfer function  

 

 𝐺𝑏𝑙(𝑠) =
𝐾𝑏𝑙

𝑇𝑏𝑙𝑠 + 1
. (16) 
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The time constant and gain have the values Tbl= 1 s and Kbl = 0.9 respectively. This 

linear approximation of the backlash is based on a certain amplitude of the grid fre-

quency deviation [1]. As a value of Kbl = 0.9 lowers total static gain of the frequency 

control by 10% and therefore can make the closed loop system stable when in reality it 

does not provide enough FCR-N, it was decided to use Kbl = 1 instead. 

 

For Ki = 0, the settings seemed stable, but as the static gain for these governor settings 

is less than one third of the static gain needed in the whole system, these governor 

settings were considered unstable. 

 

The stability was evaluated for relevant combinations of Kp and Ki (assuming only one 

decimal was needed as governor settings probably would not be implemented with 

higher precision) and plotted in Figure 12. In Figure 13 to Figure 15, the remunerated 

work for varying combinations of Kp and Ki have been plotted for all three remunera-

tion methods again, but this time only for the stable governor settings. A Bode plot 

where the gain and phase for the different cases was plotted in Figure 16 for compari-

son. For all of the cases, the highest stable Ki-value was chosen, along with a large 

value of Kp. 

8.3 Results 

The stable and unstable governor settings for the different cases are plotted in Figure 

12. The settings marked with a black circle are unstable. For the plant with both back-

lash and long water time constant, the closed loop system is stable for the governor 

settings marked with blue dots. The plant with long water time constant can use the 

governor settings marked by both blue and magenta coloured dots. For the plant with 

backlash, governor settings marked with both blue, magenta and yellow colour are 

allowed. Last, the plant with nominal values can use all of the governor settings 

marked with colour (red, yellow, magenta and blue) and the closed loop system is 

stable. 

 

The remunerated work for a plant with nominal values according to the first remuner-

ation method is shown in Figure 13. Only the governor settings that lead to a stable 

closed loop system have been plotted. Similar plots for remuneration methods 2 and 3 

are shown in Figure 14 and Figure 15 respectively. 
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Figure 12: According to the suggested technical specifications, some governor 

settings yield an unstable closed loop system. These settings are marked with a 

black circle. The plant with backlash and long water time constant are confined 

to the settings marked by the blue dots, while the power plant with long water 

time constant can use both blue and magenta marked settings. The plant with 

backlash can use the blue, magenta and yellow marked settings and the plant 

with nominal values can use all of the settings marked with either blue, 

magenta, yellow or red. 

Figure 13: Updated plot of the remunerated work for the first remuneration 

method. Only the stable governor settings are plotted here. 
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Figure 14: Updated plot of the remunerated work for the second remuneration 

method. Only the stable governor settings are plotted here. 

Figure 15: Updated plot of the remunerated work for the third remuneration 

method. Only the stable governor settings are plotted here. 
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Figure 16 shows the frequency response of different cases for the governor settings in 

Table 5. 

Table 5: The governor settings used for the different cases to generate the Bode 

plot in Figure 16. For all of the cases, the highest stable Ki-value was chosen, 

along with a large value of Kp. 

Case Kp Ki 

Nominal values 2.8 0.6 

Backlash 2.5 0.3 

Long Tw 1.7 0.3 

Backlash+long Tw 1.7 0.2 

 

 

 

 

Figure 16: The gain and phase for the different cases using the governor 

settings in Table 5. All of the governor settings are stable according to the 

suggestion for technical specifications examined, i.e., the gain of the power 

plant is lower than the gain of the inverse grid at the phase-crossover 

frequency. 
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8.4 Discussion 

As can be seen in Figure 12, the technical specifications limit the possible governor 

settings, and if the plant has backlash or long water time constant or both, the possible 

governor settings are confined considerably compared to the plant with nominal 

values.  

 

An interesting result is that Ep0 (Kp = 1 and Ki = 1/6) is stable for all cases. This might 

not have been the case if the technical specifications were implemented with a phase 

or amplitude margin, which is how they would be implemented in reality. Margins are 

both customary and necessary as the closed loop system stability must not be 

jeopardized. Furthermore, the backlash used in the analysis is small. It is therefore 

quite possible that there are hydropower plants with long water time constant and 

larger backlash that can be used for frequency control today, but their performance is 

of such low quality that they decrease the grid stability. The result emphasizes the 

need for new constructive technical specifications. 

 

However, the result in Figure 12 also indicates that the technical specifications have 

their limitations. All of the plants still have many possible governor settings to choose 

from. For all of these stable governor settings, the remuneration is the same according 

to the system used today, but some governor settings should be better for the grid 

stability than others. 

 

As an example of varying quality, Figure 16 contains the Bode plot for the different 

plants where all the governors have been tuned aggressively (high values of both Kp 

and Ki have been chosen). In this example, it is clear that the plant with nominal 

values has better performance than the other plants as both its bandwidth and phase-

crossover frequency is higher. This means that it can deal with both slow and fast 

dynamics better than the other plants. But the plant with nominal values can also be 

tuned less aggressively and perform like the other plants. 

 

This underscores what has been claimed from the beginning in this report; a new 

remuneration method is called for. All the remuneration methods examined in this 

project needs to be complemented with technical specifications, but it is clear that the 

technical specifications need a constructive remuneration method in order to give 

incentives to suppliers to perform better than the absolute minimum. 

 

The linear approximation of the backlash is necessary for the Bode plot analysis, but 

the approximation used above is only valid for a certain amplitude of the grid fre-

quency deviation. This means that the result shown in Figure 12 cannot be interpreted 

as the final division between stable and unstable governor settings. However, it gives 

an account of how backlash impacts the possible options of governor settings. 
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The 3D plots of the remunerated work for the three remuneration methods have been 

updated, see Figure 13 to Figure 15. The remunerated work for the unstable governor 

settings have been removed and it is now clear how to tune the governor in order to 

maximize income according to the three remuneration methods. How the different 

trends for the remunerated work can be connected to characteristics in the Bode plot is 

examined in Chapter 9. 

8.5 Conclusions 

Technical specifications in the Bode diagram can assure the system stability, but not 

give incentives for suppliers of FCR-N to perform better than the minimum require-

ments. A constructive remuneration method could solve this problem.  
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9 Bandwidth and phase-crossover frequency 

As previously shown, Figure 16 indicates that the plant with nominal values have the 

possibility to deliver frequency control with both higher bandwidth and phase-cross-

over frequency. However,  Figure 16 only contains the frequency response for four 

combinations of governor settings; one for each hydropower plant. Therefore it was 

decided to examine the characteristics of the frequency response for all stable combi-

nations of governor settings shown in Figure 12. 

9.1 Method 

Plotting all of the frequency responses in Bode plots would be hard to grasp, so the 

decision to use bandwidth and phase-crossover frequency as indicators of quality was 

made. The bandwidth is then an indication of how the plant handles slower dynamics 

and the phase-crossover frequency an indicator of how fast dynamics the plant can 

handle. 

 

To clarify; the choice of using bandwidth and phase-crossover frequency as indicators 

of quality does not mean that high bandwidth or high phase-crossover frequency or a 

combination of both necessarily equals frequency control of high quality. It is simply a 

starting point for investigating how the remuneration methods may affect the fre-

quency response. 

 

The bandwidth and phase-crossover frequency was computed from the frequency 

response of all of the stable governor settings and the different plants. The results were 

plotted in 3D plots where the bandwidth and phase-crossover frequency was plotted as 

functions of Kp and Ki. 

9.2 Results 

The result for the plant with nominal values is shown in Figure 17 and Figure 18. 

Figure 17 shows the bandwidth as a function of the governor settings and Figure 18 

shows the phase-crossover frequency. The trends are the same for the other cases. 
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Figure 17: The bandwidth of the frequency response plotted as a function of Kp 

and Ki for the plant with nominal values. 

Figure 18: The phase-crossover frequency of the frequency response plotted as 

a function of Kp and Ki for the plant with nominal values. The phase-crossover 

frequency is the frequency at which the open loop phase is -180 degrees, 

meaning that the plant gain must be lower than the gain of the inverse grid for 

the closed loop system to be stable. 
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9.3 Discussion 

The trend for the bandwidth as a function of Kp and Ki compared to the trend for the 

phase-crossover frequency are quite different. To have high bandwidth, the Ki should 

be high while the value of Kp makes little difference. And to have high phase-cross-

over frequency, the Ki should be limited and Kp should be high. The results show that 

a hydropower plant cannot have both high bandwidth and phase-crossover frequency, 

unless the governor structure is changed. 

 

Comparing the trends for the bandwidth and phase-crossover frequency to the trends 

for the different remuneration methods plotted for the same governor settings, it is 

clear that the remuneration methods give incentives for certain characteristics of the 

frequency response. What trend you want for the remuneration method depends on 

what service you want the FCR-N to deliver. For example, if the FCR-N should deal 

with fast dynamics, the phase-crossover frequency should be high. Or if the FCR-N 

should deal with slower dynamics, but deal with them efficiently, then bandwidth 

might be the indicator to base the choice of remuneration method on. The important 

thing is that having a remunerations method with a counterproductive trend is not 

useful. 

 

The trend for the first remuneration method is quite similar to the trend of the band-

width, meaning that the first remuneration method gives incentives for governors to be 

tuned in such a way so as to have high bandwidth. It gives no particular incentives 

regarding the phase-crossover frequency, as governor settings having high or low 

phase-crossover frequency yield similar amounts of remunerated work. 

 

The trend for the second remuneration method is somewhere in between high band-

width and high phase-crossover frequency. The remuneration method gives incentives 

for the governors to have high values of both Kp and Ki, which yields moderately high 

both bandwidth and phase-crossover frequency.  

 

The third remuneration method has a trend that looks nothing like the trends for the 

bandwidth or phase-crossover frequency. However, the fact that the first and second 

remuneration methods have trends more similar to the bandwidth or phase-crossover 

frequency does not by itself mean that those two remuneration methods are “better” 

that the third. It all depends on what indicators of quality one decides to use. 

 

The bandwidth and phase-crossover frequency are two ways of characterizing the 

frequency response in numbers, but they are far from the only possible options. Using 

only these two indicators might not be enough. For example, another interesting 

characteristic is the gain at the phase-crossover frequency, which indicates how well 

the plant deals with disturbances of that frequency. The method has its limitations, but 

choosing indicators of quality and plotting them is an easy way of representing how 
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governor settings affect the frequency response, and it can be compared to the 

remuneration methods. 

 

Choosing the remuneration method based on how its trend looks compared to the 

trends of different quality indicators is one way of choosing remuneration method. 

However, the work of proving that the remuneration improves the grid frequency 

quality remains. An estimation of how the grid frequency quality depends on the 

governor settings can be made with the information gathered in this project, but this 

analysis lies outside the scope of the thesis. 

9.4 Conclusions 

Plotting Bode plot characteristics as a function of governor settings and comparing to 

the trend of the remunerated work is an easy way of investigating how a remuneration 

method might affect the frequency response of a plant. 

 

Using this method with bandwidth and phase-crossover frequency as indicators of 

quality, it is clear that the first remuneration method gives incentives for high band-

width, but no particular incentives for phase-crossover frequency. The second remu-

neration method gives incentives for moderately high bandwidth and phase-crossover 

frequency. The trend for the third remuneration method does not give incentives for 

neither high bandwidth nor high phase-crossover frequency, but this remuneration 

method needs further analysis before coming to any final conclusions. 
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10 Remuneration method 2: changing time horizon 

The second remuneration method is based on how well the hydropower plant output 

matches the output power from a power plant with no dynamics and using a pure pro-

portional controller. The correlation coefficient for the plant power output and the 

optimal plant power output was calculated for every hour of data. The length of the 

time horizon affects the correlation coefficient and the effects of shortening the time 

horizon is examined in this chapter. 

10.1 Method 

Different time horizons were investigated for the plant with nominal values. The time 

horizons that were investigated were 60, 15, 5 and 1 minute(s). The calculations pre-

viously performed for remuneration method two were repeated for the varying time 

horizons. The remunerated work was yet again plotted as functions of Kp and Ki. 

 

Also, the stable governor settings that yield the most remunerated work were decided 

for every time horizon. The bandwidth and phase-crossover frequency was plotted for 

these governor settings in a 2D plot. 

10.2 Results 

The result for the one hour time horizon have already been presented, see Figure 14. 

The remunerated work for the other time horizons, 15, 5 and 1 minute(s), is presented 

in Figure 19, Figure 20 and Figure 21 respectively.   

Figure 19: The remunerated work for varying combinations of Kp and Ki when 

the second remuneration method was implemented with a time horizon of 15 

minutes. 
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Figure 20: The remunerated work for varying combinations of Kp and Ki when 

the second remuneration method was implemented with a time horizon of 5 

minutes. 

Figure 21: The remunerated work for varying combinations of Kp and Ki when 

the second remuneration method was implemented with a time horizon of 1 

minute. 
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The governor settings that gave the most remunerated work for the different time 

horizons are presented in Table 6. All governor settings are for the plant with nominal 

values. The bandwidths and phase-crossover frequencies for these settings and time 

horizons are plotted in Figure 22. 

Table 6: The governor settings that gave the most remunerated work according 

to the second remuneration method for varying time horizon. 

 60 [min] 15 [min] 5 [min] 1 [min] 

Kp 2.8 3.3 4 4 

Ki 0.6 0.5 0.1 0.1 

 

10.3 Discussion 

Shortening the time horizon changes the trend, making the remunerated work higher 

and higher for governor settings that yield a high phase-crossover frequency. This was 

expected, as shortening the time horizon increases the impact faster dynamics have on 

the remunerated work. However, while shortening the time horizon increases the 

incentives for high phase-crossover frequency, the incentives for high bandwidth 

becomes lower. This is illustrated in Figure 22, where the bandwidth and phase-cross-

Figure 22: The bandwidth and phase-crossover frequency as functions of time 

horizon for the governor settings giving the maximum remunerated work.  
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over frequency have been plotted for the governor settings that yield the maximum 

remunerated work. 

 

If implementing remuneration method 2, a choice on how to prioritize between phase-

crossover frequency and bandwidth has to be made. But having a choice means that 

the remuneration method is flexible, as compared to the first remuneration method 

which is quite fix. However, as the FCR-N is procured for every hour, the time hori-

zon cannot be longer than one hour, meaning the second remuneration method cannot 

assume the same trend as the first remuneration method. If bandwidth is prioritized, 

the first remuneration method is more suitable. But if the remuneration method is not 

perfect from the beginning, flexibility is a desirable characteristic. And if the indica-

tors of quality are chosen as bandwidth and phase-crossover frequency, the second 

remuneration method is an interesting option. 

 

Another possibility with the second remuneration method (and with the third remuner-

ation method) is scaling the correlation coefficient if the difference in remunerated 

work for different governor settings is considered too small. For example, if a plant 

delivers power which has a correlation coefficient below 0.5, the TSO might decide 

that this is not even worth paying for. The correlation coefficient would then be 

rescaled where 0.5 would become 0, and 0.75 would become 0.5, and 1 would still be 

1. This would not affect the trend considerably, but increase the incentives for retun-

ing the governor settings.  

10.4 Conclusions 

Shortening the time horizon for the second remuneration method changes the trend for 

the remunerated work, making it more profitable to have governor settings that yield 

high phase-crossover frequency. Being able to change the time horizon as well as 

rescaling the correlation coefficient makes the second remuneration method quite 

flexible, compared to the first remuneration method. 
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11 Discussion 

The results show that implementing any of the three remuneration methods examined 

in this project can lead to grid stability problems. The results also show that technical 

specifications can only specify the minimum required quality of the frequency control, 

and cannot give incentives to make power plants perform better. But by combining a 

purposeful remuneration method with technical specifications based on the frequency 

response, the resulting hydropower plant performance can be increased. 

 

The results from this project indicate that it is possible to remunerate FCR-N for both 

quality and quantity using the grid frequency signal and the power output signal alone. 

However, what to give incentives for (bandwidth, phase-crossover frequency, a com-

bination of both or something completely different) in order maximize the usefulness 

of the FCR-N needs further analysis. Different remuneration methods will affect the 

incentives in different ways, and it is important to design the remuneration method 

with the wanted frequency response characteristics in mind. This thesis has shown that 

the remuneration method itself does not have to be complicated to give the desired 

incentives.  

 

If higher bandwidth is desired, remuneration method 1 is a valid option. If high phase-

crossover frequency or a combination of increased phase-crossover frequency and 

bandwidth is desired, remuneration method 2 with a well-chosen time horizon would 

be a suitable option. Both remuneration methods need to be further investigated before 

either of them can be implemented, but they have potential, especially the second 

remuneration method with its more flexible attributes. The third remuneration method 

needs to be examined more thoroughly than what was possible in this project, but the 

fact that it cannot be implemented in the near future due to lack of system knowledge 

makes it a less viable option. 

 

This thesis has focused on what incentives a certain remuneration method yield, and 

how those incentives might affect the grid stability. However, to what extent the grid 

stability would be affected as a consequence of these incentives can only be specu-

lated about. First of all, the potential for improvement is unknown. The results in this 

report could give an impression of how much the bandwidth or phase-crossover fre-

quency would increase when implementing a certain remuneration method, but the 

hydropower plants existing today might not have the same potential for improvement 

as the plant with nominal values used for analysis in this report. The potential for 

improved frequency control quality depends on the governor settings used today and 

the plant characteristics, and this is not public information. Secondly, retuning turbine 

governors requires the right competence and the job is not done overnight, which 

makes it uncertain how many suppliers that would actually respond to the incentives.  
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Another issue is the matter of how a remuneration method would affect the quality of 

the grid frequency. A remuneration method can give incentives for increased phase-

crossover frequency, but that does not necessarily decrease the 60 s oscillation or 

increase the grid frequency quality. Investigating this issue lies outside the scope of 

this project, but a first estimation of how the frequency quality is affected can be made 

using a method similar to what has been done in the project. By using the simulated 

load disturbance as input to the closed loop system and by varying the governor set-

tings, grid frequency deviation signals for different combinations of Kp and Ki is 

obtained. The standard deviation and time outside the normal operation band can then 

be calculated for these one week long signals, and the result can be represented in 3D 

plots and be compared to the trends of the remuneration methods. This analysis could 

give an impression of how the grid frequency quality would change in comparison to 

using Ep0. 

 

Using the load disturbance as input signal to the closed loop system, the guide vane 

opening signal can be analysed to give an estimation of the increased work for the 

guide vane servo. This can then be used as a first approximation of how changing the 

governor settings would affect the wear and tear, and the costs.  

 

All of the remuneration methods examined in this project are based on the power 

output set point value. In reality, the set point value is given in percentage of guide 

vane opening. What output power this guide vane opening represents can be calcu-

lated reasonably well, but the value is, amongst other things, dependent on the head. 

As the change in head depends on how much water is entering and leaving the reser-

voir, the head might not be constant throughout the operational hour. Therefore, fur-

ther investigation on how to implement the remuneration methods in reality is needed. 

 

Most of the FCR-N is delivered by hydropower in the Nordic grid, but any power 

plant or load that fulfils the technical specifications can be procured. It is therefore 

important that the remuneration method gives the correct incentives and affects the 

frequency response in the intended way, regardless of the dynamics of the unit 

supplying FCR-N. This needs further investigation.  
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12 Conclusions 

The results show that it is possible to give incentives for suppliers to deliver FCR-N of 

increased quality with a remuneration method based on the grid frequency signal and 

the power plant output. However, the three remuneration methods examined in this 

project needs to be complemented with constructive technical specifications as they 

give incentives for extreme governor settings. Technical specifications are needed to 

limit the choice of governor settings, and technical specifications based on the 

frequency response can achieve this. The results also emphasize that the technical 

specification alone cannot give incentives for suppliers of FCR-N to deliver frequency 

control of increased quality. A purposeful remuneration method is necessary to 

achieve that. 

  

Characteristics in the Bode plot can be linked to remuneration by plotting both the 

characteristics and remunerated work as functions of governor settings (Kp and Ki) and 

then comparing the trends. This project has examined bandwidth, which is a measure 

of how well the plant can handle slower dynamics in the grid frequency, and the 

phase-crossover frequency, which is a measure of how fast dynamics the plant can 

handle. For hydropower plants, the bandwidth is high for large values of Ki, and it 

varies little for any change in Kp. The phase-crossover frequency is at its highest for 

large values of Kp and small values of Ki. Both bandwidth and phase-crossover 

frequency are low for combinations of low Kp and low Ki, and high for combinations 

of large Kp and Ki. 

 

The first remuneration method remunerates suppliers of FCR-N to be on the “right 

side” of the power set point value as the grid frequency deviates from 50 Hz. This 

gives incentives for tuning the turbine governor to have faster integration (increased 

values of the integral gain, Ki). The faster integration, the more remunerated work, 

which means that the remuneration method needs technical specifications to limit the 

governor settings as it otherwise would lead to grid stability problems. The trend for 

the remunerated work for the first remuneration method is similar to the trend of the 

bandwidth. This means the first remuneration method gives incentives for suppliers to 

change their governor settings in a way that will increase the bandwidth. It gives no 

particular incentives for the phase-crossover frequency. 

 

The second remuneration method remunerates suppliers for how well the power plant 

output power correlates with the output power from a theoretical plant without 

dynamics using a proportional controller. This gives incentives for both Ki and Kp to 

be large (and the larger, the more remunerated work). This remuneration method also 

leads to extreme governor settings, why it also needs to be complemented with tech-

nical specifications. The second remuneration method gives incentives for both 

moderately high bandwidth and phase-crossover frequency. The result depends on the 

length of the sample used to calculate the correlation coefficient, and by changing the 
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time horizon from one hour (maximum length) to shorter time horizons, the trend for 

the remunerated work alters. For shorter and shorter time horizons, the more the 

remuneration method gives incentives for governor settings that give high phase-

crossover frequency. Being able to change the time horizon makes the second 

remuneration method more flexible than the first remuneration method, and flexibility 

is a desirable attribute. 

 

The third remuneration method remunerates the suppliers for how well the output 

power correlates with the negative load disturbance. The estimation of the load dis-

turbance is based on the assumption that system and the frequency control character-

istics are known. The incentives from this remuneration method limits the possible 

values of Ki, but not Kp. When analysing the third remuneration method in the same 

way as the other two, the trend of the remunerated work is not similar to the trend of 

the bandwidth nor the phase-crossover frequency. This means that it seemingly does 

not give incentives for higher bandwidth or higher phase-crossover frequency. How-

ever, the third remuneration method needs to be further investigated before coming to 

any final conclusions.  
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13 Future work 

A remuneration method for FCR-N must work and give the wanted incentives for all 

types of power plants, not only hydropower plants. How the remunerated work is 

related to frequency response characteristics for other types of power plants needs 

further investigation. 

 

There are other governor structures possible than the one examined in this project. For 

example, a remuneration method might give incentives for a derivative gain in the 

controller, which would affect the frequency response and might also influence other 

phenomena (for example inter-area oscillations).  

 

This report has shown how different remuneration methods give incentives for certain 

characteristics in the frequency response, but concluding how they affect the grid 

frequency quality remains. 

 

From the power plant owner’s point of view, investigating how the wear and tear is 

affected by tuning the turbine governor more aggressively is of importance, as well as 

relating this to the marginal cost of supplying frequency control. 
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Appendix A 

The power plant output depends on the governor settings and the plant characteristics. 

As an example of how the governor tunings affect the output, the power plant outputs 

have been plotted for three different governor tunings for the plant with nominal 

values in Figure 23. An example of how the plant characteristics affect the output 

power is shown in Figure 24, where the governor settings are Kp = 1 and Ki = 0.2. 

 

 

 

 

 

 

  

Figure 23: An example of the simulated power outputs for three different 

governor tunings for the plant with nominal values. 
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Figure 24: An example of the simulated power outputs for the different hydro-

power plants. The governor settings plotted here are Kp = 1 and Ki = 0.2. 
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Appendix B 

The remunerated work for both remuneration method 2 and 3 is a function of Eplant and 

the correlation coefficient, r. The mean correlation coefficient for the plant with nomi-

nal values is plotted for remuneration method 2 and 3 in Figure 25 and Figure 27 

respectively. Eplant is the same regardless of remuneration method, and its plot is found 

in Figure 26. 

 

The remunerated work for a hydropower plant with both backlash and long water time 

constant according to the third remuneration method is plotted in Figure 28. 

 

 

  

Figure 25: The mean correlation coefficient for the second remuneration 

method. Here, values of both Kp and Ki ranging from 0 to 5 are plotted. The 

correlation coefficient is highest for a pure proportional controller.  
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Figure 26: The “performed work” Eplant over the week for both remuneration 

method 2 and 3. Values of both Kp and Ki ranging from 0 to 5 are plotted.  Eplant 

is lower for Ki = 0 due to that those governor settings have lower static gain. 

Figure 27: The mean correlation coefficient for the third remuneration method. 

Values of both Kp and Ki ranging from 0 to 5 are plotted. 
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Figure 28: The remunerated work according to remuneration method 3 for a 

hydropower plant with both backlash and long water time constant. Kp is 

ranging from 0 to 5, while Ki is ranging from 0.1 to 5. The trend is the same as 

for a plant with nominal values, and there is not much difference in the amount 

of remunerated work. 
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Appendix C 

Figure 29 shows the load disturbance and the frequency control power output when 

the load disturbance is used as input signal to the closed loop system. The sum of the 

load disturbance and the frequency control power output is what caused the grid fre-

quency behaviour shown in Figure 9. 

 

 

 

 

 

Figure 29: The simulated load disturbance, ∆Pload, and the response of the 

frequency control, ∆Pplant. The sum of these two signals is what changes the 

grid frequency. It causes the simulated grid frequency behaviour shown in 

Figure 9. 




