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Abstract

Frequency Control - Optimal distribution of FCR-N in
real-time

Linda Ekmarker

Frequency control systems are used to keep the grid frequency at the nominal value
of 50.00 Hz. Vattenfall employ hydropower plants for this purpose as they can easily
adapt their production to counteract frequency deviations.

This master thesis focuses on trying to improve Vattenfall’s mechanism to provide
FCR-N (Frequency Containment Reserve in Normal operation) for primary frequency
control, i.e. the turbine governor. The efforts are made to operate the plants more
efficiently, decreasing distribution losses and thus increasing the profits.

The current control system was modelled in MATLAB’s simulation tool Simulink to
understand its complexity and to be used as base for comparison. Then a new model
was developed based on the idea to introduce a global governor for the frequency
control in each plant which controls the input signal to the individual turbine
governors of each unit. OPT-data (tabulated data indicating how to operate a plant at
the highest possible efficiency) was used to determine how to optimally distribute the
FCR-N among the active units in a plant in real-time.

The conclusions which can be drawn from this master thesis are that it is possible to
make a more optimal distribution of FCR-N in real-time. However, it has not been
possible to make a good comparison between the two models and the results
regarding the profits which can be made by introducing this new type of governor are
therefore inconclusive.

It is of crucial importance to make a better match of the regulating strengths of the
two models in order to perform the comparison. Improving the parameter values for
the proportional and integral gains of the individual controllers and the precision of
the OPT-table lookups may further improve the new model and also make it possible
to perform a valid comparison between the two models.
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Populärvetenskaplig sammanfattning 

Det Nordiska kraftsystemet består av Sverige, Norge, Finland samt Själland. 

Nätfrekvensen i systemet har ett nominellt värde på 50.00 Hz [1]. Frekvensen kan 

dock variera något beroende på hur väl balansen mellan producerad och konsumerad 

effekt upprätthålls. Det innebär att om mängden producerad effekt överstiger den 

konsumerade så kommer frekvensen att öka och om förhållandet är det omvända 

kommer frekvensen att minska. 

 

För att erhålla ett stabilt kraftsystem krävs därför att frekvensen konstant övervakas 

för att motverka alla avvikelser från den nominella frekvensen genom att styra 

kraftproduktionen i systemet. Varje land i det Nordiska kraftsystemet har därför en 

systemansvarig enhet som har det övergripande ansvaret att övervaka balansen i 

elsystemet. I Sverige har Svenska Kraftnät denna roll [2]. Det faktiska ansvaret ligger 

dock hos de kraftproducerande företag med vilka Svenska Kraftnät har tecknat 

balansansvarsavtal. Dessa företag består till största del av vattenkraftproducenter 

eftersom vattenkraftverk lätt kan reglera sin produktion [3]. 

 

Vattenfall är ett av de företag som bidrar med en stor andel av den tillförda 

reglerkraften i Sverige. Kraftproducenterna försöker i största möjliga mån att utnyttja 

sina resurser, i det här fallet vatten, i så hög utsträckning som möjligt. Det innebär att 

den producerade effekten skall använda minsta möjliga volym vatten. Detta görs 

genom att det önskade vattenflödet för ett kraftverk fördelas optimalt på dess aggregat, 

det vill säga så att högsta möjliga verkningsgrad erhålls. Den 

frekvenskontrollmekanism (turbinregulatorn) som används i Vattenfalls kraftverk gör 

det dock svårt att kontinuerligt hålla en optimal driftpunkt. På grund av att 

frekvensregleringen för respektive aggregat i ett kraftverk sker oberoende av varandra 

så medför de konstanta fluktuationerna i nätfrekvensen till att avvikelser från den 

optimala arbetsfördelningen mellan aggregaten uppstår [5]. 

 

Utöver den normala produktionen så bidrar vattenkraftverken med en effektreserv som 

används som buffert vid frekvensreglering. Det huvudsakliga syftet med detta 

examensarbete är att försöka ta fram en metod för att bättre fördela effektreserven i 

realtid och därmed hålla ett konstant optimalt driftläge. 

 

Frekvensregleringssystemet består av två delar, primär- och sekundärreglering. Detta 

examensarbete omfattar endast primärreglering. Mer specifikt behandlar det endast 

fördelningen av FCR-N (Frequency Containment Reserve in Normal operation) vilket 

är effektreserven som används vid frekvensreglering i normaldriftsbandet. Med 

normaldriftsbandet menas frekvensområdet 49,90–50,10 Hz [6]. 

 



För utveckling av en ny slags regulator för frekvensreglering användes MATLAB 

samt dess simuleringsverktyg Simulink. Den nya modellen använder sig av redan 

existerande data, så kallad OPT-data eller OPT-tabeller, som beskriver hur Vattenfalls 

kraftverk ska drivas för att uppnå högsta möjliga verkningsgrad [5]. 

 

Den nya modellen består av två typer av regulatorer, en global för hela kraftverket 

som reagerar på frekvensvariationerna i nätet och som i sin tur styr insignalen till de 

individuella turbinregulatorerna för respektive aggregat. Den globala regulatorn 

utnyttjar OPT-tabellerna för att kontinuerligt optimera fördelningen av FCR-N på de 

aktiva aggregaten. Denna lösning visade sig vara mycket lovande på så sätt att den 

fördelar effektreserven på ett mer optimalt (d.v.s. en högre verkningsgrad erhålls) sätt 

än de nuvarande turbinregulatorerna i ett vattenkraftverk. 

 

För att fastställa eventuella vinster av att ersätta den nuvarande turbinregulatorn med 

denna nya version krävdes en resursåtgångsjämförelse mellan dem. Detta görs genom 

att jämföra hur mycket vatten respektive regulator behöver använda för att producera 

samma mängd energi. På grund av svårigheter att erhålla samma driftförhållanden för 

de två regulatorerna gick det inte att få fram några direkt jämförbara siffror på 

åtgången av vatten. Det gör det svårt att avgöra precis hur stor vinst som skulle kunna 

uppnås av införandet av den nya regulatorn. 

 

För att ta detta projekt vidare skulle en bättre metod för att jämföra de två 

regulatorerna kunna undersökas. Det finns även möjligheter att införa vissa 

förbättringar i den nya regulatorn för att bättre efterlikna driftförhållandena för den 

nuvarande regulatorn och därmed underlätta jämförelsen av dem.  
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1 Introduction 

1.1 Background 

Sweden together with Norway, Finland and east Denmark (Zealand) make up the 

Nordic power system which has a nominal grid frequency of 50.00 Hz [1]. However, 

the frequency is constantly deviating from the nominal value due to mismatches 

between power production and consumption. If the production exceeds the 

consumption the frequency will increase and it will decrease if it is the other way 

around. Maintaining the frequency at the nominal value ensures the stability of the 

system. 

 

Each country in the Nordic power system has a frequency control system to keep the 

frequency as close to the nominal value as possible. The Transmission System 

Operator (TSO) of each country has the overall responsibility to monitor the 

frequency, the Swedish TSO is Svenska Kraftnät (SvK) [2]. The TSOs’ in turn have 

agreements with power producing companies who are the ones obligated to keep the 

electricity balance in the system. The frequency control in Sweden is mainly managed 

by hydropower plants as they can quite easily increase and decrease production to 

counteract fluctuations in the grid frequency [3]. This is possible because there are a 

lot of hydropower plants in Sweden (producing approximately 45 % of the consumed 

electricity) and the reserves allow for a varying power production [4]. 

 

Vattenfall is one of the entities in Sweden that provide regulating power by the use of 

hydropower plants. Each plant should to the largest extent be operated in an optimal 

manner, meaning that it should produce power at the highest possible efficiency. The 

total efficiency of the plant is determined by the combination of the efficiencies of 

each active unit. This in turn depends on how the total discharge through the plant is 

distributed between the units, i.e. the efficiency of a unit depends on the discharge 

through the turbine. The goal of power production at the highest possible efficiency 

would be achieved if not for the frequency control mechanism. Even if the operational 

setpoint for the plant is optimal the regulation performed to counteract the frequency 

deviations causes the distribution to diverge from the optimal. The plant will therefore 

continuously produce power at a lower efficiency than the maximal for a given total 

discharge, gross head and unit combination which in turn causes distribution losses 

(see section 4.1.4) [5]. 

 

If the hydropower plants would produce power in an optimal manner at all times 

(thereby eliminating distribution losses) some increased profit would be possible. 

Even if the extra revenue from each plant at each instant in time would be small the 

total increased profit from all Vattenfall’s plants during a year could lead to a 

significant amount [5]. 
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1.2 Purpose and aim 

The purpose of this master thesis is to investigate the possibility to optimally distribute 

the desired regulating capacity in real-time. Thus achieving power production at the 

highest possible efficiency for a plant at each instant in time and thereby eliminating 

the distribution losses. This should be performed by looking into if it is possible to 

develop a new type of governor for the frequency control of Vattenfall’s hydropower 

plants. If a new model can be developed a comparative study between the current and 

the new governor models should be attempted. 

 

The aim of this master thesis is to, if possible, present an idea of a new governor 

model with the ability to optimally distribute the regulating capacity in real-time. If 

the comparative study can be performed the possible profit achieved by introducing a 

new type of governor should also be presented. 

1.3 Method 

The foundation of this work is based on literature studies, study visits and discussions 

with key personnel at Vattenfall in order to understand how the frequency control is 

managed today and what the future possibilities could be. 

 

The computer software MATLAB (version R2012a) and its simulation tool Simulink 

is used for calculations and time domain simulations. Simulink can be used to build 

block diagram models of dynamic systems and in this case modelling the governor. 

This is partly done to see the characteristics of the current turbine governor but mostly 

in order to test and develop the new governor model. 

 

In order to know how a plant is operated in an optimal manner, i.e. at the highest 

possible efficiency, OPT-data (see section 3.3.1) based on the units’ efficiencies is 

used. 

1.4 Limitations 

This master thesis only considers the optimal distribution of FCR-N (Frequency 

Containment Reserve in Normal operation), see section 3.1, all other types of 

frequency control are omitted. 

 

The development of a new type of governor is performed for a specific hydropower 

plant, Plant A. Each unit in Plant A has a Francis turbine and the characteristics of the 

units are quite similar. The results (possible profits and how the governor should be 

parameterised) might therefore be slightly different for Vattenfall’s other plants and 

turbines.  
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2 Terminology 

2.1 Glossary 

Asset Optimisation Nordic – Kraftkontroll 

Combination loss – Kombinationsfel 

Curve slide loss – Flödesfel 

Discharge – Vattenflöde 

Distribution loss – Fördelningsfel 

Droop – Statik 

EP-value – EP-läge 

Frequency control – Frekvensreglering 

Guide vanes – Ledskovlar / ledskenor 

Head – Fallhöjd 

Index test – Indexprov 

Open channel flow – Kanalströmning 

Penstock – Tilloppstub 

Point of operation / 

operational point 

– Driftpunkt 

Regulating ring – Pådragsring 

Remote control centre – Driftcentral 

Setpoint – Börvärde 

Spiral casing – Spiral 

Stay vanes – Stagpelare 

Stiffness constant – Styrverk 

Strength of regulation / 

regulating strength 

– Reglerstyrka 

Surge gallery – Svallgalleri 

Tailrace tunnel – Utloppstunnel 

Tailwater – Utloppsvattenyta 

Turbine governor – Turbinregulator 

Unit – Aggregat 

Waterways – Vattenvägar 

Wicket gate – Gemensamt namn för 

ledskenorna och stagpelarna 
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2.2 Abbreviations 

AON – Asset Optimisation Nordic 

FCR – Frequency Containment Reserve 

FCR-D – Frequency Containment Reserve in Disturbed operation 

FCR-N – Frequency Containment Reserve in Normal operation 

PI-controller – Proportional-Integral controller 

RMSE – Root Mean Square Error 

SEVAP – System för Effektivare VAttenkraftProduktion 

SvK – Svenska Kraftnät 

TSO – Transmission System Operator 

2.3 Definitions 

OPT-data – Tables describing how to operate each hydropower plant to achieve 

the highest possible efficiency for a given unit combination and 

varying gross heads. 

QP-data – Tables for each unit including the relationship between guide vane 

opening (A0), power and discharge for varying net heads. 

SEVAP – Optimisation tool creating tabulated data (based on the units’ 

efficiencies) of how to operate a plant as efficiently as possible. It is 

used to create the OPT-, QP- and SOPT-tables. 

SOPT-data – Tables based on the OPT-data including river losses to the next 

plant. Presents the unit combination which gives the highest 

efficiency for varying discharges for a given head (the difference in 

height between the reservoirs of the studied plant and the 

downstream plant) and combination of available units. 
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3 Theory 

This chapter describes the theoretical framework needed to understand the study 

performed in this master thesis. First of all frequency control with emphasis on 

primary frequency control or more specifically FCR-N is presented. Furthermore, the 

basics of a hydropower plant and how it can be used for frequency control is 

explained. Finally, the system which Vattenfall uses to operate their hydropower 

plants is presented. 

3.1 Frequency control 

The Swedish frequency control system consists of primary and secondary frequency 

control where this master thesis deals only with the distribution of FCR-N. 

 

The primary frequency control is automatic and continuously regulates the power 

production to stabilise the frequency. However, it does not restore the frequency to its 

nominal value (this task is performed by the secondary frequency control), meaning 

that a stationary error in the frequency will remain. The primary frequency control 

uses the power reserve called Frequency Containment Reserve (FCR) which consists 

of two categories; FCR-N (FCR in Normal operation) and FCR-D (FCR in Disturbed 

operation) [6]. 

 

The normal operating band, in which FCR-N is activated, is defined as the frequency 

region 49.90–50.10 Hz [6]. FCR-N is the extra power delivered or removed when the 

frequency deviates within the region ± 0.10 Hz from the nominal value of 50.00 Hz. 

 

The Nordic power system has the requirement that the four countries together must 

provide ± 600 MW of FCR-N. This corresponds to a strength of regulation of at least 

± 6000 MW/Hz. Sweden is supposed to provide ± 231 MW or 39 % of the total FCR-

N [1]. 

 

Technical requirements by SvK 

For a stepwise change in the frequency within the normal operating band the FCR-N 

should be activated to 

 63 % within 60 seconds 

 100 % within 180 seconds [6]. 
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3.2 Hydropower 

3.2.1 Power production 

Figure 3-1 shows the main components of a typical hydropower plant. The plants take 

advantage of the potential energy in the water and as a consequence the amount of 

power that can be generated increases with an increasing head. The head is defined as 

the height difference between the HWL (Head Water Level) and the TWL (Tail Water 

Level). The gross head is defined as the difference in height between the water 

surfaces before (reservoir) and after (the tailwater) the power plant meanwhile the net 

head is defined as the gross head minus discharge losses or friction losses caused by 

structures such as the control gate. Dams are built to create reservoirs that will 

increase the head and also make it possible to store water for later use [7]. 

When the water flows from the higher to the lower water level it passes a turbine and 

the mechanical energy in the rotating movement can be transformed into electrical 

energy by a generator. A transformer is then used to increase the voltage to make it 

possible to transmit the power over large distances [8]. 

Figure 3-1 A schematic view of a typical hydropower plant. The potential 

energy stored in the water of the reservoir is transformed via the 

turbine and generator into electrical energy which can be 

transmitted to the power grid [8]. 
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3.2.2 Regulation of a hydropower unit 

The grid frequency is controlled by adjusting the power production, in hydropower 

plants this is performed by governing how much water that flows through the turbine 

at all times. In order to understand how the discharge can be controlled a more 

detailed explanation of the components connected to the hydropower turbine is 

needed, see Figure 3-2. The spiral casing is located after the tunnel leading the water 

from the intake to the turbine, also known as the penstock. It ensures that the water 

inflow to the turbine is evenly distributed around the circumference of the wicket gate 

which consists of the stay vanes and guide vanes. The stay vanes are fixed and 

function as reinforcement of the construction. The guide vanes are located 

downstream of the stay vanes and are most commonly adjustable which makes them 

suitable to use for controlling and stopping the discharge through the turbine. The 

water flows into the spiral and then passes the stay vanes and guide vanes on its way 

to the turbine. The servo motor located in the top left corner of Figure 3-2 controls the 

regulating ring (alternatively individual servo motors for each guide vane) which is 

connected to the guide vanes via the links, levers and stems [7]. 

 

Guide vanes 
(closed) 

Stay vanes 

Spiral casing 

vanes 

Servo motor 

Regulating ring 

Lever 

Link 

Stem 

Figure 3-2 The spiral casing and operating mechanism for the guide vanes 

of a hydropower unit seen from above. The guide vanes are used 

to control the discharge through the turbine [7]. 
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Figure 3-3 shows two cases of guide vane openings; (a) open guide vanes and (b) 

closed guide vanes. When the guide vanes are closed no water, except for leakage 

losses, flows through the turbine. As illustrated in Figure 3-3 the size of the guide 

vane opening is defined as the smallest distance between two guide vanes. The guide 

vane opening is often referred to as the A0-value and is measured in millimetres [7]. 

In Vattenfall’s hydropower plants the measured A0 values are translated to represent a 

number between 0 and 100 %. 0 % meaning closed guide vanes and 100 % 

representing fully open guide vanes. These values are called A0-% or %-guide vane 

opening [5]. 

 

The discharge through the turbine and thereby the power produced by the unit can be 

controlled by regulating the opening of the guide vanes. Each unit in a hydropower 

plant therefore has its own turbine governor which controls its servo motor and 

thereby the guide vane opening [7]. 
  

Figure 3-3 Guide vane opening positions: (a) open guide vanes; (b) closed 

guide vanes. A0 is the shortest distance between two guide 

vanes and describes to which extent they are open [7]. 
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3.2.3 PI-controller 

A governor or controller is used to determine the control signal which is sent to a 

system in order to get the system to behave in a certain way. If the output signal of the 

system can be measured it is often used to determine the input signal, this is performed 

by using a feedback loop [9]. Figure 3-4 illustrates a PI-controller (Proportional-

Integral controller) in a feedback loop. 

A P-controller (Proportional-controller) is one of the most commonly used 

mechanisms in feedback loops but it can normally not eliminate the error (the 

difference between the reference and output signal). In order to eliminate the error the 

integral part is added, creating a PI-controller. It continuously increases the input 

signal until the output signal reaches the desired level and thus eliminates the steady 

state error. The transfer function for the controller is given by equation (3.1) [9]. 

 ( )  (    
  
 
) ( )      . ) 

If the proportional and integral gains are increased the system will be faster and the 

time it takes to eliminate the error will be shorter. However, too large values may 

result in an oscillating output signal with an amplitude which increases as the gains 

reach higher values, i.e. an unstable system [9]. 

 

A derivative part can also be included to improve the response to changes in the 

output signal and to create a more stable controller than the PI-controller. However, 

the derivative gain is often omitted due to the fact that it increases the influence of 

noise in the reference signal [9]. 

  

Figure 3-4 Schematic view of a PI-controller in a feedback loop where r(t) is 

the reference signal, u(t) is the input signal, y(t) is the output 

signal, e(t) is the error, t is time, Kp is the proportional gain and Ki 

is the integral gain. 

 

             ( )       
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3.3 Vattenfall’s hydropower operation 

3.3.1 Efficiency and OPT-data 

The efficiency of the units in a hydropower plant is used to optimise power 

production. There exists several different methods to determine the efficiency as a 

function of discharge and they can be either absolute or relative. An absolute method 

results in absolute values for the discharge and efficiency meanwhile the results of a 

relative method must be scaled in accordance with a model test. In IEC41 

(International Electrotechnical Commission standard number 41) different standards 

of how to measure the efficiency of hydraulic turbines are presented [10]. 

 

The efficiency of a hydropower turbine is given by 

  
  

    
       . ) 

where Pt is the power produced by the turbine  Q is the discharge  H is the head  ρ is 

the water density and g is the acceleration of gravity. The efficiency measurements 

performed in the hydropower plants in Sweden are called index tests and use the 

relative Winter-Kennedy method to determine the discharge. The results from the 

index tests provide the relationship between discharge, power, guide vane opening and 

efficiency for the unit at varying discharges and a given head [10]. 
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Figure 3-5 Relative efficiency [%] as a function of discharge [m
3
/s] for Plant 

A given a gross head, Hg, of 100 m. The relative efficiency is the 

proportion in % of the maximum efficiency for a given gross 

head. 
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Vattenfall use the information attained by the index tests as the input data to an 

optimisation tool called SEVAP (System för Effektivare VAttenkraftProduktion). It 

creates tabulated data of how to operate a plant as efficiently as possible. Tables are 

created for each possible unit combination in a given plant for varying discharges and 

gross heads [5]. This is important as it is not always most optimal or even possible to 

have all units operating at all times which can be seen in Figure 3-5. The figure shows 

the relative efficiency as a function of total discharge for Plant A, each curve 

representing a certain combination of the plant’s three units. It can be seen that for 

discharges between approximately 110 and 225 m
3
/s it is preferable to use unit 

combination 120 or 103 (meaning operating unit 1 and 2 alternatively unit 1 and 3) 

instead of combination 123 (all three units). 

 

Each table includes the plants total discharge increasing (with steps of about 5–10 

m
3
/s) from the minimum to the maximum discharge that is possible for a given unit 

combination and gross head. For every value of the total discharge the following 

parameters are tabulated; the total power, the maximum possible efficiency, the 

optimal distribution of discharge and the corresponding powers and guide vane 

openings for the units included in the given combination. All the tables describing 

how to optimise the production of a given plant are called the OPT-data or OPT-tables 

[5], a section of such a table for Plant A can be seen in Table 3-1. 

Table 3-1 A section of one of the OPT-tables for Plant A given unit 

combination 123 and a gross head of 100 m. The optimal 

distribution of the total discharge can vary drastically, see the two 

rows corresponding to Q = 230.00 m
3
/s and Q = 240.00 m

3
/s. 

OPT 

Combination = 123   Hg = 100.00 m 

Q 
[m

3
/s] 

P 
[MW] 

Q1 
[m

3
/s] 

Q2 
[m

3
/s] 

Q3 
[m

3
/s] 

P1 
[MW] 

P2 
[MW] 

P3 
[MW] 

A01 
[%] 

A02 
[%] 

A03 
[%] 

RV 
[%] 

220.00 194.90 91.65 92.61 35.74 84.69 82.99 27.22 62.36 70.20 29.90 96.23 

230.00 204.23 94.25 93.68 42.07 87.13 84.00 33.10 64.02 71.13 33.82 96.46 

240.00 213.69 78.87 80.02 81.11 71.73 70.51 71.45 53.60 60.35 58.67 96.72 

250.00 223.73 82.15 83.36 84.49 75.12 73.78 74.83 55.85 62.70 61.01 97.22 

260.00 233.86 85.44 86.69 87.86 78.52 77.11 78.24 58.15 65.24 63.48 97.71 

270.00 243.94 88.73 90.03 91.25 81.84 80.45 81.65 60.42 67.97 66.20 98.14 

280.00 253.74 92.01 93.36 94.62 85.04 83.70 85.00 62.59 70.85 69.21 98.44 

290.00 262.83 99.22 95.14 95.64 91.57 85.31 85.95 67.27 72.37 70.14 98.45 

300.00 271.22 102.64 95.32 102.04 94.46 85.46 91.29 69.72 72.52 76.29 98.21 

310.00 279.50 104.80 102.87 102.33 96.21 91.76 91.53 71.38 79.40 76.61 97.94 

320.00 287.25 114.76 103.09 102.15 103.93 91.94 91.38 79.06 79.63 76.41 97.51 

330.00 294.05 115.47 109.81 104.72 104.51 96.25 93.29 79.88 86.49 79.14 96.80 
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The OPT-tables can be used to determine the optimal guide vane openings for a given 

total discharge, unit combination and gross head to achieve the highest possible 

efficiency. Linear interpolation is performed if the desired value is located in between 

two rows of the OPT-table. It is also used if there does not exist a table for a desired 

head, then it is applied between two existing tables for the closest higher and lower 

head [5]. 

 

In addition to OPT-tables SEVAP can also create other data such as QP-tables and 

SOPT-tables. The QP-data describes the relationship between discharge, power and 

guide vane opening for each unit in a plant at different net heads. The SOPT-data is 

based on the OPT-data and includes downstream river losses to the next plant, these 

losses occur due to a reduction of the head. The tables describe which unit 

combination to use (to achieve the highest efficiency) for a given head (the difference 

in height between the reservoirs of the studied plant and the downstream plant) for 

each combination of available units. In addition the parameters described for the OPT-

tables are also presented [5]. 

3.3.2 Plant operation 

Vattenfall plans the operation of their hydropower plants in order to provide the power 

which has been sold to Nord Pool Spot (Nord Pool Spot runs the power market of the 

Nordic power system [11]). This task is performed by Asset Optimisation Nordic 

(AON) and is based on the SOPT-data. Control orders for each plant are given to the 

remote control centre (Vuollerim, Storuman or Bispgården) that manages the 

particular plant. The orders include the operational setpoint (total desired discharge for 

the plant) determining the regular power generation of the plant as well as the desired 

FCR-N. In addition the orders include which unit combination to use and the desired 

distribution of the FCR-N (this order can however be overridden by the remote control 

centre if necessary) [5]. 

 

The remote control centre uses the OPT-tables to determine the optimal guide vane 

opening setpoint for each unit (A0set) corresponding to the total desired discharge. This 

means that the point of operation which is set for the units in a plant is optimal for that 

given discharge, gross head and unit combination. It is however possible to choose an 

operational point which is not optimal if necessary. The remote control centre sends 

the control orders of the desired A0set value for each unit to the plant’s turbine 

governors. The operational setpoint can be changed during the day to correspond to 

how much power the plant should produce during a certain time period, it is however 

not a value that is varied constantly [5]. 
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Almost all Vattenfall’s hydropower units participate in the primary frequency control 

by delivering FCR-N. As stated in section 3.1 Sweden must at all times provide ± 231 

MW of FCR-N which is divided among the regulating companies based on bids 

placed to SvK [12]. The regulating companies such as Vattenfall in turn distribute 

their part among their power plants. The process used by Vattenfall to deliver FCR-N 

(and FCR-D) can be seen in Figure 3-6. 

  

Figure 3-6 Illustration of how Vattenfall delivers FCR-N (and FCR-D) where 

the EP-values are the gains describing how much each unit 

should alter its production for a given frequency deviation and 

VSB = Vuollerim, Storuman, Bispgården. Steps 6–8 are 

performed to validate that the sold FCR-N (and FCR-D) has been 

delivered. 
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4 Modelling 

In the simulations performed in Simulink per unit values are used. The base powers 

used to attain the equivalent values in per unit are 50.00 Hz for the frequency and 100 

% for the guide vane opening. The installed rated power for the plant was used as the 

base for power, which is 288 MW for Plant A. 

4.1 Current governor model 

4.1.1 Model description 

The turbine governors in Vattenfall’s hydropower plants are PI-controllers (see section 

3.2.3) with a feedback loop via the droop (ep). The droop is used to determine how 

much the unit should regulate its production for a specific frequency deviation. The 

governor is illustrated in Figure 4-1 where Kp and Ki are the proportional and integral 

gains, fset is the nominal grid frequency, fmv is the measured grid frequency, Yset (Y 

describes the same property as A0) is the guide vane opening setpoint, Ymv is the 

measured guide vane opening after the servo and Yc is the guide vane opening control 

signal. The varying input signal to the PI-controller is the frequency difference 

between the actual and the nominal frequency  Δf) [13], [14]. 

Yset is seen as a fixed value in this study as it only changes if the point of operation is 

manually set to a higher or lower value. Ymv is used in the feedback loop to make sure 

that the desired guide vane opening is achieved. The control signal, Yc, is the signal 

sent from the controller to the servo. 

 

Vattenfall’s turbine governor uses guide vane opening feedback instead of power 

feedback. The regulating strength is consequently given in %/Hz instead of MW/Hz 

which is the definition used by SvK when they buy regulating capacity (see section 

Figure 4-1 Scheme of Vattenfall’s turbine governor as it has been 

implemented in MATLAB’s simulation tool Simulink. It controls 

how much the guide vane opening (Y) should be altered 

depending on the frequency deviation (Δf) for a given droop (ep). 
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3.1). The droop ep is defined as the inverse of the regulating strength and is expressed 

as the ratio presented in equation (4.1) given a constant and lasting frequency 

deviation. ΔY is the difference between Ymv and Yset achieved in steady state for the 

given constant frequency deviation [13], [14]. 

    
  

  
      . ) 

The servo has been included in the model in order to get a more realistic 

representation of the governor’s behaviour. It describes how the hydraulic and 

mechanical parts of the servo respond to the control signal, Yc. The transfer function is 

usually represented by a first order system as can be seen in equation (4.2). 

           ( )   
 

     
       . ) 

where Ty is the servo time constant [15]. However, a study of measurements 

performed at three of Vattenfall’s hydropower plants indicates that a more realistic 

model of the servo would be to combine the traditional servo model with a time delay, 

Tdelay. The following expression shows the transfer function for the mentioned servo 

model 

  ( )  
   ( )

  ( )
  

 

     
         .      . ) 

The servo time constant, Ty, varied between 0.1 and 0.2 s for the three measurements 

meanwhile the timed delay, Tdelay, was between 0.2 and 0.3 s [16]. 

 

Another phenomenon that can influence the behaviour of the signal is the backlash. It 

has very non-linear characteristics and occurs due to the mechanical movements of the 

joints connecting the servo motor to the guide vanes. The influence of the backlash 

depends on the mechanical structure of the control mechanism for the guide vanes. 

The effects are sometimes only detectable in the joints after the transmitter for the 

measured guide vane opening and thereby do not influence Ymv [13], [14], [16]. No 

measurements have been performed to determine the influence of backlash for Plant A 

and it has therefore been excluded from this study. 

4.1.2 Transfer function and step response 

Transfer function 

If the servo is disregarded and the control signal, Yc, is fed back the transfer function 

is expressed by 

  ( )

  ( )
  

       

    (       )
       . ) 

where   ( )          and   ( )           [13], [14]. Equation (4.4) can be 

rewritten as can be seen in equation (4.5). 
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       . ) 

    
  
  
 and         

 

    
. 

Equation (4.5) is written in the form of a lead-lag filter where T1 represents the lead 

time constant and T2 the lag time constant [13], [14]. 

 

Step response 

The corresponding step response to equation (4.4) is given by 

  ( )   
 

  
(  

 

      
      )          . ) 

where the size of the frequency step from the nominal value is given by     [13], [14]. 

 

Feedback time constant and the requirement by SvK 

The feedback time constant is defined as the time it takes for the signal to reach 63.2 

% (=1-e
-1

) of its final value when the system is exposed to a frequency step. The 

feedback time constant corresponding to equation (4.6) is given by equation (4.7) [13], 

[14]. 

      (    (      ))  [                ]         
    

 

  

  
 

    
(    

   
 )       (    

   
 )       . ) 

where SvK’s requirement for FCR-N (TSvK) is given by 

       
 

    
              . ) 

i.e. the feedback time constant should be less than or equal to 60 seconds [12]. 

4.1.3 Parameter values 

As mentioned in section 4.1.1 typical parameter values for the servo time constant, Ty, 

are 0.1–0.2 s and for the time delay, Tdelay, 0.2–0.3 s. Plant C in the study mentioned in 

section 4.1.1 has three Francis turbines and the units’ guide vane openings are 

controlled by a regulating ring, the plant in this study (Plant A) also has these 

characteristics. Ty was therefore chosen to be 0.15 s which is the same as for Plant C 

[16]. Tdelay was chosen as 0.3 s to represent a worst case scenario. 

 

Most of Vattenfall’s turbine governors have four different stiffness constants called 

EP-values which represent the regulating strength in %/Hz. It describes how much the 

guide vane opening and thereby the produced power should be increased/decreased for 
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a frequency deviation of 1 Hz from the nominal value [17]. The four EP-values can be 

seen in Table 4-1, the last column includes the droop used in the model seen in Figure 

4-1. The per unit value of the droop can be calculated in the following way 

   
 

                  
 [
  

 
]  
    [ ]

   [  ]
.      . ) 

The steady state gain of the controller is achieved by multiplying the stiffness constant 

with the given frequency step. 

Table 4-1 The EP-values and corresponding stiffness constants and droops 

used in most of Vattenfall’s hydropower plants [13], [14]. 

EP-values 
Stiffness constant 

[%/Hz] 

Droop (ep) 

[pu/pu] 

EP0 20 0.1 

EP1 50 0.04 

EP2 100 0.02 

EP3 200 0.01 

 

Each EP-setting has its own constant parameter values for the proportional and 

integral gain, these can be seen in Table 4-2. 

Table 4-2 Proportional and integral gains as well as droop corresponding to 

each EP-value [13], [14]. 

 EP0 EP1 EP2 EP3 

ep [-] 0.1 0.04 0.02 0.01 

Kp [-] 1 1 1 2 

Ki [s
-1

] 1/6 5/12 5/6 5/3 

 

The parameter values for the proportional gain are standard values used by 

Vattenfall’s turbine governors. However, the parameter values for the integral gain 

can be calculated from the technical requirement for the feedback time constant as 

stated by SvK, see equation (4.8). The integral gain can then be calculated for each ep 

value if the expression is rearranged and TSvK is set to 60 s (the value most commonly 

used in Vattenfall’s governors): 

   
 

     
.      . 0) 

The setpoint value for the frequency is always 50.00 Hz or 1 pu, however fmv can vary 

between 49.90 and 50.10 Hz (as this master thesis focuses on the distribution of FCR-

N) which is the same as 0.998 to 1.002 pu. 

 

The guide vane opening can vary between 0 and 1 pu (0–100 %). 0 pu means that the 

guide vanes are closed and 1 pu that they are fully opened.  
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4.1.4 Distribution loss problematics 

Different EP-values can be set for each individual unit in a plant and can be changed 

during operation in the same manner as the guide vane opening setpoint. If the units in 

a plant have different EP-settings they will change their production with different 

amounts for a given frequency deviation. As a consequence each unit will move away 

from the originally set optimal point of operation but with different amounts. Due to 

constant frequency deviations the plant will almost always produce power in a point of 

operation which is not optimal for a given total discharge, unit combination and gross 

head. Thus the distribution of the total discharge will not be optimal, leading to 

distribution losses as illustrated in Figure 4-2 [5]. The main purpose of this master 

thesis is to look into how the distribution losses can be eliminated or at least reduced. 

In addition to the distribution losses there are two other types of losses that may occur 

during operation; combination losses and curve slide losses. The combination losses 

arise when a unit combination with lower efficiency is used instead of the optimal for 

a given discharge. In Figure 4-2 this has occurred when combination 123 was chosen 

instead of 120. However, this choice of combination might sometimes be preferable to 

the optimal one. If for example it is known that the point of operation soon will be 

moved to a higher discharge where combination 123 is optimal, it might be more 

expensive to shut down a unit only to restart it shortly after. Curve slide losses are the 

losses due to not operating the plant at the highest efficiency for a given combination 

of units [5]. Combination and curve slide losses depend on the choice of operational 

setpoint and will not be considered in this master thesis.  

Figure 4-2 Illustration of distribution, combination and curve slide losses. 

123 meaning the combination of unit 1, 2 and 3 and 120 is the 

combination of unit 1 and 2. 



Vattenfall Research and Development AB   

   

 

 Page 19 (62)  

 

4.2 Overall solution approach 

The only available information on how to run a plant in an optimal manner is the 

OPT-data described in section 3.3.1. It therefore holds a central part in the process of 

developing a new type of governor for the distribution of FCR-N, especially as it is 

used today to determine the optimal operational setpoint. 

 

One consideration might be to simply use the same EP-setting for all the units in a 

plant. Then all units would respond in the same way to a given frequency deviation. 

However it is not always the case that the units have the same slope (meaning that the 

change in guide vane openings for a given change in discharge would not be the same 

for all units), see Figure 4-3. The units usually do not have equal slopes and an equal 

change in guide vane opening will most likely not result in a new optimal point of 

operation. The units in Plant A have quite similar characteristics which lead to 

discharge intervals where the units have approximately the same slope. It might 

therefore be possible to get improved (but not the most optimal) results for this plant if 

all three units always got the same EP-settings. However this might not be the case for 

other plants with more varying types of units. 
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Figure 4-3 Optimal distribution of the total discharge for Plant A given unit 

combination 123 and Hg = 100 m. Each combination of guide 

vane openings will result in the highest possible efficiency for 

the plant. A new optimal point of operation is not always 

achieved if the guide vane openings of each unit are changed 

with equal amounts. 
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4.2.1 Premises 

In order to get an optimal distribution of FCR-N at all times the OPT-data must 

therefore be considered. The development of a new type of governor was performed 

using the OPT-data of Plant A. 

 

To be able to use the OPT-tables to optimally distribute FCR-N in real-time it is 

necessary to introduce a global governor for the frequency control in each plant. This 

means that one governor will control the whole plant’s distribution of FCR-N. The 

new controller should use power instead of %-guide vane opening and the regulating 

strength should be given in MW/Hz instead of %/Hz. This might have a very positive 

impact as the bids to SvK for FCR-N are given in MW [12]. No recalculation will 

therefore be needed to determine the regulating strength in %/Hz corresponding to a 

given regulating capacity that has been sold to SvK. This is beneficial as the 

relationship between %-guide vane opening (A0) and power is not exactly linear, see 

Figure 4-4, it is however often approximated to be. 

Today a plant may be forced to provide more regulating capacity than required 

because there might not be a combination of EP-settings that correspond to the desired 

FCR-N. In addition a given EP-setting contributes with different amounts of 
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Figure 4-4 Power [MW] as a function of guide vane opening [%] for unit one 

of Plant A at three different net heads, based on the QP-data 

attained by SEVAP. It can be seen that the relationship between 

power and guide vane opening is not exactly linear. 



Vattenfall Research and Development AB   

   

 

 Page 21 (62)  

 

regulating strength in MW/Hz depending on the point of operation due to the non-

linear relationship between guide vane opening and power. It should therefore be 

possible to use continuous values for the regulating strength in the new governor and 

not merely the four fixed EP-settings used today. Continuous strength of regulation 

will make it possible to provide almost exactly the amount of FCR-N as is desired 

from a given plant. 

4.2.2 Parameterisation of the global PI-controller 

In order to develop a new governor model it was decided that the global PI-controller 

should have approximately the same characteristics as the current one. When 

determining the parameter values for the proportional and integral gains it was 

assumed that the relationship between guide vane opening and power is linear. The 

proportional gain for the current controller is equal to 1 for stiffness constants up to 

100 %/Hz and is equal to 2 for EP3 with a stiffness constant of 200 %/Hz, see Table 

4-1 and Table 4-2. Using the linear approximation this means that the proportional 

gain for the new controller could be equal to 1 for regulating strengths up to at least 

100 % of the plants base power per Hertz, i.e. Pbase MW/Hz. To get continuous values 

for the droop it was decided that 

{
                     
                     

       .  ) 

where R is the strength of regulation given in MW/Hz. The integral gain is calculated 

in the same way as it is done today, see equation (4.10). The droop in per unit is given 

by 

   
 

 
 [
  

  
]  
      [  ]

   [  ]
.      .  ) 

The steady state gain of the controller is achieved by multiplying R with the given 

frequency step. 
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4.3 New governor model 

The model was developed based on the idea to combine a global frequency controller 

with the structure of the current governor model. It is desirable to keep the structure of 

the current governor as it has many more responsibilities than just frequency control 

within the normal operating band. This approach would provide a governor with the 

ability to distribute FCR-N optimally in real-time while keeping the structure of the 

current governor approximately intact. 

4.3.1 Model description 

An illustration of the new governor model can be seen in Figure 4-5 where Kp and Ki 

are the proportional and integral gains of the global controller, fset and fmv are the 

nominal and measured frequencies, ep is the droop, Pset is the power setpoint value for 

the plant and Pc is the power control signal. In addition A01set through A03set are the 

guide vane opening setpoints for each unit corresponding to Pc and A01mv through 

A03mv are the measured guide vane openings after the servo. 
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Figure 4-5 Scheme of the new governor model combining a global 

frequency controller for each plant (red rectangle) with the 

structure of the current turbine governor for each unit (blue 

rectangle). The OPT-table determines the optimal distribution of 

Pc at each instant in time. 
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It is not illustrated in Figure 4-5 but the OPT-table lookups require signals with the 

measured value for the gross head and which combination of units that is operating to 

make it possible to find the right table to be used. 

 

Pc is sent from the global controller to the OPT-table at each instant in time to 

determine the optimal A0set values for each active unit. The plant will thereby 

continuously be operated at the highest possible efficiency. 

 

The individual controller is assumed to be equal for all the units in Plant A and it is 

illustrated in Figure 4-6. Kp_A0 and Ki_A0 are the proportional and integral gains of the 

individual controller for the guide vane opening of each unit, A0set is the guide vane 

opening setpoint, A0c is the guide vane opening control signal and A0mv is the 

measured guide vane opening after the servo. The structure of the individual controller 

is similar to that of the current turbine governor and it will therefore only have to be 

altered slightly. 

A guide vane opening feedback loop is used to make sure that the guide vane opening 

control signal is actually realised by the servo. The feedback loop does not include any 

droop as the PI-controller is only used to eliminate the steady state difference between 

the measured and the desired guide vane opening. 

 

Using this approach there will not be a confirmation in the governor that the desired 

power is actually attained. However, this is not the case for the current governor 

either. 
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Figure 4-6 A more detailed view of the individual PI-controller regulating the 

guide vane opening of each unit as displayed in Figure 4-5. 
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4.3.2 Parameter values 

Global PI-controller 

The parameter values for Kp, Ki and ep were defined according to the description in 

section 4.2.2. This was possible since the transfer function for ΔP/Δf is the same as for 

the current governor (see equation (4.4) and (4.5)). fset, fmv and the servo are defined in 

the same way as for the current governor (see section 4.1.1 and 4.1.3). 

The operational setpoint, Pset, for the plant corresponding to a total desired discharge is 

determined by the OPT-tables. In this model Pset is only added after the PI-controller 

which is reacting to the varying frequency. This means that the ΔP which is fed back 

via the droop is not calculated as the difference between the measured power and the 

setpoint value. The output power control signal, Pc, will however still have the desired 

response to frequency deviations, see Figure 4-7. The step response simulation was 

performed using the following parameter values; Δf = -0.1 Hz, Pset = 204.48 MW, R = 

60.00 MW/Hz (ep = 0.096), Hg = 100.00 m and unit combination 123. The data cursors 

indicate that the desired setpoint, Pset, is accomplished when the frequency step is 

applied at t = 10.00 s and that the steady state value of 210.48 MW is reached (Pset-

Δf∙R  minus as the power is increased for a negative frequency step). It can also be 

Figure 4-7 The frequency step response for Pc given a frequency step of -0.1 

Hz. The three cursors display the initial power (Pset), the power at 

TSvK and the steady state power. 
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seen that 60 seconds after the frequency step was applied the FCR-N has been 

activated to 63.2 % (= 1-e
-1

). The requirement stated by SvK is thereby fulfilled. P63.2% 

is given by 

                (                )(   
  )           .      .  ) 

This value is slightly lower than the value achieved in the simulation which can be 

explained by the fact that the actual feedback time constant is slightly lower than TSvK 

as can be seen in equation (4.7). However, this only indicates that the controller is 

slightly faster than the requirement and will thus not pose a problem. 

 

Individual PI-controller 

The proportional and integral gains were parameterised in order to eliminate the error 

as fast as possible without causing instability. The initial approach to determine the 

parameter values for Kp_A0 and Ki_A0 was to use the Ziegler-Nichols method even 

though it often leads to unstable controllers [9], this resulted in Kp_A0 = 0.09 and Ki_A0 

= 0.18 s
-1

. Through step response simulations it could be determined that the system 

was stable but also that the parameter values were not the best match for this 

application. Additional step response simulations for a frequency step from 50.00 to 

49.90 Hz were therefore performed for varying values of Kp_A0 and Ki_A0. The 

simulations were performed using the following parameter values; Pset = 248.84 MW, 

R ≈ 74.31 MW/Hz, Hg = 100 m and unit combination 123. 

 

The strength of regulation, R, in MW/Hz was chosen to approximately correspond to 

if all three units would have had EP-setting EP0 in the current model, see Table 4-3. 

First of all the OPT-tables were used to determine the slope  ΔP/ΔA0  in a small 

interval (± 0.5 A0-%) around each unit’s guide vane opening corresponding to the 

power setpoint Pset. The individual slopes in MW/% were then multiplied by the 

stiffness constant for EP0, i.e. 20 %/Hz, to get the corresponding value in MW/Hz. 

The three individual regulating strengths in MW/Hz were added to represent the total 

regulating strength for the whole hydropower plant. 

Table 4-3 The calculated strength of regulation, R, corresponding to if all 

three units would have EP-setting EP0 (i.e. stiffness constant 20 

%/Hz). ΔP/ΔA0 is determined using the OPT-tables. 

 Stiffness constant 

[%/Hz] 

ΔP/ΔA0 

[MW/%] 

R 

[MW/Hz] 

Unit 1 20 1.47 29.38 

Unit 2 20 1.13 22.67 

Unit 3 20 1.11 22.26 

   Tot: 74.31 
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It would have been better to use the QP-tables to determine ΔP/ΔA0 for each unit as 

they provide a more accurate relationship between guide vane opening and power. 

However, this was not possible due to the fact that it is very problematic to determine 

the net head corresponding to a certain gross head. To calculate the discharge losses 

and determine the net head the discharge through the turbine must be known at each 

instant in time, which is not the case for this study. The OPT-tables will therefore be 

used for all calculations in this study. 

 

Figure 4-8 shows the first few seconds of the step response for the guide vane opening 

of unit one (A01) when the integral gain was kept constant at 0.18 s
-1

 and the 

proportional gain was varied. The dotted line is the setpoint guide vane opening for 

unit one corresponding to the power control signal Pc. It can be seen that a higher 

proportional gain results in a faster controller but a too high value results in an 

overshoot and a more oscillating signal as shown by the yellow and dark red lines.  

Figure 4-8 The first few seconds of the step response for guide vane 

opening A01 for Ki_A0 = 0.18 s
-1

 and a varying proportional gain of 

the individual PI-controller. Increasing Kp_A0 leads to a faster 

controller but a too large value leads to an overshoot. 
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The first few seconds of the step response when the proportional gain was kept 

constant at 0.09 and the integral gain was varied can be seen in Figure 4-9. Again the 

rise time decreases for an increasing gain but results in an overshoot if increased too 

much. 

  

Figure 4-9 The first few seconds of the step response for the guide vane 

opening of unit one (A01) for Kp_A0 = 0.09 and a varying integral 

gain of the individual PI-controller. Increasing Ki_A0 leads to a 

faster controller but a too large value leads to an overshoot. 
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The final values for Kp_A0 and Ki_A0 were chosen to be 0.04 and 0.15 s
-1

 respectively 

and the corresponding step response for A01 can be seen in Figure 4-10. These were 

chosen because the combined characteristics of the chosen proportional and integral 

gains seemed to give the best results of a fast and stable controller. 

  

Figure 4-10 The first few seconds of the step response for A01 given the final 

parameter values for the proportional (Kp_A0 = 0.04) and integral 

(Ki_A0 = 0.15 s
-1

) gains of the individual controller. 
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5 Results 

If not specifically stated otherwise time domain simulations in Simulink have been 

performed for unit combination 123 and a gross head of 100 m. Unit combination 123 

was used as there is no real difference in how the distribution is performed for a 

combination of fewer units. According to operational data of year 2012 and 2013 the 

mean gross head was between 97 and 100 m for Plant A. The OPT-data includes 

tables for both 97 and 100 m and as there is no significant difference between the 

tables, Hg = 100 m was chosen. It would have been possible to choose a value for the 

head within the interval 97–100 m but this would mean that interpolation between the 

two tables corresponding to Hg = 97 m and Hg = 100 m would have been necessary. 

However, using linear interpolation causes additional uncertainties (as the relationship 

between the gross head and the optimal distribution of discharge for the plant is not 

exactly linear) which are not desirable for this study. 

 

The parameter values for the servo and the proportional and integral gains of the 

different PI-controllers are defined as was described in section 4, except if something 

else is specified. 

 

To calculate the strength of regulation in MW/Hz corresponding to different EP-

settings the approach described in section 4.3.2 has been used. R varies depending on 

the chosen interval. However, there does not seem to exist any apparent relationship 

between the chosen interval for a certain EP-setting and how good the generated 

results for the current and the new governor models correspond. The interval defined 

by the guide vane opening setpoint value ± 0.5 A0-% has therefore been used for all 

calculations of R in this section as well. 

 

In the simulations performed in this chapter A01, A02 and A03 represent the guide 

vane openings for unit one, two and three respectively.  
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5.1 Step response 

The step response simulations have been performed for a frequency step from 50.00 to 

49.90 Hz applied at t = 10 s. This is the largest negative frequency step allowed within 

the normal operating band in which FCR-N is provided. The step response for a 

frequency step from 50.00 to 50.10 Hz would have the same characteristics except that 

the power production would be reduced instead of increased. 

5.1.1 Current governor model 

The step response for the current turbine governor for each EP-setting can be seen in 

Figure 5-1 where the guide vane opening setpoint is 0.70 pu or 70 % (the reason why 

the signal is still at the initial value at 10.29 s is because of the servo time delay). As 

expected the steady state gains are 2, 5, 10 and 20 A0-% for EP0 to EP3 respectively 

(Yset-Δf∙Stiffness constant). The requirement for the feedback time constant set by SvK 

is also fulfilled (see equation (4.13)).  

Figure 5-1 The step response for the current governor model for varying EP-

values given a frequency step of -0.1 Hz and Yset = 70 %. The data 

cursors for each EP-value indicate the initial guide vane opening 

as well as the guide vane openings at TSvK and in steady state. 



Vattenfall Research and Development AB   

   

 

 Page 31 (62)  

 

5.1.2 New governor model 

Figure 5-2 displays the step response in Pc for the global controller for varying 

strengths of regulation and Pset = 218.71 MW. The four higher values of R represent 

the regulating strengths which would be approximately achieved with the current 

governor if all three units would have the same EP-settings  R ≈   . 0 MW 

corresponds to EP0 and so on). The value R = 40.00 MW/Hz represents a regulating 

strength lower than if all the units would have the lowest EP-setting (EP0). It can be 

calculated, using equation (4.13), that the requirement stated by SvK for the step 

response is fulfilled for each R in Figure 5-2. The desired gains in steady state for each 

R are also achieved (Pset-Δf∙R).  

Figure 5-2 The step response for the global PI-controller of the new 

governor model for varying strengths of regulation (R) given a 

frequency step of -0.1 Hz. The data cursors indicate the initial 

power (Pset), the power at TSvK and the steady state power for 

each value of R. 
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The corresponding response in the guide vane opening for unit two can be seen in 

Figure 5-3. Solid lines show the setpoint values provided by the OPT-table lookups 

and the dotted lines the achieved measured values after the servo. It is impossible to 

see a difference with the naked eye, however one interesting characteristic is that the 

guide vane opening does not have the typical appearance of a step response as can be 

seen in Figure 5-1 and Figure 5-2. This is because of the OPT-table lookups, the 

optimal distribution is changing during the simulation and is not increasing in equal 

amounts for all the units (see Table 3-1). This leads to the clearly visible steps which 

can be seen for the highest regulating strength marked by the dark red line. This can 

occur for any regulating strength, it only depends on how much the optimal 

distribution is changing in the chosen interval of operation. 

  

Figure 5-3 The step response in A02 corresponding to the case seen in 

Figure 5-2. The measured guide vane openings (dotted lines) are 

very close to the setpoint values (solid lines) and can therefore 

not be detected. The steps seen for the highest value of R 

indicate the influences of the OPT-table lookups. 
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A zoomed view of the first few seconds of the step response in Figure 5-3 can be seen 

in Figure 5-4. This simulation was performed for the chosen parameter values for the 

individual controller’s proportional and integral gains as was explained in section 

4.3.2. The parameterisation was implemented for a low value of R, approximately 

74.31 MW/Hz. The dark blue line of the figure represents a regulating strength less 

than this value and it can be seen that the measured signal almost passes the setpoint 

signal. An even lower regulating strength will cause a larger overshoot and might 

cause the system to start oscillating. Figure 5-4 clearly shows that the parameterisation 

was performed for a low value of R because as the value of R increases the time which 

it takes for the measured value to match the setpoint value also increases. 

The initial and largest difference at t = 10.3 s is less than 0.4 A0-% for all the strengths 

of regulation seen in Figure 5-4. A step response in Yc and Ymv for the current 

controller would display the same initial difference due to the delay in the servo. For 

the step response seen in Figure 5-1 the difference between Yc and Ymv for EP3 is 

approximately 0.5 A0-% at t = 10.3 s. The initial difference is thereby larger for the 

current controller than for the new controller. However, it is most important that the 

governor manages to fulfil the requirement of a 60 second feedback time and as such 

the initial difference is not significant. 

Figure 5-4 The first few seconds of the step response seen in Figure 5-3. 

Increasing R indicates an increased time before the error is 

eliminated by the PI-controller. 



Vattenfall Research and Development AB   

   

 

 Page 34 (62)  

 

As the system is not linear due to the constant OPT-table lookups it is impossible to 

calculate a feedback time constant for the individual controller. It can therefore not be 

determined if the time it takes for the measured value of the guide vane opening to 

reach the setpoint value has a large impact on the requirement stated by SvK. 

 

The only way to approximately see the impact is to use the OPT-tables to determine 

the power corresponding to each measured guide vane opening (A01mv through 

A03mv) and compare the achieved total power or “measured” power with Pc. The 

“measured” power corresponding to the step response in Pc can be seen in Figure 5-5. 

First of all it can be seen that the initial power is slightly higher than Pset, that is 

approximately 218.74 MW instead of 218.71 MW (the difference is approximately 

0.0270 MW). This should not be possible as there is no applied frequency step before t 

= 10 s. This error must therefore be caused by the fact that two slightly different 

regions for interpolation have been used in the OPT-table. One region when 

determining A01set–A03set corresponding to Pc and another when determining the 

“measured” power. This can be explained by looking at Table 3-1, if Pc would be 

Figure 5-5 The “measured” power corresponding to A01mv–A03mv for the 

step responses seen in Figure 5-2. The data cursors mark the 

initial power, the power at TSvK and the steady state power for 

varying values of R. There is a slight difference compared to the 

values in Figure 5-2. 
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located between P = 253.74 MW and P = 262.83 MW the linear interpolation to 

determine A01set through A03set would be applied between row seven and eight. If the 

achieved measured value for A01 would be for example 63 % the interpolation to 

determine P1 would be performed between rows seven and two. The interpolation 

intervals and thereby the relationship between power and guide vane opening for each 

unit are slightly different and may cause a noticeable error. 

 

The RMSE (Root Mean Square Error) for Pc-Pmv as well as the difference at TSvK and 

in steady state for each R can be seen in Table 5-1. The RMSE is given by 

      √
∑ (          )

  
   

 
       . ) 

where Pc,i and Pmv,i are the power control signal and “measured” power at time i. The 

steady state difference is less than 0.005 % of the total steady state power or 0.2 % of 

the added power (the difference between the final and initial power). The reason why 

the difference is so small for the highest value of R is because both A01 and A02 are 

constant in this region of the OPT-table. At 60 seconds (equal to TSvK) after the 

applied frequency step the difference is less than 0.01 % of the total power at that 

point and less than 0.6 % of the added power. It is however hard to determine how 

large part of the error that is caused by the delay in the individual controller as the 

interpolation in the OPT-tables also contribute to the total error. 

Table 5-1 The RMSE for Pc-Pmv for each R as well as the difference at TSvK 

and in steady state. The differences are small, less than 0.020 % of 

the power setpoint value of 218.71 MW. 

 RMSE 

[kW] 

Difference at TSvK 

[kW] 

Steady state difference 

[kW] 

R = 40.00 MW/Hz 13.1 -14.8 -5.2 

R ≈ 86.80 MW/Hz 12.3 -2.8 -4.1 

R ≈ 217.00 MW/Hz 14.8 -22.3 -2.7 

R ≈ 433.99 MW/Hz 38.6 -23.7 -11.1 

R ≈ 867.98 MW/Hz 43.4 0.6 -3.4·10
-5

 

 

The OPT-tables were used to determine the total power corresponding to each set of 

A0 values attained by the OPT-table lookups of Pc. This calculated power should be 

equal to Pc, however due to the two linear interpolations that may be repeatedly 

performed in different regions this is not the case. This generated difference was used 

to approximately determine the size of the error which the translation from A0 back to 

power using the OPT-tables causes. Table 5-2 displays the generated RMSE as well as 

the difference at TSvK and in steady state for the difference between Pc and the 

calculated power corresponding to A01set–A03set for each strength of regulation. 
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Table 5-2 Approximation of the error caused by using linear interpolation in 

two different regions of the OPT-tables. The differences are small, 

less than 0.012 % of the power setpoint value of 218.71 MW. 

 RMSE 

[kW] 

Difference at TSvK 

[kW] 

Steady state difference 

[kW] 

R = 40.00 MW/Hz 8.2 -13.7 -5.2 

R ≈ 86.80 MW/Hz 5.7 -0.5 -4.1 

R ≈ 217.00 MW/Hz 5.3 -15.3 -2.7 

R ≈ 433.99 MW/Hz 24.7 -12.5 -11.1 

R ≈ 867.98 MW/Hz 7.7 7.1 0 

 

The RMSE in Table 5-1 seems to increase with increasing R which can be explained 

by the fact that the individual controller is slightly slower for higher values of R. Table 

5-2 displays a more irrational behaviour for the RMSE but all the values are smaller 

than those of Table 5-1 and can thereby not be the only cause of the difference 

between Pc and Pmv. However, the error caused by the OPT-table lookups does to 

some extent affect the RMSE values for Pc-Pmv. 

 

The difference caused by the OPT-table lookups is -0.0270 MW before the frequency 

step has been applied which explains the initial difference between the step responses 

seen in Figure 5-2 and Figure 5-5. The steady state differences seen in Table 5-2 also 

correspond to those in Table 5-1. However, the difference at TSvK does not match and 

this might be caused by the delay in the individual PI-controller. The difference 

caused by the OPT-table lookups varies with R but only depends on to which extent 

the interpolation regions differ. It is therefore hard to determine a constant value for 

the error caused by using different regions for interpolation in the OPT-tables. As a 

consequence it is problematic to determine to which extent the delay in the individual 

controller contribute to the error occurring at TSvK, especially as the OPT-table 

lookups may amplify a small error caused by the delay. 

 

However, in all cases except for the highest value of R, Pmv is higher than Pc at TSvK 

even after the error caused by the OPT-table lookups has been subtracted. This 

indicates that the governor in most cases is slightly faster than required and should 

therefore not have a negative impact on the requirement stated by SvK. In addition the 

highest value of R is very extreme and is not used in actual operation of Plant A.  
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5.2 Sensitivity analysis 

It is important to know if the developed governor is badly affected if the 

representation of the servo would be unrealistic. Simulations were therefore performed 

to determine how the step response of the new governor is influenced if the servo time 

constant and the time delay are altered. The simulations have been performed for the 

case of Pset =    .   MW and R ≈   .   MW/Hz  i.e. the same conditions used for the 

parameterisation of the individual controller. 

5.2.1 Servo time constant – Ty 

The influence of the servo time constant can be seen in Figure 5-6 where Ty is varied 

meanwhile the time delay is kept constant at 0.3 s. When the time constant is 

increased from the chosen value of 0.15 s the rise time also increases and it takes a 

longer time for the PI-controller to eliminate the error. If on the other hand the time 

constant is significantly decreased an overshoot occurs. However, this should not pose 

a problem because, as stated in section 4.1.1, typical values for the servo time constant 

is between 0.1 and 0.2 s leading to only a slightly changed rise time. As can be seen in 

Figure 5-6 the largest generated difference between the achieved guide vane openings 

is less than 0.02 A0-% if Ty would be increased from 0.15 to 0.20 s. This should not 

make a noticeable impact on the requirement stated by SvK as the difference is less 

than 0.006 A0-% within 2 s even if Ty would be increased from 0.2 to 0.5 s. The 

steady state error is less than 10
-8

 A0-% which is approximately zero. 

Figure 5-6 Step response in A01 for a varying servo time constant and a 

constant time delay of 0.3 s. A low value of Ty may cause an 

overshoot (dark blue line) and an increasing Ty leads to a slower 

controller. 
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5.2.2 Time delay – Tdelay 

Figure 5-7 displays the influence of the servo time delay where Tdelay is varied 

meanwhile the servo time constant is kept constant at 0.15 s. When Tdelay is increased 

the starting time for the step response is delayed and thus the time it takes for the PI-

controller to eliminate the error is also increased. However, the steady state error is 

approximately zero in this case as well. There is no indication that a short time 

constant would give rise to any problems. Typical values for the time delay are in the 

interval 0.2–0.3 s (see section 4.1.1), it might therefore be safe to say that a slightly 

altered time delay will not pose a problem. In addition the difference is less than 

0.0006 A0-% within 2 s even if the time delay would be increased from 0.3 to 0.5 s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Due to the non-linearity of the system it is not possible to exactly determine the 

influence of Ty and Tdelay on TSvK. However, in both cases, the steady state error is 

approximately zero and the difference is less than 0.01 A0-% after only a few seconds 

when increasing the time constants to 0.5 s. In addition the system does not seem to 

become unstable when altering the value of Ty or Tdelay. It can therefore be assumed 

that the system is not sensitive to changes in the servo time constant or the time delay.  

Figure 5-7 Step response in A01 for a varying time delay and a constant 

servo time constant of 0.15 s. Increasing the time delay causes a 

slightly slower system but there is no indication that a changed 

time delay would cause instability. 
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5.3 Frequency series 

Simulations were performed for an actual measured frequency series in order to see 

the difference between how the current and the new governor model distribute FCR-N 

in real-time. The frequency data has a sample time of one second and the simulations 

were performed for frequencies varying in the interval of 49.90–50.10 Hz (i.e. the 

normal operating band) during a time period of three hours. 

 

The RMSE calculations in this section have been performed using the approach 

described by equation (5.1). 

 

Optimal distribution 

In order to compare the models and see if the new governor manages to make a more 

optimal distribution of FCR-N than the current one the optimal distribution for each 

model must be determined. First of all, the OPT-tables were used to determine the 

power corresponding to each unit’s simulated values of the measured guide vane 

opening. The power for each unit at every instant in time is added together to provide 

the total power produced by the plant. The OPT-tables can then be used a second time 

to determine the optimal distribution for that specific total power. 

 

Operational setpoint 

The simulations were performed for a specific total discharge based on collected 

hourly data of how Plant A has been operated between the years 2000 and 2008. 

Figure 5-8 shows the mean values for the duration of discharge during year 2000 to 

2008. It can clearly be seen that the plant mainly operates at three specific discharge 

regions; around 95, 190 and 275 m
3
/s. Four straight lines at specific discharges are 

also drawn, three of them are at approximately the same value (230–235 m
3
/s) and 

describes the maximal possible discharge if one of the units would not be operating. 

The fourth line at 345 m
3
/s represents the maximal discharge if all units are operating. 

 

The operation of the plant is managed in such a way that one unit is used for the 

lowest region, two for the middle one and all three for the highest. As it is most 

interesting to perform simulations of the model using all three units (there is no real 

difference in using fewer units) the operational point of 275 m
3
/s was chosen as the 

setpoint value. The OPT-tables were then used to obtain the setpoint values in A0-% 

for the current governor model and total power for the new governor model. For unit 

combination 123 and a gross head of 100 m (assumed to be constant during the whole 

simulation) this represents Y1set ≈   .   %  Y set ≈   .   %  Y set ≈   .   % and Pset = 

248.84 MW. These setpoint values will be used for all simulations in this section if 

nothing else is specifically stated. 

 

In order to compare the two models it is desirable that the simulations are performed 

at the same operational setpoint but also that the strength of regulation is the same. 
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The idea was that by doing this the plant would produce the same amount of power 

but using different amounts of water when using the different models. 

5.3.1 Case studies 

Tests to compare the two models were performed for four different combinations of 

EP-settings: 

 Case 1: EP0 for all three units, approximately 74.31 MW/Hz. 

 Case 2: EP1 for unit one and two and EP0 for unit three, approximately 

152.40 MW/Hz. 

 Case 3: EP2 for unit one and two and EP1 for unit three, approximately 

315.92 MW/Hz. 

 Case 4: EP3 for unit one, EP2 for unit two and EP1 for unit three, 

approximately 462.83 MW/Hz. 

Case 1 and Case 2 represent common EP-settings for Plant A, Case 3 is a possible 

setting meanwhile Case 4 is an extreme case to show how the different models behave 

for a large strength of regulation and different EP-values for each unit. 

 

Figure 5-8 Duration of discharge for Plant A, mean values of year 2000–

2008. The yellow line cannot be seen because the maximum 

allowed discharge (235 m
3
/s) is the same if either unit one or unit 

two is not operating. 
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The definitions for the different legends used in the figures of the simulations 

performed for Case 1 through Case 4 can be seen in Table 5-3. 

Table 5-3 Legend definitions used for the simulated results of Case 1 

through Case 4. 

Legend Definition 

Current: A01–A03, EP0–EP3 The measured guide vane openings A01–A03 of the 

current governor model given a certain EP-value. 

New: A01–A03 The measured guide vane openings A01–A03 of the 

new governor model. 

Current: P The total power (attained from the OPT-tables) 

corresponding to the measured guide vane openings 

of the current governor model. 

New: P The total power (attained from the OPT-tables) 

corresponding to the measured guide vane openings 

of the new governor model. 

Current: Q The total discharge (attained from the OPT-tables) 

corresponding to the measured guide vane openings 

of the current governor model. 

New: Q The total discharge (attained from the OPT-tables) 

corresponding to the measured guide vane openings 

of the new governor model. 

Current: A01–A03 optimal The optimal distribution (attained from the OPT-

tables) of the guide vane openings corresponding to 

the total power of the current governor model. 

New: A01–A03 optimal The optimal distribution (attained from the OPT-

tables) of the guide vane openings corresponding to 

the total power of the new governor model. 

Current: Q optimal The total discharge corresponding to the optimal 

distribution of guide vane openings for the current 

governor model. 

New: Q optimal The total discharge corresponding to the optimal 

distribution of guide vane openings for the new 

governor model. 
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5.3.2 Case 1 

Guide vane opening 

The first three graphs of Figure 5-9 show the simulated results of the measured guide 

vane openings of each unit for both the current and new governor model as well as the 

optimal distributions for each model. The corresponding frequency series can be seen 

in the bottom graph. It is hard to see a significant difference between the models with 

the naked eye. This is not unexpected as the regulating strength is very small and all 

units in the current model have the same EP-settings. 

Figure 5-9 Measured and optimal guide vane openings for both the current 

and new governor models corresponding to the frequency series 

seen in the bottom graph. The optimal guide vane openings of 

each model (dotted lines) cannot be detected as they almost 

coincide with the measured values of the new governor model. 
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The zoomed view of the guide vane openings, seen in Figure 5-10, shows that there 

actually is a difference and that the new governor makes a more optimal distribution 

than the current. This can be seen by the fact that the dark red, dark blue and black 

dotted lines (optimal distribution for the current model) coincide with the green, light 

blue and yellow solid and dotted lines (measured and optimal distributions for the new 

model). The difference between the current distribution and the new more optimal one 

is varying constantly and has a RMSE of approximately 0.1 A0-% for the different 

units. 

The aim was that the optimal distributions for both models would coincide and the 

same amount of power would therefore be provided by both models. There is however 

Figure 5-10 Zoomed view of guide vane opening A01–A03 seen in Figure 5-9. 

The optimal distribution (dotted lines) of the current model 

coincides with the distribution of the new model indicating that 

the new model distributes the FCR-N in a more optimal manner. 
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a small RMSE of about 0.003–0.004 A0-% between the two optimal distributions for 

each unit. The guide vane openings of the new model are deviating with 

approximately 0.003–0.004 A0-% from its optimal distribution. These differences may 

be caused by the OPT-table lookups as described in section 5.1.2 and that the same 

operational conditions for the two models are not exactly achieved. 

 

Power 

The zoomed view of the total power corresponding to the current and new governor 

model can be seen in Figure 5-11. It can be seen that it was almost possible to get the 

same operational conditions in this case. There is however a small varying difference 

between the new and current model within the interval ± 0.05 MW. The mean value is 

approximately -0.79 kW for Pnew-Pcurrent which means that the current model on 

average produces slightly more power than the new model. The RMSE is 

approximately 12 kW which is less than 0.005 % of Pset. This difference in the total 

power is a consequence of the difference which occurs for the optimal guide vane 

openings between the two models. 

 

 

Figure 5-11 The top graph displays the total power corresponding to the 

measured guide vane openings of both the current and new 

governor model. The corresponding frequency can be seen in the 

bottom graph. It can be seen that the signals almost coincide 

indicating that the same operational conditions for the two 

models are almost achieved. 



Vattenfall Research and Development AB   

   

 

 Page 45 (62)  

 

Discharge 

A closely zoomed view of the total discharge can be seen in Figure 5-12. Both the 

optimal and “measured” discharge can be seen for both models. Due to the fact that 

the total power for the two models does not exactly match, the optimal discharge will 

consequently not match either. This is the case because the optimal discharge is 

attained by performing OPT-table lookups using the total power for each model. 

The most noticeable characteristic which can be seen in Figure 5-12 is that the total 

discharge corresponding to the optimal distribution for each model sometimes reaches 

higher values than the total “measured” discharge. This should not be possible as an 

optimal distribution should always have the highest efficiency and thus produce power 

using as small volume of water as possible. When comparing the difference between 

the “measured” and optimal discharge for each model the mean value is approximately 

-0.01 m
3
/s in both cases. This shows that on average the optimal distribution is not as 

good as the non-optimal one. It can therefore be assumed that a fundamental error 

occurs when the OPT-table lookups are used to translate the measured guide vane 

openings into a corresponding power to be able to determine the optimal distributions. 

The mean value of the difference between the discharge of the current and new model 

is -0.0011 m
3
/s. This indicates that the new model on average uses more water to 

produce less power even though the distribution is more optimal. The RMSE of the 

difference between the two models is about 0.012 m
3
/s. 

Figure 5-12 The total discharge corresponding to the measured and optimal 

guide vane openings of the current and new governor models. It 

can be seen that the optimal discharge can reach higher values 

than the non-optimal. 
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5.3.3 Case 2 

Guide vane opening 

When the EP-settings have been slightly changed to EP1, EP1 and EP0 for A01 to 

A03 respectively the difference between the distributions of the current and the new 

governor models is more apparent, see Figure 5-13. There is a clear difference 

between the optimal and measured distributions of the current model for guide vane 

opening A03. The current governor with EP0 only performs small changes for each 

frequency step while according to the optimal distribution all three units should react 

in approximately the same way. 

Figure 5-13 Measured and optimal guide vane openings for both the current 

and new governor models corresponding to the frequency series 

seen in the bottom graph. The optimal guide vane openings of 

each model (dotted lines) cannot be detected as they almost 

coincide with the measured values of the new governor model. 
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The RMSEs of the difference in guide vane openings between the two models’ 

distributions are approximately 0.58, 0.23 and 0.90 A0-%. The new distribution 

diverges slightly from the optimal distribution corresponding to the current model, the 

RMSE is about 0.014–0.016 A0-% for the different units. The RMSE of the difference 

between the measured and optimal guide vane openings for the current model has also 

increased and is approximately 0.57, 0.21 and 0.92 A0-% for A01 to A03 respectively. 

 

Power 

The difference in power between the new and the current models has increased and the 

mean value is approximately 35 kW for Pnew-Pcurrent, this increased value may depend 

on the peaks which arise at large and fast frequency changes. For example the power 

difference is as high as 0.25 MW when the frequency reaches slightly higher than 

50.10 Hz (i.e. the frequency peak) shortly before t = 6000 s, see Figure 5-14. This can 

be explained by the fact that the individual controllers of the new governor are slightly 

slower for higher values of R but also that it is harder to match the two models’ 

strength of regulation when R increases. The mean value now indicates that the new 

model produces more power than the current model which was not the case in the 

previous simulation. The RMSE has also increased as a consequence of the increased 

deviations in guide vane openings, it is now about 61 kW (less than 0.025 % of Pset). 

Figure 5-14 The top graph displays the total power corresponding to the 

measured guide vane openings of both the current and new 

governor models. The corresponding frequency can be seen in 

the bottom graph. The difference between the signals has 

increased compared to Case 1 (see Figure 5-11). 
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Discharge 

The RMSE of the difference between the total “measured” discharges for each model 

has increased to approximately 0.054 m
3
/s. The current model still uses less water than 

the new model but it can now partly be explained by the fact that the new model on 

average produces more power. The mean value is now -0.031 m
3
/s. However, as for 

the previous case, the optimal discharge on average reaches higher values than the 

“measured” discharge for each model. This also contributes to the fact that the new 

governor model seem to be worse than the current one. For example the mean values 

of the differences between the “measured” and optimal discharge for the current and 

new models are -0.0091 and -0.0127 m
3
/s respectively. 
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5.3.4 Case 3 

Guide vane opening 

The distribution of the different guide vane openings can be seen in Figure 5-15. The 

RMSE of the difference between the measured values of the current and new models 

now reaches as high values as 1.03, 0.47 and 1.38 A0-%. This indicates, as expected, 

that a higher profit can be made for higher regulating strengths. The difference 

between the new model’s distribution and the optimal one for the current model has 

also increased. The RMSE is now about 0.09–0.1 A0-% for the three units. 

Figure 5-15 Measured and optimal guide vane openings for both the current 

and new governor models corresponding to the frequency series 

seen in the bottom graph. The black dotted line can now be 

detected, indicating that it is harder to match the models’ 

operational conditions when the regulating strengths increase. 
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Power 

As can be seen in Figure 5-16 the power difference between the new and current 

models has been further increased. The mean value is now 260 kW for Pnew-Pcurrent and 

the difference at the frequency peak mentioned in the previous case has increased to 

approximately 1.5 MW. The RMSE has been further increased and is now 

approximately 390 kW which is less than 0.16 % of Pset. 

 

Discharge 

The difference between the current and new models’ discharges has increased further 

in the same manner as the power, the RMSE is now 0.36 m
3
/s. The new model still 

requires more water than the current model and the mean value has now decreased to 

approximately -0.23 m
3
/s. The mean values for the difference between the “measured” 

and optimal discharge for the current and new models are 0.0067 and -0.016 m
3
/s 

respectively. This indicates that the optimal discharge for the current model now uses 

less water than the “measured” discharge while the opposite is still true for the new 

model. 
  

Figure 5-16 The top graph displays the total power corresponding to the 

measured guide vane openings of both the current and new 

governor model. The corresponding frequency can be seen in the 

bottom graph. The difference between the signals has been 

further increased compared to Case 1 and Case 2 (see Figure 

5-11 and Figure 5-14). 
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5.3.5 Case 4 

Guide vane opening 

As indicated by Figure 5-17 the profit which can be made increases if the strength of 

regulation increases and also if the units have different stiffness constants. For guide 

vane opening A01 the difference between the two models’ measured values reaches 

about 10.6 A0-% shortly before t = 6000 s which is quite a large difference. In the 

same region the highest frequency deviation of + 0.1 Hz occurs and the guide vane 

openings are varying a lot. The RMSEs are now 3.41, 0.88 and 2.71 A0-% for the 

different units. 

  

Figure 5-17 Simulated and optimal guide vane openings for both the current 

and new governor models corresponding to the frequency series 

seen in the bottom graph. A disturbance can be seen shortly 

before t = 6000 s where the largest frequency deviation occurs. 
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Figure 5-18 shows a zoomed view of the region around the largest frequency 

deviation. The measured and optimal distributions for the current model do not match 

each other at all. The new model is also differing from its optimal distribution and 

even more from the optimal distribution for the current model (for other regions these 

differences are not at all as large). This is the case because of the influence of the 

OPT-table lookups. In this region of the tables there is a sudden change regarding how 

large proportion of the total discharge that each unit should use. Both A01 and A02 

are supposed to decrease with approximately the same amount meanwhile A03 should 

increase with the corresponding amount, see Table 3-1 rows two and three. This 

results in large and fast changes in the guide vane opening and consequently the 

interpolation regions increase leading to more unreliable calculations of the optimal 

distributions. 

Figure 5-18 A zoomed view of the problematic region seen in Figure 5-17. A 

significant difference can now be seen between the different 

distributions. 
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Why the optimal distribution of the current model and the distribution of the new 

model differ is because the OPT-table lookup for the new model to the largest extent 

misses the problematic region. The linear interpolation for each model is therefore 

performed in different intervals which causes this significant difference between the 

optimal distributions. This is possible because of the small continuous difference 

between the distribution of the new model and the optimal distribution corresponding 

to the current model. 

 

Power 

The mean value of the power difference (Pnew-Pcurrent) has increased to 410 kW and the 

difference at the frequency peak has increased to approximately 3.2 MW. The RMSE 

is now about 660 kW which is less than 0.27 % of Pset. 

 

Discharge 

The behaviour of the discharge is approximately the same as for the previous case and 

the RMSE for the difference between the “measured” discharges for each model has 

increased to 0.58 m
3
/s. The mean value is now approximately -0.32 m

3
/s. The mean 

values for the difference between the “measured” and optimal discharge for the 

current and new model are 0.079 and -0.011 m
3
/s respectively. 

5.3.6 Error calculations 

RMSE caused by OPT-table lookups 

The RMSE was determined for the difference between Pc and the calculated power 

corresponding to A01set–A03set in the same manner as in section 5.1.2. The results for 

each case study can be seen in Table 5-4. An additional simulation was performed for 

the same conditions as in Case 2 but with a changed setpoint value of 232 m
3
/s (i.e. 

Pset = 206.12 MW and R = 160.89 MW/Hz) instead of 275 m
3
/s. This is a very 

problematic region, see Figure 5-18, where the optimal distribution changes a lot. A 

small regulating strength (as for Case 2) means that the regulation for each frequency 

deviation will be kept within this region. The corresponding RMSE can be seen in the 

last column of Table 5-4. This illustrates an extreme case of how much the OPT-table 

lookups can influence the results when determining the power or discharge 

corresponding to a given guide vane opening. 

Table 5-4 The RMSE for the difference between Pc and the calculated power 

corresponding to A01set–A03set for each case study as well as 

Case 2 in a problematic region of operation. The error is less than 

0.011 % of Pset (248.84 MW) for Case 1 – Case 4 and approximately 

0.092 % of Pset (206.12 MW) for Case 2 in a problematic region. 

 
Case 1 Case 2 Case 3 Case 4 

Case 2: 

problematic region 

RMSE [kW] 12.2 8.3 22.2 28.3 188.9 
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The RMSE for Pnew-Pcurrent is approximately 211.6 kW for Case 2 in a problematic 

region. The fraction of the errors in Table 5-4 and the RMSE for Pnew-Pcurrent in each 

case are 101.7, 13.6, 5.7, 4.3 and 89.3 % respectively. The contribution to the error 

caused by the OPT-table lookups thereby decreases as R increases except for the 

problematic region. The error is thereby very hard to determine and might have a large 

or small impact depending on the region of operation. 

 

The calculation of the total discharge is also influenced by the OPT-table lookups. The 

relationship between total power (MW) and total discharge (m
3
/s) in the OPT-table 

used in this study (i.e. the optimal distribution) is approximately linear and the slope is 

approximately equal to one. Using this assumption the RMSEs caused by the OPT-

table lookups for the total discharge are 0.0122, 0.0083, 0.0222, 0.0283 and 0.1889 

m
3
/s for the cases in Table 5-4. 

 

The RMSEs of the difference between the total discharges for the optimal distributions 

of each model for each case in Table 5-4 are approximately 0.0122, 0.0605, 0.3821, 

0.6691 and 0.2262 m
3
/s respectively. The approximated errors which might be caused 

by the OPT-table lookups are smaller than or equal to the RMSEs for the difference 

between the optimal discharges. The fraction of the errors (the RMSEs caused by the 

OPT-table lookups and the RMSEs of the difference between the two optimal 

distributions) shows the same behaviour as for the total power. The influence of the 

OPT-table lookups thereby varies depending on the region of operation in the same 

manner as described for the total power. 

 

The RMSEs for the differences in total discharge for the optimal and measured 

distribution for each model and each case are presented in Table 5-5. The RMSEs for 

the current governor are larger than those for the new model in almost all cases. The 

new model keeps a more constant and lower value of the RMSE for each case 

compared to the current model. This is expected as the new model strives to make a 

continuous optimal distribution of the FCR-N. The RMSE caused by the OPT-table 

lookups make up a substantial part of the RMSEs of Table 5-5 and might therefore 

explain why the optimal distributions repeatedly seem to require more water. 

Table 5-5 The RMSE for the difference between the optimal and “measured” 

total discharge for each model and each case. 

 
Case 1 Case 2 Case 3 Case 4 

Case 2: 

problematic region 

Current model: 

RMSE [m
3
/s] 

0.0157 0.0140 0.0257 0.1050 0.2105 

New model:  

RMSE [m
3
/s] 

0.0142 0.0143 0.0216 0.0181 0.1131 
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Strength of regulation 

Another source of error that must be considered is the difficulty in determining the 

regulating strength in MW/Hz corresponding to a certain set of EP-values. The 

approach in this study was to define R depending on the operational setpoint and a 

small interval around it. However, when the governor reacts to the frequency 

deviations the operational setpoint will be moved and most probably not within this 

small interval. Due to the non-linear relationship between guide vane opening and 

power, see Figure 4-4, the regulating strength corresponding to the chosen set of EP-

values will change. The regulating strength in MW/Hz for the current governor will 

therefore constantly be changing and this will contribute to a fundamental error when 

trying to compare the two models. Table 5-6 shows the interval in which the 

regulating strength varies for the different cases. It also displays the corresponding 

mean value and the values of R used in this study. As expected the interval increases 

as the strength of regulation increases, this explains why the difference between the 

total powers of each model increases with R. This also explains the irregularity of the 

magnitude of the difference between the two model’s optimal distributions. For each 

frequency deviation the chosen value of R will deviate more or less from the 

regulating strength provided by the current model. 

Table 5-6 The strength of regulation, R, used in this study for each case as 

well as the corresponding interval and mean value describing how 

R actually varies for the studied frequency series. 

 

Case 1 Case 2 Case 3 Case 4 

Case 2: 

problematic 

region 

Used R [MW/Hz] 74.31 152.40 315.92 462.83 160.89 

Interval of R 

[MW/Hz] 

74.14-

77.30 

149.28-

160.27 

287.89-

357.46 

390.53-

550.57 

158.74-

169.13 

Mean R [MW/Hz] 74.54 154.66 327.80 482.62 163.85 

  



Vattenfall Research and Development AB   

   

 

 Page 56 (62)  

 

6 Discussion 

It can be seen in Figure 5-2 that the global controller of the proposed new governor 

model (see Figure 4-5) has a satisfactory step response to a frequency deviation in the 

normal operating band, hence fulfilling the requirement stated by SvK. However, the 

system is not linear as the OPT-table at each instant in time creates a new small step 

for the individual controller. It is therefore not possible to exactly determine how the 

individual controller influences the requirement of a 60 s feedback time. On the other 

hand calculations indicate that the governor is slightly faster than required and should 

therefore not have a negative impact on the requirement stated by SvK. 

 

The sensitivity analysis of how the model would behave if the servo parameters would 

be altered can be seen in Figure 5-6 and Figure 5-7. Changed characteristics would not 

cause any instability or unwanted behaviour except that the controller response would 

be slower. However, this is the case for the current model as well. Due to the non-

linearity of the system it is not possible to make a satisfactory determination of the 

influence on the feedback time. The rapid reduction of the difference does however 

indicate that changed characteristics will not have a noticeable negative influence on 

the feedback time. 

 

As the governor is slower for higher regulating strengths the influence of altering the 

servo time constant and time delay will have a larger impact as R increases. The 

negative influence of changing the servo parameter values could be avoided by 

introducing more steps or continuous parameter values for the proportional and 

integral gains of the individual controller depending on the value of R. On the other 

hand the current controller is also slower for higher EP-values and will therefore show 

a similar response if the servo parameter values are changed. 

 

Figure 5-9, Figure 5-10, Figure 5-13 and Figure 5-15 show that the new governor to a 

greater extent provides an optimal distribution of FCR-N. It can be seen that the guide 

vane openings for the new model almost matches the optimal distribution of the 

current model. The results also indicate that a higher profit should be possible when 

the regulating strength increases and if the units have different EP-settings. However, 

it has not been possible to make a satisfactory comparison of the two models to 

determine the possible profits of introducing this new type of governor. 
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6.1 Sources of error 

6.1.1 Operational conditions 

Strength of regulation 

There is a certain difference between the optimal distributions of the two models 

which increases with increasing strength of regulation. This can be explained by the 

fact that it is very hard to get exactly the same operational conditions for both models 

(see Figure 5-11, Figure 5-14 and Figure 5-16). It is easier to get the same operational 

setpoint in power than to match the stiffness constants in %/Hz to a corresponding 

regulating strength in MW/Hz due to the nonlinear relationship between power and %-

guide vane opening (see Figure 4-4). 

 

Table 5-6 displays how much the strength of regulation varies for each case. The 

region of operation increases for the cases with higher EP-values and as a 

consequence the interval in which R can vary will also increase. This explains why the 

difference between the optimal distributions of each model increases with R. The large 

variation of R might very well explain the difference between the optimal distributions 

of the two models. The results might have been improved if the mean value had been 

chosen as the value for R. However, to make an accurate comparison both models 

need to provide the same amount of FCR-N at each instant in time and this is only 

possible if the regulating strengths match. 

 

Frequency step response time 

Another contribution to why the comparison failed to give conclusive results 

regarding the benefits of introducing this new type of governor may be that the two 

governor’s response times to a frequency deviation is not exactly equal. The results 

might be improved by introducing more steps or continuous values for the 

proportional and integral gains (Kp_A0 and Ki_A0) of the individual PI-controller in the 

new governor model, see Figure 4-5 and Figure 4-6. It is however not possible to only 

dimension the individual controller’s proportional and integral gains according to the 

regulating strength as the results to a great extent depend on the OPT-data. This is the 

case because the performance of the PI-controller depends on how fast it reacts to 

sudden changes in the optimal distribution. The OPT-data may cause an abrupt change 

in guide vane opening for the units even though the change in total power for the plant 

is not that significant (see Table 3-1 as well as Figure 5-2 and Figure 5-3). This 

behaviour is caused by the fact that the proportion (in %) of the total power, which 

each unit provided before, might not be the same for a total power a moment later 

when a new distribution is optimal. 
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6.1.2 OPT-table lookups 

A major problem which frequently occurs is that the optimal distribution 

corresponding to each model uses more water than the distributions provided by the 

models, see Figure 5-12. This should not be possible due to the fact that the efficiency 

is higher for an optimal distribution. As a consequence the new model, providing a 

more optimal distribution, often seems to use more water than the non-optimal 

distribution provided by the current model. One contribution to this problem may be 

the two table lookups needed to determine the total power and then the optimal 

discharge corresponding to a given set of guide vane openings, see section 5.3.6. It 

must however also be remembered that the new model on average produced more 

power for the different cases and this might of course contribute to the fact that the 

new model uses more water. 

 

The RMSE caused by the OPT-table lookups does not seem to be large enough to be 

the only cause of the difference between the optimal discharges of the two models (see 

section 5.3.6). As mentioned earlier the influence of the different response times to a 

frequency deviation and the difference in the regulating strengths for the models also 

contribute. The error caused by the OPT-table lookups might amplify a small error 

caused by the different operational conditions. 

 

If the RMSEs caused by the OPT-table lookups are compared to the values in Table 

5-5  RMSEs of the difference between the “measured” and optimal discharge for the 

different models) the influence is quite significant and might therefore to a large 

extent explain why it might seem like an optimal distribution uses more water than a 

non-optimal one.  
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7 Conclusions 

The new governor model approximately fulfils the requirement stated by SvK and is 

not too sensitive to changes in the servo parameters as it does not seem to have a 

negative impact on the requirement stated by SvK. In addition it distributes the FCR-N 

in a more optimal manner (achieving a higher efficiency for the power production of 

the hydropower plant) than the current model. 

 

It is difficult to compare the two governor models and as a result a complete 

comparison between the current and the new models has not been possible. No 

definitive results regarding the profits which could be gained have therefore been 

achieved. On the other hand this does not mean that improvements cannot be made by 

introducing this new type of governing. It might very well be possible to achieve good 

results regarding the profits if the model and the method for comparison are improved. 

 

The models could not be compared to their own optimal distributions either as they to 

a large extent seemed to use more water than the non-optimal distributions. It could 

therefore not be calculated how much water that could be saved if it would be possible 

to distribute optimally at each instant in time instead of the distribution provided by 

the current and new governor models. As extra water seems to be used instead of 

saved it was not possible to calculate how much extra energy a saved volume of water 

could generate. 

 

There are two main contributions to why the comparison failed. First of all it is the 

difficulty to generate exactly equal operational conditions for the two models. 

Meaning that the regulating strengths of the two models are hard to match and also 

that the response to a frequency deviation might be slightly different for the two 

models even though both fulfil the requirement set by SvK. The second one is the 

error caused by performing OPT-table lookups to determine the optimal distributions 

corresponding to the achieved guide vane openings from each model.  
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8 Future work 

In order to determine the actual profits which can be accomplished by implementing 

the new type of governor which has been presented in this master thesis a more 

comprehensive study regarding how to compare the two governor models is crucial. A 

more extensive investigation of the sources of error must be performed in order to 

know more precisely how to improve the model and the method for comparison to see 

if it is possible to determine that a profit can be made. 

 

Additional development of the individual controller could improve the results. This 

could be achieved by introducing continuous parameter values for the proportional 

and integral gains depending on the strength of regulation or preferably what change 

this might generate for the guide vane opening. It might also be possible to 

compensate for the delay caused by the individual controller by altering the feedback 

time constant of the global controller. 

 

It would also be interesting to test how much the results can be improved if the OPT-

data is updated to include more rows in each table (meaning that the interpolation 

intervals would be smaller). If a better way than to use the OPT-tables to translate a 

given guide vane opening to a corresponding power and discharge could be developed 

it might also improve the results. 

 

Further studies of how to calculate the strength of regulation in MW/Hz to better 

match the regulating strength given by a set of EP-values should also be performed to 

improve the correspondence between the two models. In order to exactly match the 

regulating strengths of the two models the relationship between power and guide vane 

opening must be linear. One way to compare the two models would therefore be to 

introduce linear approximations of the relationships in the OPT-tables. This would 

reduce the possible profits but make it possible to match the regulating strengths. Even 

if this approximation would not provide an absolutely accurate value for the possible 

profits it could give an indication of the possible benefits of introducing this new 

governor model.  
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Appendix A 

Attempt 1 of a new type of governor model 

Model description 

The first approach to develop a new type of governor model was to introduce a global 

PI-controller (for the frequency control in each plant) using power feedback as can be 

seen in Figure A – 1. Kp and Ki are the proportional and integral gains of the global 

controller, fset and fmv are the nominal and measured frequencies, ep is the droop, Pset is 

the power setpoint value for the plant and Pc is the power control signal. In addition 

A01-3 are the guide vane opening setpoints for each unit corresponding to Pc, P1-3 are 

the attained powers of each unit and Pmv is the total “measured” power. 

The parameter values for Kp, Ki and ep were defined according to the description in 

section 4.2.2. This was possible since the transfer function is the same as for the 

current governor (see equation (4.4) and (4.5)) if Pc is fed back instead of Pmv. 

 

The operational setpoint for the plant, Pset, corresponding to a total desired discharge is 

determined using the OPT-tables. Pc is the power control signal which is sent from the 
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Figure A – 1 Schematic description of model Attempt 1. The governor uses a 

global PI-controller for the frequency control of the plant and an 

approximation (using OPT- or QP-tables) of the total “measured” 

power in the feedback loop. 
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controller to the OPT-table lookup to determine the optimal distribution of guide vane 

openings to be sent to the servos at each instant in time. 

 

The power produced by each unit in a plant can be measured at their respective 

generators. The power has an oscillating behaviour due to tunnel surge and gate shaft 

oscillations which cause periodic head variations [13]. It is therefore not desirable to 

use the actual measured power in a feedback loop. 

 

The approach was therefore to use the OPT- or QP-tables to determine the powers 

corresponding to each measured guide vane opening. The power produced by each 

unit at each instant in time is then added to a total power Pmv which is fed back to the 

controller. Pmv will not be exactly equal to the power actually being produced by the 

plant. However, this simple solution could still be able to generate better results than 

the current governor. 

 

This approach to a solution was tested both using OPT- and QP-tables. QP-tables 

provide a more accurate translation of the power corresponding to a certain guide vane 

opening for a given unit. However, they were not possible to use because they are 

defined for the net head instead of the gross head. In order to determine the net head 

corresponding to a certain gross head the discharge losses must be known at each 

instant in time which is not the case for this model. 

 

Reason for failure 

As described in section 3.3.1 linear interpolation will be used in the OPT-/QP-tables 

when a value is located in between two rows. The problem with this is that two 

different interpolation intervals may be used for the first and the second table lookup 

(see section 5.1.2). This can lead to a permanent difference between the power control 

signal Pc and the “measured” power Pmv which is not even eliminated by the feedback 

loop in steady state. The mentioned phenomena can be seen in Figure A – 2 which 

depicts the simulated power for a frequency step of -0.10 Hz from the nominal 

frequency of 50.00 Hz. The simulation was performed with the following input data; 

Pset = 204.48 MW, R = 60.00 MW/Hz (ep = 0.096), Hg = 100.00 m and unit 

combination 123. With the stated strength of regulation, R, the achieved steady state 

power should be 210.48 MW (Pset-Δf∙R) which is true for Pmv. However, the power 

control signal, Pc, only reaches about 210 MW in steady state which makes it seem 

like more power is generated than is actually distributed. 



Vattenfall Research and Development AB   

   

 

 Page 3 (3)  

 

Figure A – 3 shows a zoomed view of the first 16 seconds of the simulation seen in 

Figure A – 2. It can be seen that the frequency step occurs at t = 10 s and that the 

power control signal and the “measured” power do not even match when there is no 

applied frequency deviation (for t < 10 s). 

Conclusions 

Due to the problems caused by the interpolations this model attempt is not 

recommended for further studies. 

Figure A – 2 The frequency step response for Pc and Pmv given a frequency 

step of -0.1 Hz, Pset = 204.48 MW and R = 60 MW/Hz. The error is 

not eliminated in steady state. 

Figure A – 3 Zoomed view of the first few seconds of the simulation seen in 

Figure A – 2. The error is present even when no frequency 

deviation occurs. 
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Appendix B 

Attempt 2 of a new type of governor model 

Model description 

The second approach of a new governor model was to develop a controller using the 

actual measured power in the feedback loop. This approach was attempted despite the 

difficulty with the oscillating behaviour of the measured power as no other solution 

for a power feedback seemed possible. The second attempt of a governor model using 

power feedback can be seen in Figure B – 1. Kp and Ki are the proportional and 

integral gains of the global controller, fset and fmv are the nominal and measured 

frequencies, ep is the droop, Pset is the power setpoint value for the plant, Pc is the 

power control signal and Pcorr. is the modified or corrected power (i.e. Pc∙Correction 

factor). In addition A01-3 are the guide vane opening setpoints for each unit 

corresponding to Pcorr., P1-3 are the achieved powers of each unit and Pmv is the total 

“measured” power. 
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Figure B – 1 Schematic description of model Attempt 2. The governor uses a 

global PI-controller for the frequency control of the plant and the 

actually measured power is used in a slow feedback loop to 

create a correction factor for Pc. The low pass filter is used to 

subdue the oscillations in the signal of the measured power. 
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The global controller has the same characteristics as the global controller of the model 

described in section 4.3. 

 

Figure B – 1 shows how the power control signal from the PI-controller is sent to the 

OPT-table lookup. The servo for each unit will receive a signal from the OPT-table 

lookup with the desired guide vane opening and this order will then be implemented. 

After that the power is measured and used as a correction in a slow feedback loop. 

This loop must be slow because the surge period of the water in the tailrace tunnel is 

500 seconds for Plant A [18]. As can be seen in Figure B – 1 the difference between 

the desired and the measured power is fed back via a low pass filter to subdue the 

oscillations and is then transformed into a correction factor which is multiplied with 

the desired power, Pc. 

 

The transfer function from guide vane opening to power models the characteristics of 

the waterways. It is typically given by 

  

  
  

      

        
       . ) 

where the incremental power gain is given by K, the water time constant is Tw and Y 

is the fraction of the current guide vane opening and the guide vane opening at full 

load [19]. 

 

Both the guide vane opening and power for each unit at each instant in time can be 

attained from the OPT-table lookup. This makes it unnecessary to approximate K in 

this study. Another approach to represent the characteristics of the waterways was 

therefore attempted. The power obtained from the OPT-table was approximated to 

behave as the servo transfer function connected in series with the transfer function 

G(s). G(s) describes the characteristics of the waterways and is given by 

 ( )    
     

       
   

  
 

          
        . ) 

where C1 and C2 are constants, ω0 represents the natural frequency of the oscillations 

in rad/s and ζ is the damping ratio [9]. 

 

The first expression is an approximation of the classical transfer function where the 

guide vane opening Y is approximated to be maximal, i.e. equal to 1. For a lower 

discharge the system would be slightly faster but it should not pose a problem in this 

case [20]. 

 

The second expression is used to get the oscillating behaviour caused by the tunnel 

surge. However, it is just an approximation and has not been validated using actual 

measurements of the behaviour of the waterways of Plant A. The oscillations has here 

been approximated to be sinusoidal but this is not exactly true because a part of Plant 
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A’s tailrace tunnel is used as a surge gallery causing open channel flow in parts of the 

tunnel [18]. This flow is disregarded due to the fact that the only point of interest is to 

see how the low pass filter can be used to remove the effects of the oscillations. 

 

With C1 = 0.9 and C2 = 0.1 the generated signal would have the characteristics of the 

classical transfer function but with a small added sinusoidal oscillation. ω0 is 

calculated as  π/T where T is the surge period   00 s) and ζ was set to 0.  [20]. The 

water time constant, Tw, is 1 s for Plant A [18]. 

 

High values  in the order of  ·T seconds) for the low pass filter’s time constant were 

used in order to subdue the response to oscillations. Different time constants as well as 

correction factors were tried in order to respond to the achieved power but not transfer 

an oscillating behaviour onto the signal Pcorr.. 

 

Conclusions 

Many assumptions had to be made regarding the transfer function for the waterways 

and it was therefore very hard to validate if these were good approximations which 

would reflect the real characteristics of the plant. 

 

It was also quite difficult to subdue oscillations with the low pass filter while making a 

good definition for the correction factor which would eliminate errors. 

 

This attempt was abandoned due to the problems connected to the model and a new 

directive that it was desirable if the structure of the current governor could be kept 

almost intact. 


