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Zagreb, 2021.



The doctoral thesis was completed at the University of Zagreb Faculty of Electrical

Engineering and Computing, Department of Energy and Power Systems, Zagreb, Croatia

Supervisor: Professor Hrvoje Pand�ić, PhD
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Abstract

Hydro turbine governor applications mainly rely on classical Proportional-Integral-Derivative

(PID) controllers. The main weakness of classical controllers is their design based on a lin-

ear plant model and a �xed parameter scheme. This means that a classical controller can

perform optimally only at the operating point chosen during the controller design. However,

hydro power plants are highly nonlinear systems, thus alternative control approaches based on

adaptive parameters are needed. This research investigates the possibility of applying model

predictive controller (MPC) as the load/frequency controller in hydro turbine governors. In the

�rst part of the research the MPC algorithm is validated on the nonlinear simulation model of

a laboratory hydro power plant, while in the second part of the research the MPC controller is

implemented on a programmable logic controller that is used as a hydro turbine governor in the

hydro power plant available in the Smart Grid laboratory at the University of Zagreb Faculty

of Electrical Engineering and Computing. Furthermore, MPC controller behavior and practical

implementation potential are validated for different operating conditions.

Scienti�c contribution of the thesis consists of the following:

• Model predictive control algorithm for a load/frequency controller of a hydro turbine

governor

• Methodology for real-time implementation of model predictive control algorithm using

programmable logic controller, as well as an evaluation of MPC algorithm's practical

implementation potential for a load/frequency controller of a hydro turbine governor

Keywords: load frequency control, Pelton turbine, programmable logic controller, model

predictive control, hydro turbine governor



Prošireni sa�etak

Modelsko prediktivno upravljanje u regulaciji snage hidroturbine

U modernim elektroenergetskim mre�ama hidroelektrane se koriste kao okosnica za pru�anje

usluga primarne regulacije frekvencije zbog njihove brzine odziva. Naime, hidroelektrane imaju

mogúcnost promjene snage u cijelom podru�cju rada kroz 10 do 15 sekundi. U tom smislu

turbinski regulatori su jedna od glavnih komponenti svake hidroelektrane koji osiguravaju nji-

hovu veliku brzinu odziva. Oṕcenito govoréci svaki turbinski regulator sastoji se regulatora

snage i regulatora brzine vrtnje. Regulator snage se koristi za upravljanje izlaznom snagom

hidroelektrane dok elektrana radi u paralelnom pogonu s krutom mre�om. Regulator brzine

vrtnje se koristi prilikom sinkronizacije hidroelektrane na mre�u kao i prilikom oto�cnog pog-

ona hidroelektrane za regulaciju brzine vrtnje turbine, odnosno regulaciju frekvencije. Klasi�cni

proporcionalno-integracijsko-derivacijski (PID) regulatori naj�ceš́ca su vrsta regulatora koji se

koriste u svrhu turbinske regulacije svih vrsta vodnih turbina. Glavni razlog za to su njihova

robusnost i jednostavnost implementacije. Med̄utim, veliki nedostatak klasi�cnih regulatora s

�ksnim parametrima le�i u�cinjenici da se oni projektiraju na temelju linearnih modela sustava,

dok se simulacije obi�cno obavljaju na nelinearnim modelima.

Budúci da su hidroelektrane izrazito nelinearni sustavi, klasi�cni regulatori s �ksnim parame-

trima mogu raditi optimalno samo u radnoj to�cki za koju su projektirani, dok odmakom od te

radne to�cke dolazi do pogoršavanja upravlja�ckih performansi. U znanstvenoj i stru�cnoj litera-

turi postoji veliki broj metoda za unapred̄enje upravlja�ckih karakteristika hidroelektrana preko

cijelog pogonskog podru�cja prilagōdavajúci parametre regulatora trenutnoj radnoj to�cki. Na-

j �ceš́ce korišteni napredni upravlj�cki algoritmi dostupni u lieraturi su neizrazita logika (engl.

fuzzy logic), metaheuristi�cki algoritam PSO (eng. Particle Swarm Optimization – PSO) te al-

goritmi prediktivnog upravljanja. Mēdutim, pregled dostupne literature ukazao je na nedostatak

trenutno dostupnih algoritama za regulaciju snage hidroelektrane. Naime, niti jedan od dostup-

nih algoritama nije implementiran na komercijalno dostupnom turbinskom regulatoru�cime bi se

provela i prakti�cna validacija upravlja�ckog algoritma. U tom smislu, glavni cilj ovog istra�ivanja

je da ispuni prazninu, odnosno da napravi poveznicu izmed̄u teorijskog razvoja prediktivnog

regulatora snage hidroelektrane i njegove prakti�cne implementacije i validacije na komercijalno

dostupnom turbinskom regulatoru. U doktorskom radu je predstavljen algoritam modelskog

prediktivnog regulatora (engl. Model Predictive Control – MPC) snage�ciji parametri linearnog

predikcijskog modela se a�uriraju u ovisnosti o trenutnoj radnoj to�cki hidroturbine. Nadalje,

predlo�eni algoritam je implementiran i validiran na komercijalno dostupnom turbinskom reg-

ulatoru.

Razvoj upravlja�ckog algoritma proveden je koristeći Matlab razvojnu okolinu te TIA Por-

tal V14 za implemenataciju upravlja�ckog algoritma na programibilni logi�cki kontroler (engl.



Programmable Logic Controller – PLC) turbinskog regulatora. Za prakti�cnu validaciju upravl-

ja�ckog rješenja korišten je PLC tvrtke SIEMENS koji ima oznaku ET200 SP s CPU modulom

1512SP–1 PN. Dodatno, koristeći alat WinCC �exible proširen je i ekran (engl. human machine

interface – HMI) koji se koristi za parametriranje regulatora. Na ovaj na�cin mogúce je mijenjati

ograni�cena koja se koriste u sklopu optimizacijskog algoritma implementiranog prediktivnog

regulatora. Sva tehni�cka ograni�cenja hidroelektrane zasnovana su na parametrima laboratori-

jske hidroelektrane. Dio parametara laboratorijske hidroelektrane javno je dostupan, dok je dio

parametara identi�ciran izravnim mjerenjima na hidroelektrani koja su opisana u doktorskom

radu.

Glavne komponente laboratorijske hidroelektrane korištene za prakti�cnu validaciju pred-

lo�enog algoritma regulacije snage hidroturbine su: tla�cni cjevovod, Pelton turbina te sinkroni

generator. Ovdje treba istaknuti da se tlak na izlazu iz tla�cnog cjevovoda regulira koristeći vo-

denu pumpu koja ima mogućnost regulacije tlaka izmēdu 5.5 bara i 6.5 bara. Na ovaj na�cin

se mo�e simulirati neto pad od 55 m do 65 m. Nadalje, na laboratorijskoj hidroelektrani su

instalirani senzori za mjerenje svih veli�cina potrebnih za realizaciju predlo�enog algoritma up-

ravljanja. U tom smislu na kraju tla�cnog cjevoda instaliran je mjerni pretvornik za mjerenje

tlaka na izlazu iz tla�cnog cjevovoda, enkoder za mjerenje brzine vrtnje turbine, senzori polo�aja

hidrauli�ckih cilindara te na stezaljama sinkronog generatora mjerni pretvornik za mjerenje ener-

getskih veli�cina (djelatna snaga, prividna snaga, jalova snaga, frekvencija mre�e i harmoni�cko

izobli�cenje napona i struja po fazama). Budući da se radi o laboratorijskoj hidroelektrani na

ku�cištu sinkronog generatora instaliran je i senzor za mjerenje vibracija generatora te su u

svakom od faznih namota sinkronog generatora instalirane temparaturne sonde za mjerenje

temparuture svakog namota. Nadalje, budući da je hidroelektrana sastavni dio laboratorijske

mikromre�e realiziran je i daljinski nadzor i upravljanje hidroelektranom koristeći laboratori-

jski centralni nadzorni i upravlja�cki sustav (engl. Supervisory Control and Data Acquisition

System – SCADA). Koristéci laboratorijski SCADA sustav moguće je nadgledati glavna en-

ergetska mjerenja hidroelektrane, brzinu vrtnje turbine te tlak na izlazu iz tla�cnog cjevovoda.

Isto tako mogúce je i slati naloge za pokretanje/zaustavljanje hidroelektrane kao i zahtjeve za

promjenom postavnih vrijednosti djelatne i jalove snage elektrane.

Istra�ivanje je provedeno u dva glavna koraka. U prvom koraku razvijen je algoritam predik-

tivnog regulatora snage hidroelektrane�ciji se parametri linearnog predikcijskog modela a�uri-

raju ovisno o trenutnoj radnoj to�cki hidroelektrane koja je odrēdena tlakom na izlazu iz tla�cnog

cjevovoda, polo�ajem igle koja regulira protok vode kroz turbinu te brzinom vrtnje turbine.

Parametri linearnog predikcijskog modela laboratorijske hidroelektrane su odred̄eni za razli�cite

radne to�cke u ovisnosti o tlaku na izlazu iz tla�cnog cjevovoda i polo�aju igle kojom se reg-

ulira protok vode, dok je brzina vrtnje turbine bila nepromjenjena u svim radnim to�cakama

budúci da je hidroelektrana bila sinkronizirana na mre�u. Koristeći parametre linernog modela
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hidroelektrane koji su odrēdeni za razli�cite radne to�cke formirana je tablica za pretra�ivanje

iz koje prediktivni regulator povláci koe�cjente predikcijskog modela u ovisnosti o tome koja

mu je radna to�cka iz tablice za pretra�ivanje najbli�a trenutnoj radnoj to�cki. Razvijeni up-

ravlja�cki algoritma je potom validiran na nelinearnom simulacijskom modelu laboratorijske

hidroelektrane koja se nalazi u Laboratoriju za napredne elektroenergetske mre�e (SGLab) pri

Fakultetu elektrotehnike i ra�cunarstva Sveu�cilišta u Zagrebu. Simulacijski rezultati su pokazali

da predlo�eni upravlja�cki algoritam ima potencijal za primjenu u sklopu turbinskog regulatora

hidroelektrane. U drugom koraku provedena je prakti�cna implementacija predlo�enog MPC al-

goritma na programibilnom logi�ckom kontroleru koji se koristi kao turbinski regulator labora-

torijske hidroelektrane. Na ovaj na�cin se validirala mogúcnost prakti�cne primjene predlo�enog

MPC regulatora te usporedila kvaliteta odziva MPC regulatora s razli�citim tipovima regulatora,

kao što su GS-PI (engl. Gain-Scheduled PI), PSO-PI te regulator zasnovan na eksponencijal-

nom upravlja�ckom zakonu (engl. Exponential Control Law – EXP), koji su za potrebe validacije

predlo�enog MPC algoritma takōder implementirani na laboratorijskoj hidroelektrani. U tom

smislu, napravljeni su eksperimenti u kojima je hidroelektrana bila sinkronizirana na mre�u

te je za skokovitu promjenu postavne vrijednosti djelatne snage sniman odziv u slu�cajevima

kad je svaki od prethodno spomenutih regulatora bio aktiviran. Kvaliteta odziva se validirala

usporēdujući kriterije brzine odziva, nadvišenja i vremena potrebnog za stabilizaciju odziva.

Neminimalno fazno vladanje koje je �zikalna zna�cajka hidroelektrane u ovom slu�caju nije pro-

matrano budúci da laboratorijska hidroelektrana ima veoma kratak cjevovod i tlak na izlazu iz

cjevovoda je reguliran korištenjem vodene pumpe. Iz tog razloga kod promjene snage pad tlaka

je pratki�cno zanemariv. U pogledu ostalih kriterija hidroelektrana je korištenjem predlo�enog

algoritma prediktivnog upravljanja imala najbr�i odziv i najkraće vrijeme stabilizacije izlazne

snage, dok su ostali tipovi regulatora pokazali superiornost u pogledu nadvišenja odziva. Što se

ti �ce kriterija brzine i stabilizacije odziva ovdje treba istaknuti da je nakon MPC regulatora PSO–

PI regulator imao najbr�e vrijeme odziva i najkraće vrijeme stabilizacije izlazne snage elektrane,

dok je EXP regulator imao najsporije vrijeme odziva i najdu�e vrijeme potrebno za stabilizaciju

izlazne snage hidroelektrane. Isto tako potrebno je istaknuti da su svi tipovi regulatora zado-

voljili sve kriterije uz iznimku EXP regulatora koji nije zadovoljio u pogledu kriterija brzine

odziva. Dakle, drugi korak provedenog istra�ivanja kao glavni cilj imao je popuniti prazninu

izmed̄u teorijskih razmatranja i prakti�cne primjene naprednih upravlja�ckih rješenja za turbinsku

regulaciju hidroelektrana. Nadalje, optimizacijski problem postavljen u sklopu MPC algoritma

je u formi kvadratnog optimizacijskog problema (engl. Quadratic Programming – QP) koji

uklju�cuje ograni�cenja na minimalnu/maksimalnu brzinu promjene upravlja�cke veli�cine kao i na

vrijednost minimalne/maksimalne amplitude upravlja�cke veli�cine. Dodatna prednost ovog is-

tra�ivanja je u de�niranju QP rješava�ca (engl. Solver) prikladnog za prakti�cnu implementaciju

na PLC turbinskog regulatora. U tom smislu Hildrethov algoritam je korišten kao rješava�c
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koji je implementiran na PLC za rješavanje QP optimizacijskog problema u sklopu predstavl-

jenog algoritma upravljanja. Ovaj tip rješava�ca pripada porodici takozvanih dualnih metoda

za rješavanje QP optimizacijskih problema. Dakle, ovaj rješava�c rješava dualni optimizacijski

problem te pronalazi Lagrangeove multiplikatore koji de�niraju aktivni set ograni�cenja primala.

U slu�caju da brzina konvergiranja Lagrangeovih multiplikatora nije zadovoljavajuća mogúce je

povécati broj iteracija koje se koriste za njihov izra�cun. Nakon što su izra�cunati Lagrangeovi

multiplikatori izra�cunava se primal na na�cin da se prvo pronāde rješenje primala bez ograni�cenja

te se oduzme korekcijski�clan koji uklju�cuje aktivna ograni�cenja. Glavna prednost ovog tipa

rješava�ca je njegova robustnost i jednostavnost implementacije na PLC.

U sklopu istra�ivanja takōder je predstavljena i troslojna hijerahijska upravlja�cka strukutra

mikromre�e u koju se mo�e integrirati predlo�eni regulator snage hidroelektrane te koja takod̄er

mo�e poslu�iti kao osnova za integraciju mikromre�e na tr�ište elektri�cne energije. Naime,

u sklopu predlo�ene hijerarhijske strukture upravljanja mikromre�om prvi sloj je zadu�en za

dugoro�cnu optimizaciju pogona mikromre�e, drugi sloj omogućuje da mikromre�a koja je

priklju �cena na mre�u sudjeluje u regulaciji frekvencije. Treći sloj u predlo�enoj hijerahi-

jskoj strukturi predstavljaju lokalni regulatori na razini svake komponente mikromre�e koji su

zadu�eni za prácenje postavnih vrijednosti primljenih iz prva dva sloja.

Izvršavanje hijerahijske strukture upravljanja odvija se u sljedećim koracima. U prvom ko-

raku poziva se prvi upravlja�cki sloj koji zadu�en za dugoro�cnu optimizaciju pogona mikromre�e

u sklopu kojeg se rješava problem dinami�ckog ekonomskog dispe�ciranja mikromre�e. Rezultati

ovog upravlja�ckog sloja su optimalne postavne vrijednosti snage za svaku upravljivu kompo-

nentu laboratorijske mikromre�e. Predikcijski horizont prvog upravlja�ckog sloja je 15 min-

uta uz vremenski korak od 1 minute. U drugom koraku se rezultati prvog upravlja�ckog sloja

prosljed̄uju drugom upravlja�ckom sloju koji je zadu�en za pru�anje primarne regulacije frek-

cencije od strane mikromre�e. U tom smislu drugi upravlja�cki sloj je formuliran kad MPC algo-

ritam s predikcijskim horizontom od 20 sekundi, koji u ovisnosti o odstupanju frekvencije radi

korekcije postavnih vrijednosti upravljivih komponenti mikromre�e. Ukoliko nema odstupanja

frekvencije ne radi se korekcija postavnih vrijednosti primljenih od strane prvog upravlja�ckog

sloja. U zadnjem koraku se postavne vrijednosti koje su rezultat drugog upravlja�ckog sloja

prosljed̄uju lokalnim regulatorima na razini svake komponente koji su zadu�eni za praćenje

primljenih postavnih vrijednosti od strane gornjih upravlja�ckih slojeva. U tom smislu, klasi�cni

regulator snage hidroelektrane koja je dio laboratorijske mikromre�e mogao bi se zamijeniti

regulatorom snage predstavljenim u ovom radu.

Sukladno navedenim koracima istra�ivanja de�nirana su dva doprinosa ove doktorske dis-

ertacije. U tom smislu ova doktorska disertacija za glavni cilj ima popuniti prazninu izmed̄u

teorijskih razmatranja i prakti�cne primjene naprednih algoritama upravljanja u regulaciji snage

hidroturbine.
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Doprinosi doktorske disertacije su formulirani kako je navedeno u nastavku:

• Algoritam modelskog prediktivnog regulatora snage u sklopu turbinskog regulatora hidroelek-

trane.

• Metodologija izvedbe u stvarnom vremenu algoritma modelskog prediktivnog upravljanja

koristéci programibilni logi�cki kontroler te evaluacija njegovog potencijala za prakti�cnu

primjenu u sklopu turbinskog regulatora hidroelektrane.

Klju �cne rije�ci: regulacija snage, Pelton turbina, programibilni logi�cki kontroler, modelsko

prediktivno upravljanje, turbinski regulator
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Chapter 1

Introduction

Stability of power systems is predominantly guaranteed by hydro power plants. Namely, in

modern power systems hydro power plants are primarily used for frequency regulation due to

their fast response capabilities, since large hydro power plants are capable of varying their power

output over the entire operating region within 10-15 s. In that regard, a hydro turbine gover-

nor is a crucial component of any hydro power unit. Classical Proportional-Integral-Derivative

(PID) controllers are the most commonly used controllers in the power sector. The main rea-

son for this is their robustness and straightforward implementation. Although PID-based hydro

turbine governors have been proven ef�cient in practical applications, their main disadvantage

lies in the �xed parameters structure in which the parameters are selected upon the results

of linear models. Since hydro power plants are highly nonlinear systems, to improve the re-

sponse of the plant it is necessary to consider alternative control approaches where parameters

of the controller are updated depending on the current operating point. This thesis proposes

a model predictive control (MPC) based algorithm for the design of the hydro power plant's

load/frequency controller whose internal linear prediction model parameters are being continu-

ously updated depending on the current operating point. Furthermore, the introduced controller

was experimentally validated on a laboratory hydro power plant.

1.1 Background and motivation

As highly nonlinear systems, hydro power plants' ef�cient operation requires control meth-

ods that take into account hard constraints and multivariable effects. Although many control

methods include hard constraints of the plant, probably the most suitable control method that

naturally deals with hard constraints on control variables is MPC [1], [2]. In that regard, it is

reasonable to assume that MPC as a control method can be effectively applied in hydro tur-

bine governor applications. By and large, MPC as a control method has been widely accepted

and used for control of industrial and power plants with slow dynamics such as coal-�red ther-
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mal power plants or heating, ventilation and air conditioning systems. An interested reader is

referred to an overview of MPC applications in [3]. A considerable amount of literature is avail-

able on the application of MPC algorithms on coal/gas-�red thermal power plants, wind power

plants, power converters or even nuclear power plants.

A great attention in the research community has been devoted to the control of power con-

verters by using a �nite control set-MPC, which is a form of explicit MPC algorithm [4], [5], [6].

Furthermore, the application of MPC control strategy for wind power plants was elaborated in

[7], [8], [9] while applicability of an industrial MPC to thermal power plants was demonstrated

in [10], [11], [12]. Additionally, a number of MPC-based approaches are also available for

controlling a cascade of hydro power plants [13], [14], [15], [16]. The idea of applying MPC

algorithm in hydro turbine governor applications is not entirely new [17]. However, there is still

a lack of research that covers the gap between theoretical aspects and practical validation.

Increased computation capabilities of the latest generation of microprocessors and pro-

grammable logic controllers (PLC) used in the governor hardware have enabled the application

of many advanced control methods in hydro turbine governors, e.g. robust control, adaptive

control, sliding mode control, fuzzy-neural control and predictive control, all aiming to improve

control characteristics of the plant over the entire operating region.

1.2 Problem statement

In terms of controlling active power output, the main characteristics of hydro power plants are

their poorly damped poles, nonminimum-phase (NMP) dynamics and nonlinear relationships

between mechanical power, volume �ow of water and guide vane angle for Francis type of tur-

bine or needle position for Pelton type of turbine [18]. Furthermore, the following nonlinearities

are invariably included in hydro turbine governors:

• a �xed rate limit - this constraint is included to prevent excessive pressure variations in

the penstock

• a saturation constraint - this constraint is included in the governor due to physical limita-

tions of the actuator

Since hydro power plants are nonlinear systems, the PID based hydro turbine governors with

�xed parameters can perform optimally only in the vicinity of the operating point chosen during

governor design. In order to improve control characteristics of the hydro power plant over the

entire operating envelope alternative control approaches should be considered. This research

has the main goal to introduce an MPC based algorithm that can be used as an alternative to the

existing classical PID based controllers. The main aim of the introduced algorithm is to increase

the speed of the response of the hydro power plant, while at the same time preventing the

violation of other criteria such as overshoot, undershoot and settling time. The thesis presents
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an MPC algorithm for load/frequency controller of the hydro power plant whose internal linear

prediction model parameters are updated depending on the current operating point. To make a

fair comparison between the introduced MPC algorithm and PID based controller, the classical

controller with �xed parameters has been replaced with gain-scheduled PI (GS-PI), particle

swarm optimization PI (PSO-PI) and the controller based on exponential control law (EXP). In

this manner, the quality of the MPC controller has been practically validated by comparing its

response with the responses of the GS-PI, PSO-PI and EXP controllers.

1.3 Objective of the Thesis

The research conducted in this thesis is oriented towards analyzing the possibility of apply-

ing an MPC based algorithm as an alternative to the widely accepted classical PID based

load/frequency controllers in the hydro power plants. The objective of the conducted research

is to formulate a quadratic programming (QP) problem that is used within the MPC controller.

A linear models, in a form of transfer functions, are de�ned for laboratory hydro power plant's

different operating points. These linear models have been used as a prediction models in the

MPC algorithm. Furthermore, the developed MPC algorithm has been implemented in the PLC

and validated on laboratory hydro power plant by comparing the response to the one of the

GS-PI, PSO-PI, and EXP load/frequency controllers. In this manner, practical implementation

potential of the developed MPC has been assessed.

The research hypotheses assumes that utilization of MPC algorithm as a load/frequency

controller can lead to the improvement of the response characteristics of the hydro power plant

compared to classical PID controllers.

The scienti�c contributions of the thesis are de�ned as follows:

1. Model predictive control algorithm for a load/frequency controller of a hydro turbine

governor.

2. Methodology for real-time implementation of model predictive control algorithm using

programmable logic controller, as well as an evaluation of MPC algorithm's practical

implementation potential for a load/frequency controller of a hydro turbine governor.

1.4 Structure of the Thesis

The thesis is organised as follows. The Chapter 2 provides an introduction and review of related

work in the �eld of hydro turbine governors. The emphasis is given to the existing work on the

application of MPC algorithms in hydro turbine governors. Chapter 3 brie�y explains MPC

as a control technique. The emphasis is given on modelling aspects of the hydro power plants

and general structure of the MPC controller. Chapter 4 introduces the scienti�c contributions of
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the thesis. Chapter 5 presents the list of all relevant publications, while Chapter 6 summarizes

author's contributions to the publications. Finally, Chapter 7 concludes the thesis and introduces

a potential direction for future research.
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Chapter 2

Hydro Turbine Governor

As stated in Chapter 1 classical PID based controllers have been mainly used in hydro turbine

governors. Generally speaking, the overall structure of each hydro turbine governor is made of

two controllers, i.e. speed and load/frequency controller. The speed controller is only active

during the start-up sequence, while the hydro power plant unit is being in the synchronisation

procedure with the utility grid. The load/frequency controller is active only when the hydro

power plant unit works in parallel with the utility grid. The tuning of these type of controllers

is normally based on linear models. However, hydro power plants are nonlinear systems so

any control law design based on linearised representation is a compromise. By and large, the

main objective of controller's tuning is to achieve a good balance between sensitivity, control

effort and the speed of response [19]. In that regard, the tuning procedure for parameters of PID

controllers for hydro turbine governor is based on trade-off among the following criteria:

• primary response - at least 90% of demanded step power change should be realized within

the speci�ed time

• overshoot

• undershoot (NMP behavior)

• settling time.

Furthermore, the parameters of the controller should be chosen in the way that system has

a reasonable values of the phase margin (30� � Pm � 60� ) and the gain margin (2� Gm � 5)

[20]. Various techniques of governor tuning have been introduced in the literature for hydro

turbine governors. These techniques not only indicate stability but also provide information on

the adjustments needed to obtain a given speci�cation of performance. The controller tuning

techniques are applicable for PID controllers with both �xed and adaptive parameters structure,

i.e. PID controllers whose parameters for different operating points have been chosen using

meta-heuristic algorithms or fuzzy logic. Figure 2.1 shows the general overview of the PID

controller tuning techniques. Tuning techniques in blue frames are the most commonly used in

the literature for tuning the parameters of a hydro turbine governor.
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Figure 2.1: Overview of PID tuning techniques (based on analysis in [21], [22]).

2.1 Hydro Turbine Governor - Tuning Techniques

A large body of literature is available in the context of the PID controller design procedures for

the hydro power plants. In the following Sections (2.1.1 and 2.1.2) we give an insight in the

current state-of-the art for the classical tuning techniques and optimization tuning techniques

for hydro turbine governors.

2.1.1 Classical Techniques

Generally speaking, by far the most popular tuning method in use for PID tuning is Ziechler-

Nichols (ZN) method. In that regard, this technique is also very often used for tuning the PID

controller available within the hydro turbine governor. The �rst step in applying this method is

to set the integral and differential gains to zero. In the second step the value of proportional gain

is increased until the system becomes unstable. The value of proportional gainKp at the point

of instability is calledKMAX, while the frequency of oscillation isf0. In the last step, the value

of proportional gainKp is returned to a predetermined amount and the integral and differential
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gains are calculated as a function off0. A �owchart for the ZN method is illustrated in Figure

2.2.

Figure 2.2: Ziegler–Nichols method for tuning P, PI, and PID controllers (adapted from[23]).

A numerous studies are available on hydraulic turbine models and hydro turbine governor

PID design and classical tuning procedures [24], [25], [26]. A comprehensive review on hydro

power plant model development and control is available in [27], [28], [29]. The performance

of small scale hydro power plant using the classical PID controller is investigated in [30], [31].

The reader is also referred to [32], where a PID controller design for the control of hydraulic

turbines over the entire operating envelope based on sensitivity margin speci�cations is pre-

sented. It is shown that due to the NMP behavior of hydraulic turbines, phase and gain margins

as the commonly used PID controller performance indicators could be replaced with a more

adequate metric, i.e. sensitivity margin. Furthermore, the pole placement method is also of-

ten used method for setting the parameters of PID controller in the hydro turbine governor.

The pole placement design procedure for a gain-scheduled PID based speed and load/frequency

controllers for hydro turbine governor is introduced in [33]. Additionally, a gain-scheduled con-

troller for hydraulic turbine in which the PID controller parameters are calculated as a function

of guide vane angle is elaborated in [34].
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2.1.2 Optimization Techniques

Throughout the years, numerous �ndings were obtained for PID tuning methods for more

performance-speci�c criteria and to deal with more complicated systems. In this regard, dif-

ferent optimization techniques were used to obtain optimal parameters of PID based controllers

for different operating points. A large body of literature is available for the design of PID based

hydro turbine governors using the PSO algorithms, fuzzy logic (FL), genetic algorithms (GA),

ant colony optimization (ACO) or arti�cial neural networks (ANN).

Fuzzy logic can be considered as an interface between arti�cial intelligence and control

engineering. The FL controller is integrated in the structure of conventional PID controller to

adjust the parameters of the PID controller on-line according to the change of the signals error

and change of the error. The structure of PID controller based on FL is illustrated in Figure 2.3.

Figure 2.3: Structure of self tuning fuzzy PID controller (adapted from [35]).

Application of FL to obtain the PID parameters of hydro turbine governor is widespread in

the literature. However, as with other optimization tuning techniques there is a lack of research

that combines theoretical analysis with the experimental validation. Hydro turbine governor

based on FL is elaborated in [36], [37], [38]. Hydro turbine governor based on FL was used

to control hydro power plant with several hydraulically coupled turbines [36]. The results have

shown that FL controller could replace the commonly used control arrangement in which each

turbine has an independent PID based hydro turbine governor. Additionally, the fuzzy PID con-

trol strategy for controlling the governor of a hydro power plant during different fault conditions

was proposed in [37]. The potential of fuzzy-neural logic for the development of power system

stabilizers is introduced in [39], [40]. ANN algorithm was used to develop a control system that

automatically adjusts the turbine speed based on the current operating conditions [41], [42].

In the context of optimization tuning techniques for the parameters of the hydro turbine

governor a great attention in the research community was paid to the use of evolutionary algo-

rithms. PSO algorithms are the most commonly technique used in PID tuning [43]. In PSO

technique, there is population of particles. These particles move through the solution space to
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�nd optimal solution based on a cost function. Integral absolute error (IAE), integral square

error (ISE), integral time absolute error (ITAE) and integral time square error (ITSE) are the

most commonly used types of cost functions in these algorithms. The system keeps a track of

the best solution obtained in the previous iteration and each individual particle keeps a track of

its own individual best solution. Based on these two principles, each particle moves to a new

position decided by a velocity and its current position. The particle velocity is dependent on the

global and particle's best solution. Furthermore, the GA algorithms are also often used for PID

tuning [43]. The structure of PID controller based on GA-PID is illustrated in Figure 2.4.

Figure 2.4: Structure of the GA-PID controller [44].
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An improved evolutionary programming algorithm with a deterministic mutation factor for

online PID parameters optimization of a hydro turbine governor is presented in [45]. The reader

is also referred to [46], where the ACO technique was applied to obtain the parameters of the

PID controller. The results have shown that the PID controller whose parameters are obtained

in that way outperforms the PID controller with parameters obtained using the classical ZN

technique. Furthermore, improved PSO techniques were applied for tuning the hydro turbine

governor PID parameters [47], [48], [49]. The results of this research have shown that the

PSO is an effective and easily implementable method for optimal tuning of PID parameters in a

hydro turbine governor. Additionally, PSO technique have shown application potential for the

development of power system stabilizers [50], [51].

2.2 Hydro Turbine Governors Based on Advanced Control

Structures

In the context of advanced control algorithms, sliding mode control, robust control and EXP

controllers are proven as a promising techniques that can be used for the design of hydro turbine

governors.

Since hydro power plants, due to their role in primary frequency regulation, are crucial

to enable stable operation of power system, a great research attention has been paid to the

development of hydro turbine governors based on robust control algorithm. The reader is re-

ferred to [52], [53], [54], [55], [56] ,[57], where robust control algorithms are applied for the

development of PID based hydro turbine governor. An algorithm for stability design of a pole-

placement adaptive controller based on the parameter space method is introduced in [52]. The

results have shown that the proposed controller is robust and can guarantee system stability

over the entire plant's operating region. The dynamic behavior of hydraulically coupled tur-

bines with emphasis on oscillations that occur at certain frequencies during the black start is

investigated in [53]. In this case, a robust control techniques for the synthesis of the controller

that takes into account these oscillations has been applied. Furthermore, a method for robust

PID controller design is proposed in [54]. In this regard, the proposed controller has shown

a good performance ensuring stability over many operating points in terms of guaranteed gain

and phase margins. An interesting approach is proposed in [57], where an control algorithm

based on optimal pole shift theory to damp out load angle and speed oscillations through the

excitation and governor subsystems in a hydro power plant connected as single machine in�nite

bus system, is introduced.

The reader is also referred to [58], [59], [60], [61], [62], [63], [64], where a sliding mode

control for hydro turbine governors is elaborated. A hydro turbine governor is designed using

the control method of reduced-order sliding mode [58]. A group of parameters of the prede�ned
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sliding surface is set up using a genetic algorithm, while a fuzzy interface system is utilized to

decrease the chattering problem. A similar approach is used in [59], where a hydro turbine gov-

ernor has been designed combining the sliding mode control with fuzzy logic. In this approach

a prede�ned sliding surface guarantees the robustness of the controller, while the chattering

phenomenon is mitigated by the fuzzy logic. Furthermore, a complimentary sliding mode con-

troller for the control of variable speed hydro power plant is developed in [62]. The ef�ciency

of the proposed controller over the wide range of operating conditions is demonstrated. The

reader is also referred to [65], where a hydro power governor based on EXP controller is used

to minimize the initial active power negative excursions due to the water hammer effect.

2.3 Applications of MPC in Hydro Turbine Governors

Predictive control algorithms, as advanced control algorithms, are also applicable for the design

of hydro turbine governors. The reader is referred to [66], [17], [67] where MPC algorithms are

applied for the design of hydro turbine governors. The predictive feedforward term is included

in the structure of conventional hydro turbine governor [66]. The results have shown that in part-

load operation mode the predictive feedforward term can signi�cantly improve plant's response.

Additionally, for practical application aspects it is important to emphasize that predictive feed-

forward term is incorporated in the structure of conventional governor with �xed-parameters

structure. This implies that predictive feedforward term can easily be integrated in the gov-

ernor's PLC. A generalized predictive control algorithm has been applied as a hydro turbine

governor to a simulation model of a pumped storage hydro power plant [17]. The possibilities

of the proposed predictive algorithm have been demonstrated by comparing the response of lin-

ear plant model with constrained predictive control algorithm with the response of conventional

PI controller. The results have shown that predictive control algorithm could improve the plant's

response over the entire operating region. Furthermore, a predictive control algorithm for the

design of a hydro turbine governor based on neural networks is introduced in [67]. The pro-

posed algorithm consists of one-step ahead neuropredictor and neurocontroller. The role of the

neuropredictor is twofold. Namely, the �rst role of the neuropredictor is to track the dynamic

characteristics of the plant, while the second role is to predict plant's output. The main role of

the neurocontroller is to produce optimal control signal. The proposed algorithm is validated

on a linear simulation plant model of the plant. Additionally, the reader is referred to [68], [69],

[70], where control strategy based on an MPC algorithm has been applied for variable speed

hydro power plants. An MPC controller was proposed to orchestrate the turbine controller with

the virtual synchronous generator control of the power electronics converter used to integrate

the hydro power plant in the grid. The conducted simulations have shown that the virtual syn-

chronous generator control could provide fast power responses by utilizing the rotational energy
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of the turbine and the generator, while at the same time the MPC algorithm controls the guide

vane opening of the turbine to regain the nominal turbine rotational speed. To summarize, the

main conclusion of the conducted studies is that the introduced predictive control system allows

the variable speed hydro power plants to provide fast frequency reserves.

2.4 Industrial Standards for Hydro Turbine Governors

The applicable industrial standards for the hydro power plants are de�ned by the Hydroelectric

Power IEEE Subcommittee. The main intention of these standards is to provide the guidelines

for operation and maintenance of the hydro power plants. The overview of the most relevant

industrial standards with respect to hydro turbine governors is given in Table 2.1.

Table 2.1: Overview of industrial standards for hydro turbine governors.

Standard Short description

IEEE Std. 125-2007 [71]

This standard recommends performance characteristics

and equipment for electric-hydraulic governors for all types of

hydraulic turbines intended to drive electric generators of all sizes.

IEEE Std. 1010-2006 [72]

This standard describes the control and monitoring requirements

for equipment and systems associated with all types of

hydro power plants. It includes typical methods of local and

remote control, details of the control interfaces for plant equipment,

and requirements for centralized and off-site control.

IEEE Std. 1020-1988 [73]

This standard is a guide with the objective

of assisting in the planning, design, development and operation

of control systems for small scale hydro power plants.

IEEE Std. 1147-2005 [74]

This standard describes some alternatives

that should be considered before carrying out a

rehabilitation of hydro power plants.

IEEE Std. 1207-2004 [75]

This guide provides application details

and addresses the impact of plant and system

features on hydro power unit governing performance.

IEEE Std. 1248-1998 [76]

This guide describes tests performed

and provides processes to be followed during the commissioning

of electrical and control systems in hydro power plants.

IEEE Std. 1249-1996 [77]

This guide addresses the application,

design concepts, and implementation of computer-based control

systems for hydro power plant automation.
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2.5 Connections to the Contributions

The literature review presented in Chapter 2 showed that comprehensive work in the area of

hydro turbine governors already exists. The �rst contribution of the thesis is related with dif-

ferent types of controllers used in hydro turbine governors that are discussed in Sections 2.1.1,

2.1.2, 2.3, 2.4. Namely, these sections elaborated currently available control algorithms in the

literature for hydro turbine governors. The �rst contribution of this thesis is an extension of

the existing body of knowledge by introducing a load/frequency controller of the hydro turbine

governor based on MPC algorithm whose prediction model coef�cients are updated depending

on the current operating point. Furthermore, the literature review also revealed a gap between

theoretical contributions and industrial practice. The intention of the thesis's second contri-

bution is to �ll this gap and to analyse a practical implementation potential of the proposed

predictive control algorithm.
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Chapter 3

Hydro Power Plants - Modelling and

Control

This chapter brie�y introduces the reader with the main elements of the hydro power plant and

the fundamental relationships between the elements of the hydro power plant. The modelling

details for the components of the laboratory hydro power plant which is used for experimen-

tal validations are omitted intentionally from this chapter and only the operating principle of

the hydro power plant is discussed. However, the reader is referred to [Pub1], [Pub2], where

modeling details for the components of the laboratory hydro power plant are available.

Over the last couple of decades, increasing concern about the pollution of environment

triggered the investments in small-scale hydro power plants. The main advantages of small-

scale hydro power plants compared to the conventional hydro power plants are signi�cantly

lower investment cost and lower environmental �ngerprint. By and large, the small-scale hydro

power plants are not associated with environmental degradation because of reduced levels of

civil-engineering activities and negligible capacity of water impoundment. In the literature,

there is no clear consensus on the upper limit for the de�nition of small-scale hydro power

plants. However, a Table 3.1 gives a general classi�cation of small-scale hydro power plants

with respect to the installed capacity. Important to emphasize is that the laboratory hydro power

plant used for experimental testing has rated power of 20 kVA which means it can be classi�ed

as a microhydro power plant.

3.1 Hydro Power Plant Models

The large change in behavior of nonlinear plants across its operating region requires different

control objectives. In that regard, different control actions are required for each variation in the

operating point. The nonlinear dynamic characteristics of hydro power plants are dependent

on a set point change and disturbances, causing a shift from its optimum operating point. A
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Table 3.1: Classi�cation of small-scale hydro power plants with respect to installed capacity.

Classi�cation Installed Capacity

Picohydro
<=5 kW [78]

<=10 kW [79]

Microhydro

<=20 kW [80]

between 5 kW and 100 kW [81], [82]

<=100 kW [83]

between 10 kW and 200 kW [84]

<=500 kW [79]

Mini hydro between 500 kW and 2 MW [79]

Small hydro

<=10 MW [85]

between 100 kW and 10 MW [83]

between 2.5 MW and 25 MW [79]

crucial component of any hydro power plant is a hydro turbine governor, which provides a

means of controlling a frequency and power. As hydro power plants are highly nonlinear,

the turbine model considered in the design of the hydro turbine governor plays a crucial role.

In that regard, a great attention has been paid towards linearized models. Governor tuning

based on classic techniques has been done using a liner representation of the turbine system.

However, this tuning is valid only for small signal performance studies, i.e. in the vicinity of

the operating points. This means that load variations should be within +/-10% of the rated

power, while frequency variations should be +/-1% of the rated value. A linearized model is

not suitable for large variations in power output (>+/-25% of the rated power) and frequency

(>+/-8%) [86]. Since hydraulic turbines have highly nonlinear characteristics that vary with the

current operating point, i.e. with the unpredictable load on the unit, a controller with �xed-

parameters structure can not perform optimally. Namely, the controller parameters are chosen

for the worst operating conditions. In case of large variations of operating points to capture

a nonlinear characteristics a different nonlinear models of the hydro power plant are required.

The basic requirement for nonlinear hydro power plant model is to include the effect of water

compressibility, i.e. inclusion of water wave re�ections which occurs in the elastic-wall pipe

carrying compressible �uid [87]. The type of hydro power plant model is specially important for

plants with long penstock. Furthermore, a penstock-turbine model with elastic water column

effect is also important for modelling a hydro power plants with long penstock and multiple

units. Another important aspect that should be considered is hydraulic coupling that occurs

between the units in the plant. The reader is referred to [88], [89], where hydraulic coupling

effect between units in the plant is explained. Generally speaking, the research conducted so

far in the �eld of hydro power plants is so comprehensive that is dif�cult to cover all aspects of
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modelling, operation and control in various con�gurations. However, the general overview that

summarizes the most commonly used hydro power plant models is illustrated in Figure 3.1.

Figure 3.1: Overview of hydro power plant models (adapted from [27]).

Generally, the hydro power plant models can be classi�ed as: linear (non-elastic) models

and nonlinear (elastic) models. The linear models use equations linearized at an operating

point, while nonlinear models use nonlinear relationship between mechanical power, turbine

head, turbine �ow and gate/needle opening depending on the type of turbine. Furthermore, in

case of necessity for more detailed modelling a surge tank, if exist, could be incorporated in the

hydro power plant model. Hydro turbine governor design is usually based on models with non-

elastic column. These models are designed based on following assumptions: velocity of water

proportional to gate position, inelastic penstock wall and incompressible water �ow, turbine

output proportional to the product of head and volume �ow and negligible hydraulic resistance.

If a more detailed model is needed, which takes into account the compressibility property of

water and elastic property of the penstock, then a model with elastic water column effect is

applied. In this type of model a pressure wave in the penstock is represented as a hydraulic

transmission line terminated by an open circuit at the side of turbine and a short circuit at side

of water reservoir [90], [91], [92]. These models are dif�cult to apply in system stability studies,

since the parameters of the model are distributed.

The laboratory hydro power used for practical validation has a very short penstock. In that

regard, it is reasonable to apply linear model with non-elastic water column for the development

of plant prediction model used within the MPC algorithm. Although, the details on the plant

parameters are available in [Pub1] and [Pub2], a detailed schematic diagram of the laboratory

hydro power plant is illustrated in Figure 3.2. The main components of the laboratory hydro

power plant are water reservoir with the pump, a penstock, Pelton turbine and synchronous
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generator. The characteristics of the Pelton turbine are discussed in Section 3.1.1.

Figure 3.2: Schematic diagram of the laboratory hydro power plant in SGLab (adapted from [93]).
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3.1.1 Impulse Turbines

The main characteristic of impulse turbines is that the hydraulic energy is �rst converted into

kinetic energy in a form of free water jet by nozzles. Then the water jet from nozzles hits the

turbine runner blades. This causes a change of momentum of the jet. Consequently, a force

is created on the runner blades causing the rotation of the turbine. Furthermore, in impulse

turbines the pressure across the turbine runner is constant at atmospheric pressure. This implies

that the turbine runner is not submerged in the water. Compared to reaction turbines, impulse

turbines do not require special pressure casing, which results in lower investments cost. The

main representative of the impulse turbines is the Pelton turbine. Depending on the size of

turbine, Pelton turbine can have one or more nozzles. Figure 3.3 illustrates the Pelton turbine

with one nozzle, while Figure 3.4 explains the basic functioning of Pelton turbine. Namely, the

water jet from nozzles hits buckets that are positioned around periphery of the rim. When the jet

from nozzles hits the bucket it is split in half by a ridge, so each half of the jet is de�ected and

turned back. The de�ection of the jet occurs at nearly 180� [94]. This maximizes the turbine

power production. The jet, i.e. water �ow, in Pelton turbines is controlled by a needle at the end

of nozzle. Namely, the needle adjusts the �ow through the nozzle to the turbine runner causing

the power to increase or decrease.

Figure 3.3: Sketch of a small scale Pelton turbine [79].
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Figure 3.4: Basic functioning of a Pelton turbine [85].

3.2 Model Predictive Controller

This section brie�y introduces the reader with MPC control technique. MPC is an advanced

control technique of process control that is used to control a process, while satisfying a set of

physical or economical constraints. A literature review in Section 2.3 has shown that the hydro

turbine governor based on MPC algorithm has a potential to improve the performance of hydro

power plant due to the integrated control approach and the following features:

• takes actuator limitations into account,

• enables the process to operate near constraints,

• has a short updating time,

• deals with multivariable processes.

MPC is a general name for all optimization based control techniques that �nd the future control

sequence by looking for the minimum of a cost function over a �xed prediction horizon. Figure

3.5 illustrates the basic concept of MPC.

The basic operating principle of the MPC is to calculate, using the mathematical model

of the plant, the predicted control signal over a de�ned horizon in the future. The control

signal calculation is performed in a way to minimize the performance index. Furthermore, an

MPC technique can also calculate future reference trajectory that the output of the system must

follow. This thesis de�nes an MPC based load/frequency controller that produces reference

trajectory for the controller that controls the positioning of the hydraulic piston. Namely, in

case of laboratory hydro power plant used used for experimental validation (refer to Figure

3.2) hydraulic piston is responsible for changing the position of the needle in the nozzle and

consequently increase or decrease active power production of the plant.
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As mentioned previously, the control sequence calculation is performed based on optimiza-

tion criteria. The optimization criteria for a given control problem is de�ned in a form of

objective function. The form of objective function and constraints in the formulation of the

MPC algorithm depend on the goal of the applied MPC algorithm. Namely, the MPC algorithm

can be applied to optimize operating cost of the process, e.g. power plant, microgrid, industrial

facility, etc., or to improve the control characteristics of the plant. For instance, the reader is

referred to [Pub3], where three-level hierarchical control approach for microgrids is introduced.

The �rst two control levels are based on MPC, while the third one can use conventional con-

trollers or MPC based controllers. The �rst control level is responsible for long-term behavior

of the microgrid and ignores transient behavior of fast dynamic. The main goal of this control

level is to minimize operating costs of the microgrid. In that regard, the �rst control level is

an dynamic economic dispatch (DED) problem. The objective function and constraints are lin-

ear and the problem is set up as linear programming problem (LP). The second control level

is responsible for primary frequency provision in grid-connected mode of microgrid operation.

The optimization problem in this level is set up in a form of quadratic programming problem

(QP). Furthermore, this control level is based on more accurate representation of speci�c de-

vices within the microgrid and real-time control problem is solved on an aggregated level. The

lowest control level in this control setup is responsible for tracking the optimal set points re-

ceived from upper two control levels. This control level can be based on classical controllers or

on MPC based controller introduced in this thesis.

Figure 3.5: MPC strategy.
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3.2.1 Constrained Quadratic Programming Formulation

An MPC based controller de�ned in this thesis is set up as an QP optimization problem. The

standard QP optimization problem has been extensively investigated in the literature [95]. The

QP optimization problem implies that objective functionalf is quadratic and the constraintsh

andg are linear inx 2 Rn. The general form of QP is de�ned as [96]:

min f (x) :=
1
2

xTBx� xTb (3.1)

overx 2 Rn

subject to:

A1x = c (3.2)

A2x � d; (3.3)

whereB 2 Rnxn is symmetric,A1 2 Rmxn, A2 2 Rpxn, andb 2 Rn, c 2 Rm, d 2 Rp.

The QP (3.1)-(3.3) can be solved iteratively by active set strategies or interior point methods

where each iteration requires the solution of an equality constrained QP problem.

3.2.2 Hildreth Algorithm

Hildreth's algorithm belongs to a family of dual methods for solving QP problems. Generally

speaking, a dual method can be used systematically to identify the constraints that are not

active. These constraints can be eliminated in the �nal solution of the QP problem. The reader

is referred to [97], where a formulation of Hildreth's algorithms is given. However, in here we

will point out the main advantages of this method. The main advantages of Hildreth's algorithm

in solving QP problems can brie�y be summarized as follows:

• relatively simple implementation of the algorithm,

• the algorithm does not require matrix inversion since it is based on element by element

search,

• in case of infeasible solution the algorithm will use the unconstrained solution limited to

the value of constraints.

Keeping in mind the above mentioned advantages the Hildreth's algorithm is chosen as a solver

for solving the QP problem formulated for load/frequency controller in the hydro turbine gov-

ernor. To summarize, the algorithm has ability to automatically recover from an ill-conditioned

constrained problem which is essential for the safety of the plant operation.
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3.3 Quality of the Hydro Power Plant Response

In order to validate the quality of the predictive controller response compared to other types

of controllers the speci�cation for the transient and steady-state responses of a hydro power

plant operating in grid-connected mode should be de�ned. In that regard, the reader is referred

to [98], where speci�cations of hydro power plant response are de�ned. When comparing the

quality of the response between different types of load/frequency controllers implemented in

the laboratory hydro power plant the criteria illustrated in Figure 3.6 are used.

Figure 3.6: Speci�cations of the plant response [Pub4].

The �rst criterionC1 named primary response de�nes that at least 90% of demanded step

power change should be realized within speci�ed timetc1. The second criterionC2 is related

to the overshoot, while the third criterionC3 is related to settling time. It should be emphasized

that the undershoot (C4 criterion) related to the NMP behavior of the hydro power plant is not

considered in the evaluation of the quality of the response of different controllers, since the

laboratory hydro power plant has a very short penstock and the water pressure at the end of

penstock is regulated by the water pump.
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Chapter 4

Main Scienti�c Contributions of the Thesis

The thesis has two scienti�c contributions. The �rst part of the thesis deals with the develop-

ment and validation of a load/frequency predictive controller on a nonlinear simulation model of

a laboratory hydro power plant available in SGLab at University of Zagreb Faculty of Electrical

Engineering and Computing. The second part of the thesis deals with the practical implementa-

tion of the proposed MPC controller on the PLC that is used as a hydro turbine governor of the

laboratory hydro power plant.

The achieved scienti�c contributions of the research conducted in this thesis are de�ned as

follows:

1) Model predictive control algorithm for a load/frequency controller of a hydro tur-

bine governor

Hydro power plants are highly nonlinear systems whose power production control has nu-

merous challenges. Industrial practice has shown that classical controllers with �xed-parameters

can be used for controlling the hydro power plants. However, these controllers are conserva-

tively designed for the worst case operating scenario. This implies that the plant operates opti-

mally only in the vicinity of the operating point chosen during the controller design. The litera-

ture review conducted in Chapter 2 showed that alternative controllers based on parameters that

are updated depending on the current operating point could improve the control characteristics

of the plant.

We have introduced a load/frequency controller based on MPC algorithm whose internal

prediction model coef�cients are updated depending on the current operating point [Pub1],

[Pub2], [Pub4]. Simulation results have shown that this controller could be used as an alterna-

tive to the existing classical controllers applied in practice.

2) Methodology for real-time implementation of model predictive control algorithm us-

ing programmable logic controller, as well as an evaluation of MPC algorithm's practical

implementation potential for a load/frequency controller of a hydro turbine governor

The literature review clearly indicated that there is a gap between theoretical contributions
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and industrial practice with respect to the hydro turbine governor applications.

The introduced load/frequency controller based on MPC has been implemented on the PLC

that serves as a hydro turbine governor of a laboratory hydro power plant [Pub2]. The prac-

tical implementation potential of the proposed predictive controller is validated by comparing

the response of predictive controller with the responses of GS-PID, PSO-PID and EXP con-

trollers. A currently existing gap between theoretical contributions and industrial practice has

been reduced in this way.

Additional contribution of the research conducted in this thesis is the introduction of the

three-level hierarchical control framework for optimal operation of the microgrids [Pub3]. The

load/frequency predictive controller introduced in this thesis can be incorporated in the lowest

control level responsible for tracking the optimal set points received from upper two control

levels.
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List of Publications

The main publication, both journal and conference ones that are related to the thesis are listed

as follows:

Journal Papers

[Pub1] M. Beus and H. Pand�ić, “Application of an adaptive model predictive control algo-

rithm on the pelton turbine governor control,”IET Renewable Power Generation, vol. 14,

pp. 1720–1727, Apr. 2020,ISSN: 1752-1416.DOI: 10.1049/iet-rpg.2019.1291

[Pub2] M. Beus and H. Pand�ić, “Practical Implementation of a Hydro Power Unit Active Power

Regulation Based on an MPC Algorithm,”IEEE Transactions on Energy Conversion,

pp. 1–1, Jul. 2021,ISSN: 1558-0059.DOI: 10.1109/TEC.2021.3094059

[Pub3] M. Beus, F. Banis, H. Pand�ić, and N. Poulsen, “Three-level hierarchical microgrid con-

trol - model development and laboratory implementation,”Electric Power System Re-

search, vol. 189, Dec. 2020,ISSN: 0378-7796.DOI: 10.1016/j.epsr.2020.106758

Conference Papers

[Pub4] M. Beus and H. Pand�ić, “Application of Model Predictive Control Algorithm on a Hydro

Turbine Governor Control,” in2018 Power Systems Computation Conference (PSCC),

IEEE, Jun. 2018, pp. 1–7.DOI: 10.23919/PSCC.2018.8442594
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Chapter 6

Author's Contributions to the Publications

The research results presented in this thesis ([Pub1], [Pub2], [Pub3], [Pub4]) are based on

the research conducted during the period 2017-2021 at the University of Zagreb Faculty of

Electrical Engineering and Computing, Department of Energy and Power Systems under the

guidance of the supervisor professor Hrvoje Pand�ić, PhD. The results are related with the

following research projects:

• Title: microGrid Positioning (uGrip); funding: SmartGrids Plus ERA-Net

• Title: Flexibility of Converter-based Microgrids (FLEXIBASE); funding: Croatian Sci-

ence Foundation

• Title: Smart Integration of RENewables (SIREN); funding: Croatian Science Foundation

and Croatian Transmission System Operator (HOPS)

• Title: Universal Communication and Control System for Industrial Facilities (UKUS);

funding: The European Regional Development Fund Operational programme Competi-

tiveness and Cohesion

The thesis consists of 4 publications written in collaboration with coauthors. The author is

listed as the leading author in all journal and a conference publications. The author's contri-

butions to each published paper include manuscript writing and presentation, development of

a control algorithm, establishing experimental setup and conducting experiments, and results

analysis.

Author's contributions in each publication are de�ned as follows:

[Pub1] In the journal paper entitled: "Application of an adaptive model predictive control algo-

rithm on the Pelton turbine governor control", the author: identi�ed the need for advanced

control approaches in hydro turbine governor applications, conducted literature review,

develop load/frequency controller based on MPC, wrote the manuscript and analysed the

results.

[Pub2] In the journal paper entitled: "Practical Implementation of a Hydro Power Unit Active

Power Regulation Based on an MPC Algorithm", the author: formulated the predictive
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control algorithm, conducted literature review, performed practical implementation of

the predictive control algorithm on the PLC (establish laboratory setup), performed the

experiments, wrote the manuscript and elaborated the results.

[Pub3] In the journal paper entitled: "Three-level hierarchical microgrid control—model devel-

opment and laboratory implementation", the author: envisioned three level control frame-

work for the microgrid, conducted literature review, formulated the �rst control level

based on dynamic economic dispatch algorithm, established the experimental setup, per-

formed the experiments and wrote the manuscript.

[Pub4] In the conference paper entitled: "Application of Model Predictive Control Algorithm on

a Hydro Turbine Governor Control", the author: conducted literature review, de�ned the

control algorithm, created the simulation model of the hydro power plant, wrote the paper

and presented the paper at the conference.
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Chapter 7

Conclusion and Future Directions

The presented thesis conducted through research in the �eld of hydro power plant control pro-

vided insights in the practical application potential of load/frequency controllers based on an

MPC algorithm. The Section 7.1 will brie�y summarize the main conclusions of the thesis,

while Section 7.2 will de�ne author's future research directions.

7.1 The Main Conclusions of the Thesis

The research conducted in this thesis is oriented towards analyzing the possibility of applying

an MPC based algorithm as an alternative to the widely accepted PID based load/frequency con-

trollers in the hydro power plants. The research started with the identi�cation of all currently

available types of load/frequency controllers in the literature. Although, different types of ad-

vanced controllers, including predictive controllers, have already been de�ned for hydro turbine

governors, the literature review has revealed that there is a lack of research in the practical vali-

dation of advanced control algorithms in the hydro turbine governors. The intermediate step of

conducted research was to de�ne a load/frequency controller based on an MPC algorithm. The

introduced algorithm includes the update of the coef�cients of linear prediction model depend-

ing on the current operating point. The simulation results shows a superiority of this algorithm

compared to the classical PID based load/frequency controllers. In the last step of conducted

research the developed MPC algorithm has been implemented to the laboratory hydro power

plant's governor PLC. To validate the practical application potential of the proposed algorithm

the response of MPC based load/frequency controller has been compared to the responses of

GS-PI, PSO-PI and EXP controllers. The results shows improved control characteristics of the

plant. It is also shown that this type of control algorithm has a potential for practical application

in hydro turbine governors.
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7.2 Future Research Directions

Each hydro turbine governor consists of two controllers, i.e. the load/frequency controller and

the speed controller. The research conducted in this thesis is focused solely on the load/frequency

controller which is active only when hydro power unit operates in parallel with the utility grid.

This implies that additional research is possible with respect to the speed controllers. In that

regard, the author's future research direction will be oriented towards developing a speed con-

troller based on MPC algorithm and validating its practical implementation potential. In this

way, a hydro turbine governor based on MPC algorithm could be applicable in all operating

modes of the hydro power plant, i.e. grid-connected mode of operation and islanded mode of

operation.
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Mateo Beus je trenutno zaposlen kao iskusni istra�iva�c i asistent na Zavodu za visoki napon i

energetiku Fakulteta elektrotehnike i ra�cunarstva Sveu�cilišta u Zagrebu. Prvostupnik na istom

fakultetu je postao 2012, a diplomirao je 2014. Njegovo radno iskustvo takod̄er uklju�cuje i rad

kao in�enjer u Brodarskom institutu (2014.-2015.) te tvrtki ECCOS in�enjering d.o.o. (2015.-

2016.).

Njegovo podru�cje interesa uklju�cuje automatizaciju distribucijskih mre�a, integraciju i up-

ravljanje distribuiranim izvorima energije, upravljanje hidroelektranama te upravljanje i zaštitu

u mikromre�ama.

Sudjelovao je u brojnim znanstvenim projektima �nanciranim od strane Europske komisije

te Hrvatske zaklade za znanost. Većina projekata na kojima je radio povezana je s mikrom-

re�ama (upravljanje, zaštita te aspekti tr�išne integracije). Nadalje, sudjelovao je i u pisanju

prijave za neke od projekata.

Uklju �cen je takōder i u nastavne aktivnosti na diplomskom studiju kao asistent (Tr�ište elek-

tri �cne energije, Spremnici energije, Razdjelne mre�e i distribuirana proizvodnja, Automatizacija

elektri�cnih postrojenja, itd.).

Objavio je véci broj radova u�casopisima (5) i konferencijama (10).
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