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MATEMATHYKO MOJAEJIUPAKBE U CUMYJIAILIMJA HA
YIIPABYBABETO CO MAJIU XUJAPOLUEHTPAJIN

ATICTPAKT

Bo oBaa JoKTOpcKa iucepTalnyja ce pasBUeHN HHTETPUPaHU CUMYIIAlHUCKH
JIMHEAPHH M HEJIMHEeapHU KOMILJIEKCHU MOJIENH Ha XHPOEJIEKTPUYHA IIOCTPOJKa U
HCTUTE Cce TIPUMEHEeTH Ha arperarT Ha KOHKpETHa Malla XHIpOIeHTpala.
KoMniekcHHTe MOJelH Ha IOCTpojKaTa Kako MeluHa TI'M  BKIy4YyBaaT
penpeseHTaimuTe  (MaTeMaTHUKUTE  MOJENHM)  Ha  XHAPOJMHAMHKAaTa,
YIIPaByBauYKHUOT CUCTEM M eJIEeKTPOEHEPTreTCKUOT CHCTEM.

Ha moueTrokoT oOf oOBaj TPYR ce pasriaefaHd oOcOOEHOCTHTE W
KapaKTEPUCTHKUTe Ha Manute xuppoueHTpanu (MXIL]) Kako HOCTPOJKH KOH
Kopucrar OOHOBIUB H3BOp Ha eHepruja. OBfe e nafeHa pAedUHUIMjAa U
knacudukaiyja, a pasriaeganu ce u TunosuTe Ha MXII. Iloce6GHo € mageH ocBpT
KOH NuaHupameTo Ha memata Ha MXII, Kako ® OCBPT KOH HMHTErpalHOTO
ypenyBame U UCKOPUCTYBamhe Ha BOJHHUTE PECYPCH, a MCTAaKHATH Ce€ M ylorara u
3HauewmeTo Ha MXII.

HMMajKkn npenBuI JeKa eHepreTCKUTe MOCTPOJKH Ce COCTOJaT Off MOToJIEM
6poj 06jekTH, BO OBaj TPY[A OIpPEAYBAmkeTO HA MaTeMaTHIKHOT MOJeNn e
CIIPOBEJIEHO €TAallHO, IPH IITO € KOPUCTEH METONOT Ha MaTEMaTHYKO-(PU3HIKa
aHan@3a, OasWpaH Ha TpHMeHa Ha OCHOBHUTE (PU3MYKM 3aKOHM KOM ]a
KapaKTepu3upaaT IMHaMHAKaTa Ha npoliecoT. Toa faje MOXHOCT fUHaMHKaTa Ha
OJI€NIHUTE KOHCTPYKTUBHH LeJTHHH (TOJICUCTEMHU) Jla ce UCTPaKyBa IOEeUHEYHO.
OnnenHuTE MOENH, COOIBETHO Ha NoTpebuTe, Mel'yceOHO ce MOBp3yBaaT IPEKY
elUMHUHAIIAja Ha CIOperdaTUTe MIpPOMeHNuBH, ¢opMmupajku Ha TOj HAYHH
KOMILUIEKCEH Mofen Ha cucreMoT. Co Toa, BCYUIHOCT, € U3BPILIEHO NMOCTaByBamhe
Ha MaTeMaTHYKM MOJENH Ha XUIpOoeHepreTcKa IMOCTpojKa pasriefjyBaHa Kako
06jeKT Ha ynpaByBame. MofielnnTe Ha XUAPOEHEPreTCKa MOCTPOjKa BO IEJOCT ce
NpOyYeHHW, KaKO HeNWHeapHUTe, Taka W JIMHeapU3WpaHWUTE W H3BpIICHa &
knacuduKallija Ha HCTHTE CIOpe]] HMBHATa KoMIulekcHOcT. Co NpHMeHa Ha
npe3eHTUpaHUTEe MOJIe]IM € W3BpllieHa WAeHTH(QHKalH]ja Ha KOHKpeTHa Malla
XHAPOIEHTpala, a CHOpOBEJleHa € M JeTalHa KOoMIapaTHBHA aHanus3a Ha
pazmuunuTe Mopnenu. Co Toa, BCyluHOCT, € ¢opMHpaHa ba3a Ha Mopenu 3a
XHIPOEHEPreTcKa MOCTpojKa Koja MoxXe fla Ouie OCHOBa 3a MCTpaXyBame Ha
TMHAMIYKOTO OJIHECYBAHK€ Kaj pasIMyHd XHAPOEHEpPreTCKU IIOCTPOJKH, 3a
npOeKTHpamhe HOBM 3aKOHM Ha YIpaByBame, OTKpHBame H JIOKajH3aluja Ha
HCHCIIPpABHOCTH H CJI.

Bo mokTopckaTa AucepTalyja pa3BHEHH Ce M MaTaMaTUYK{d MOJEIH Ha
wappoarperatoT (TypOuHa-reHepaTop) M Toa 3a paboTa Ha arperaToTr BO
concTBeHa Mpexka (ocTpoBcka pafoTa), Kako M 3a NapanenHa paborta. [dafeH e
LOMEHTap Ha MaTeMaTHYKHTE MOJENU Ha arperaTtoT, a Mpe3eHTHpaHa € H
cEMyIIaICcKa 1leMa Ha MOJEJIOT Ha OIITOBAapyBameTO 3a OCTPOBCKA U 32 MpEXHa
paboTa Ha arperaror.

Co ormej Ha Toa INUTO H3BPIIEH OpraH Ha TYpOMHCKHOT PEryJIaTop €
MCTEMOT 3a TO3WIMOHMparke Ha JIONAaTKATE Ha CIPOBOHUOT amapat, MpH




MaTEMATUYKOTO MoJelupame Ha TYPOMHCKHOT PEryiaaTop, IPBO, JETalHO €
pasriefaHo U MaTeEMaTHIKO MOJENIpakhe Ha eJIEKTPOXUIpayIuueH aKTyaTOPCKH
cucreM. Perymandjata Ha Op3WHaTa Ha BPTEHE Ha arperaTtoT BooOH4YaeHO ce
pemasa co PID perymarop. OBpge, HaieH € ONIIT BOAMY 3a ONTHMAIHO
MoflecyBamke Ha 3achiyBamaTa Ha peryjlaTopoT 3a eJuHuIA Koja cHabnyBa
(mompsKyBa) M30JMpPaHO ONTOBapyBame (WIM Mall eHepreTcku cucreM). ITokpaj
TOa, TIpPEeTCTaBeHa € MW MocTanka 3a OfipefcyBalkeé Ha IlapaMeTpHUTE Ha
peryiaTopoT CO METOJ, Ha IlocTaByBame Ha monoBH. Kako pe3ynTaT Ha BakBaTa
mocTanka Ha CHHTe3a Ha PEeryjJaTopoT ce [JOOHMeHUM aHaNUTHYKH H3pa3H Cco
IOMOIII Ha KOH MOXKe Jla ce IpecMeTaaT [apaMEeTPUTE Ha PperyaaTopoT BO
IIEPOKO TMofipadje Ha paboTa Ha arperaToT (OTBOP Ha CIIPOBOJHOTO KOJIO, Maf,
Op3WHa Ha BPTEHE).

Co cmcTeMaTcKO HMHTerpupame Ha BeKe U3BEJeHUTEe MaTeMaTH4yKU
MOJIEId  Ha:  XHOpPOEHepreTckaTa  IIOCTPOjKa,  €IeKTPO-XUApPayIHuYHHOT
aKTyaTOPCKH CUCTEM, PEryJIaTOPOT Ha Op3WHaTa Ha BPTeHmE Ha XUAPOarperaTtoT
W ONTOBapyBameTO Ofl eNeKTPUYHHOT CHCTEM Ha KOj € IOBp3aHa IOCTpOjKarTa,
dopMHpaH € KOMIUIETeH MOfesl Ha XMApOeNeKTpaHa (XHApayludeH CHCTEM,
TypOuHA, reHepaTop, elNeKTpo-XuipayludeH akTyaTop;, TYPOHHCKH PEryyaTop,
eNIEKTPUYHO ONTOBapyBamke), T.e. (QOpMHpaH € KOMIUIEKCHHOT MOJEeN Ha
3aTBOPEHOTO PETryJalycKo Koo (cucreMoT Ha peryinanuja). MaTerpanujata Ha
MOJIEJIOT € U3BefeHa co nmomoil Ha copreepckuoT naket MATLAB Bo HerosaTa
Simulink oxonuHa, BO KOja ce pealM3dpaHd U CUMYJIALUUTE Ha HHTETPUPAHUOT
momes. OnpefleHN ce NHUHeapeHH U HEJNUHEApEHM CHMYJAIUCKH MOJIENH Ha
[IeTOKYIIHHOT CHCTEM M Toa 3a OCTpOBcka paboTa, Kako M 3a paboTa BO
mapaliellHa MpexKa W UCTHUTEe ce NPHUMEHETH Ha arperaT Ha KOHKpETHa Malia
xugpoesiekTpaHa. [Ipe3eHTUpanu ce pe3ynTaTUTe JOOMEHH CO peallu3upaHuTe
HYMEPHUYKH €KCIepHMEHTAllHH HCTpaxKyBamka, a JaJeHa € W KOMIapaTHBHA
aHajii3a 3a MPOEKTHPaHHTE PEryJaTopH CO pasIM4HU IocTankd. K3spiieHute
CHMYJIAlIHA OBO3MOXKYBaaT TO00pO oco3HaBame U pa3OMpame Ha AMHaMHKATA
Ha TIOCTpOjKaTa, Kako U JedHHHpamkbe U Ipe[BHAYyBamke Ha OJHECYBameTO Ha
XHUIpOLeHTpanara [pyu pa3InyHi paOOTHHA PEXKUMH.

Kayunu 360poBH:  MaTeMaTHIKO MOJeNUpambe, TUHaAMIYKU MOTIC/IN Ha
XuapayiuiHa TypOrHa, perynalyja Ha XuapayJnyHu
TYpOUHH, eIeKTPOXUAPAYINYEH CUCTEM , CAMYJIallHCKH
MOJIeNIH’, JUHAMHKA Ha CUCTEM
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Gordana Janevska

MATHEMATICAL MODELING AND SIMULATION OF
CONTROL OF SMALL HYDRO POWER PLANTS

ABSTRACT

In this doctoral thesis, integrated simulation linear and non-linear complex
models of hydropower plant are developed and the same are applied to the turbine-
generator unit of the specific small hydroelectric plant. Complex models of the plant as
a whole include representations (mathematical models) of the hydrodynamics, control
system and electric power system.

At the beginning of this work, characteristics and features of small hydro power
plant (SHPP) as a plant that use renewable source of energy are discussed. Here, the
definition and classification of SHPP are given, and also the types of SHPP are
reviewed. Particular emphasis is given to the planning of SHPP scheme, the integrated
exploitation and utilization of the water resources are considered, too; and moreover, the
role and significance of SHPP are outlined.

The power plants consist of many objects, so as, in this paper the development of
the mathematical model is performed in phases, using the method of mathematical-
physical analysis based on the application of basic physical laws that characterize the
process dynamics. It gave an opportunity the dynamics of each constructive unit
(subsystem) to be analyzed separately. After that, in accordance with the needs,
mathematical models of individual components are mutually connected through the
coupled variables, thus forming a complex model of the system. Therefore, in fact, the
mathematical models of hydro plant as an object of control are established. The non-
linear as well as linearized models of hydro plant (hydro turbine together with the
hydraulic circuit) were studied in detail, and a classification of them according to their
complexity has been made. The presented models have been applied to specific small
hydro power plant, so as its identification has been made; moreover, a detailed
comparative analysis of different models has been conducted. In that way, essentially,
the base of hydro plant models has been created and it can be use as groundwork In
dynamic studies for various hydro power plants, designing new control laws, fault
detection and isolation and so on.

The power-unit rotor dynamics models for turbine-generator unit supplying an
isolated load, as well as for unit operating in parallel with power system are also
developed in the doctoral thesis. The commentary about the mathematical models of
power-unit rotor dynamics is given, and simulation scheme representing the electrical
subsystem model for islanding and for parallel operation of the turbine-generator unit is
presented.

Having on mind that the electro-hydraulic system for positioning of the gate
regulating ring is the actuator in the turbine control system, in the part where the
controller design is treated, the mathematical modeling of electro-hydraulic actuator
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system is considered at first. Because it is usual case, the PID controller has been used
for controlling rotational speed of the turbine-generator unit. A general guide for
optimum adjustment of the gains of speed governor for a unit supplying an isolated load
(or a small power system) has been provided. Moreover, an analytical procedure for
derivation of the controller parameters based on the pole placement method has been
presented. The procedure gave analytical expressions as a result, and these expressions
a!lc::weq' calculating PID controller parameters in a wide operating range of the power
unit (gate opening, head, speed).

The complete model of hydro power plant (hydraulic circuit, turbine, generator,
electro-hydraulic actuator, turbine governor, electric power load), i.e. the complex
model of the closed loop system has been established through systematic integration of
already derived mathematical models of: hydro plant, electro-hydraulic actuator system,
controller of the rotational speed of turbine-generator unit and electric load from
connected power system. The integration of the model, as well as the simulation of
integrated model has been performed using MATLAB/Simulink software package.
Linear and non-linear simulation models of the entire system for a unit supplying
isolated load, and for a unit operating in parallel with power system, too, have been
built: and moreover, the obtained models have been adapted for a specific small hydro
power plant. The results acquired by performed numerical experiments have been
presented, and also the comparative analysis of the controllers designed with different
procedures has - been given. The benefits of executed simulations are better
comprehension and understanding of the plant dynamics, as well as defining and predict
the hydro power plant behavior at different operating modes.

Key words: mathematical modeling, hydraulic turbine dynamic model, hydro-turbine
control, electro-hydraulic system, simulation model, system dynamics
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