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HucepraiiitHa poOoTa NMpPUCBSYEHA BUPIMIEHHIO HAYKOBO-IPUKIAIHOI 3a7adi
MIJBUIICHHS €(QEeKTUBHOCTI Ta HAIIMHOCTI EHEPrOCUCTEMH, a TaKOX CTIMKOCTI
YaCTOTHOTO PpETYJIOBaHHA B TIOpUIHUX EHEprocucreMax 3 Tra30TypOIHHUMHU
YCTAaHOBKaMH Ta aKyMYJSATOPHHMMH HaKonmudyBadamu eHeprii. PobGoTa posrisgae
CydYacHI CHUCTEMH YIPaBIIHHS Ta aBTOMATHUYHI CHCTEMH YIIPABJIIHHS €HEPTeTUUYHUMU
00’ekTaMM B yMOBax 3pOCTAlOUYUX BUMOI [0 HAJIHHOTO EHEPronoCTavyaHHs.
AKTyanpHICTh pOOOTH 3yMOBJIEHA HEOOXITHICTIO aICKBATHOI'O MATEMATHYHOI'O OITUCY
JUHAMIYHUX BJIACTUBOCTEH ra30TypOIHHHMX YCTAHOBOK IS 3ajad aBTOMAaTH3aIlii Ta
YIPaBIIHHAS, YCKIAIHECHHSIM TPOIIECIB YaCTOTHOTO PETYJIFOBAHHS B OaraTOMamImHHUAX
CHEprocucTeMax, a TaKOX 3HWKCHHSM I1HEPIIHHOCTI CyYaCHUX EHEPrOCHCTEM 1
noTpeOOrO MiIBUIICHHS X JUHAMIYHOI Ta aBapiifHOI CTIMKOCTI 3a paXyHOK 1HTerpartii
aKyMyJIATOPDHUX CHUCTEM 30epiraHHs eHeprii. ICHyroul miaxoAu He 3a0e3MeuyroTh
KOMITJIEKCHOTO BpaxyBaHHS B3a€MOJIl IWHAMIYHUX TMPOIECIB Yy Ta30TypOIHHUX
arperatrax, BKJIIOYAIOYM IMPOLECH 3 YYacTIO JONOMDKHHMX Ta3iB, 0cOOJMBOCTEH
pPO3MOJUTY PEryJIOBAIbHUX BIUIMBIB Ta OOMEXKEHb aKyMYJSTOPHUX HAKOMUYYBaylB,
0 3YMOBIIIOE HEOOXIJHICTh pO3pOOJEHHS y3araJlbHEHUX MOJEel 1 METO/iB
KepyBaHHSA. 3 1I€l0 METOK B JUCEpTallli TMOCTaBJICHO 3ajady IiABUIIECHHS
eeKTUBHOCTI Ta HAMIMHOCTI YAaCTOTHOTO pPETYJIOBAaHHS IIUISXOM CTBOPEHHS
y3araJbHEHUX JTUHAMIYHUX MOJENe Tra3oTypOIHHUX YCTaHOBOK, PO3POOJICHHS
IMITAIIHHUX MoOJieel OaraToOMallMHHUX EHEProCUCTEeM, YJIOCKOHAJICHHS METO/IIB

pPO3NOJAUTY pEryJIOBaJIbHUX BIUIMBIB Ta OOIPYHTYBaHHS 1€papXi4HUX CTPYKTYp



KepyBaHHS T1IOPUIHIMH EHEPTOCUCTEMaMH 3 YPaxXyBaHHIM 0OMEKECHb aKyMYJISITOPHUX
HAKOIMMWYYyBaviB y MEKax KOHIENIIi MOAEIIbHO-OPIEHTOBAHOTO TPOEKTYBAHHSI.

VY nepuiomy po3aiii « AHalIi3 ICHYIOUYMX METO/IIB aBTOMAaTU30BAHOI'O KEPYBaHHS
Ta aBTOMATHYHHUX CHCTEM VIPABIIHHS YaCTOTHUMHU PEXKUMaMU Ta30TypOIHHUX
EHEprocucTeM 3  YpaXxyBaHHSIM  HAJIAHOCTI  €HEPrOCHUCTEMH,  HAJIIAHOTO
€HEepronocTayaHHsl Ta HOPMOBAaHHUX MOKA3HMKIB KOCT1» OJEPKAHO TaAKl PE3YJIbTATH:

— BHUKOHAHO aHaJi3 MaTEeMaTUYHUX MojeNiel ra3oTypOiHHMX YCTaHOBOK Ta
BCTAHOBJICHO, III0 ICHYIOUl MIAX0AM ab00 MarTh HAAMIPHY CKIQJHICTh, a00 He
3a0€3Meuy0Th JOCTAaTHLOT aJICKBATHOCTI P JOCIIIKEHH] MEePEeX1THUX MPOIECIB, 110
3YMOBJIFOE€ HEOOXITHICTh PO3POOJIEHHS y3arajibHEHOI JMHAMIYHOI MOJenl 13
30CepeHKCHUMH TTapaMeTpamMu;

— IOCHIPKEHO Cy4acHI MAXOAN 10 aBTOMAaTU30BAaHOTO KEPYBAHHS YaCTOTOIO B
OaraTOMalllMHHUX EHEPrOCHCTeMAaX 1 BUSBICHO OOMEKEHICTh ICHYIOUHMX METOMIB
po3MoaLTy 30ypeHb, 30KpeMa HEJOCTaTHE BpPaxyBaHHS JAMHAMIUHHUX XapaKTEPUCTHUK
YCTaHOBOK, 1X MO>KJIMBOCTEH 0 MAHEBPYBAHHSI MOTY>KHICTIO 1 3HaKy 30ypeHHS;

— MpOaHaJIi30BAaHO METOAM MiJBUIICHHS IWHAMIYHOI Ta aBapidHOI CTIHKOCTI
SHEProCUCTEM 3 aKyMYJSITOPHUMHU HAKONMWYyBa4aMH Ta BCTAHOBIIEHO HEOOXiTHICTH
CTBOPEHHS KOMIUIEKCHUX MOJIEJIEH 1 METOI1B KepyBaHHS, 1110 BPaXOBYIOTh OOMEKEHHSI
HAKOIMMWYYyBayviB 1 MOKJIMBI JIErPaI0BaHl PEXKUMHU pOOOTH CUCTEMHU.

Y nmpyromy posaini «MoaenpbHO-OpiEHTOBAHE MPOEKTYBAHHS T4 MaTEeMaTHYHE
MOJICITIOBAaHHSI Ta30TYypOIHHUX YCTaHOBOK 31 30CEPEIPKCHHMH TapaMeTpaMHu:
JUHAMIYH1 MOJIEJl, MOJIeNIl ampoKCHUMAIlil, JTOMOMIXHI Ta3d Ta aHalli3 JUHAMIYHUX
BJIACTUBOCTEH MpU 3MIHHIA HOMIHAJIBbHIM MOTYKHOCT1» pO3pOOJIEHO y3araibHEHY
JUHAMIYHY MOJEJNIb Ta30TypOIHHOI YCTaHOBKH, IO BIATBOPIOE OCHOBHI (Di3UYHI
nporiecu Ta 3a0e3nedye MOKIIUBICTD TOCHIKEHHS MEPEX1THIX PEXKUMIB y IAPOKOMY
miarna3oHl HaBaHTAKEHb.

— po3polsieHa MOJeNb Tra30TypOIHHOI YCTaHOBKM c(opMOBaHA Ha OCHOBI

H1IX0Y 31 30CEPEKEHUMHU MTapaMeTpaMH Ta BKJIKOYAE B3a€MOMOB’s13aHl MMIJICUCTEMHU



poTopa, KamMepu B3TOpsIHHS Ta Ta30BUX O0’€MIB, i SKHX OTPUMAHO CHCTEMY
nudepeHIialbHUX PIBHSHD, 110 aJIEKBATHO OMKUCYE 1HEPITIHHI, TEIJIOBI Ta MAaCOOOMIHHI1
MPOIIECU TIPU MaJTUX BIIXUJICHHSX B1Jl pOOOUYOT TOUKH;

— YIOCKOHAJIGHO MiAX1J M0 MapaMeTpu3aiii AUHAMIYHOI MOJEINI IUIIXOM
y3araJibHEHHS Pe3yJbTaTiB IMITAIIHHOTO MOJEIIOBAHHS Ta OTPUMAaHHS MO/Ieiei
anpoKCcUMaIlll y BUTJIS/1 3aJIEKHOCTEH KOe(PIIEHTIB MOJENI 1 MapaMeTpiB MEePEXiTHUX
MPOIIECIB BiJ] HOMIHAJIIBHOT TOTY>KHOCTI YCTaHOBKH;

— OTpUMaHI pe3yJIbTaTH 3a0€3MeUNIN MOXKIUBICTh MACIITA0yBaHHS MOJCII JJIsI
YCTAHOBOK PI3HOT MOTY>KHOCTI Ta MiJABUIIEHHS TOYHOCT! JOCIIJI)KCHHS JUHAMIYHUX
peXUMIB PoOOTH Ta30TypOIHHUX YCTAaHOBOK Yy CKJaJl EHEProCHCTEM, a TaKOXK
CTBOPHWJIM OCHOBY ISl il BUKOPHUCTAHHS B 3aja4aX CHHTE3y CHCTEM aBTOMATHYHOTO
peryaroBaHHS.

VY Tpethomy posniii «ImiTamiiiHa aBTOMaTUYHA CHUCTEMa YIPaBIiHHS (CUCTeMa
KEepyBaHHs1) YaCTOTOO TOpUIHOI EHEPrOCUCTEMH 3 ra30TypOIHHUMH YCTAHOBKaMU Ta
JOCITIIKEHHS TIPOIIECIB MAaHEBPYBAHHS MOTYXKHICTIO» PO3POOJICHO IMITAIIIITHY MOJIENb
OaraToMalIMHHOI CHEPrOCUCTEMH Ta BUKOHAHO JIOCITIKEHHS BIUTHBY PEKUMIB pOOOTH
YCTAaHOBOK 1 CTpaTerii po3monairy 30ypeHb Ha HOPMOBaHI TOKA3HUKH SKOCTI
YaCTOTHOT'O PETYJIIOBAHHS SIK €JIEMEHTIB CUCTEMU CTa01mi3aIli.

— po3poOiieHa IMITalliiiHa MOJEeib BKJIOYa€e YHI(IKOBaHI MapaMeTpU30BaHI
JTUHAMIYHI MOJEIi Ta30TypOIHHUX YCTAaHOBOK 31 3MIHHUMH IMapaMeTpamu, o0’ €THaHi
CHIJIbHUM YaCTOTHHUM KOHTYPOM, a TAaKOX peajli30BaHi aJITOPUTMH PO3IOJLTY 30ypeHb
aKTUBHOI TOTYXHOCTI 3 YpaXyBaHHSIM B3a€MHOTO JWHAMIYHOTO BIUIMBY arperartiB y
OaraToMalIMHHIN CHUCTEMI;

— YIOCKOHAJICHO CHCTEMY KEpPYBaHHS YaCTOTHHM PEKHMOM IUIIXOM
KOMITJIEKCHOTO JIOCHTI/DKEHHS BIUTMBY PEXHUMIB POOOTH Ta30TypOIHHUX YCTaHOBOK
(HaBaHTa)XEHHS, Tapsiuuii pe3epB) 1 CTpaTerid po3noAiry 30ypeHb, 10 J03BOJIHIO
BCTAaHOBUTH BU3HAYaJIbHY pPOJb PETYJIbOBAHUX arperaTiB Ta BUSBUTH 3JICKHICThH

e(peKTUBHOCTI CTpaTeriii KepyBaHHA BiJl yMOB (DYHKIIIOHYBaHHS CHCTEMU;



— OTpUMaHI1 pe3yJbTaTH J03BOJIMIM OOIPYHTYBATHU JOLUIBHICTH aJallTUBHOIO
NepEMUKAHHS CTpaTeTii po3MoIiiay 30ypeHb aKTUBHOI MOTYKHOCTI 3aJI€XKHO B1J] 3HAKY
nucOanaHcy, M0 3a0e3rnedye TMIIBUINCHHS SKOCTI Ta HAIIHHOCTI YacTOTHOTO
peryaoBaHHs B OaraToOMaIInHHINA €eHEProCUCTEMI.

VY derBepTromy po3aini «Mojeni Ta alropuTMH aBTOMAaTH3allli yHpaBIiHHS
YaCTOTHUM PETYIIOBAHHIM CHEPTOCHCTEM 3 Ta30TypOiHHUMHU Ta aKyMyJISTOPHUMH
yCTAaHOBKaMH 3 IMIJIBUINCHOI HATIMHICTIO CHCTeMH cTrabimzalii» po3pobieHo
MaTeMaTU4Hl Ta IMITAIiHI MOJENl 1 METOAM CTPYKTYpPHOIO CHHTE3Y CHUCTEMU
MIEPBUHHOTO YaCTOTHOTO PETYJIFOBAHHS.

— po3pobiieHa y3arajilbHeHa MOJENb TIOpUIHOT EHEProCUCTEMH BKIIOYAE
ra3oTypOiHHI YCTaHOBKM Ta aKyMYJISITOPHI HAKOMUYyBaul €HEPrii, 1HTErpoBaHi Y
CHUIBHUN KOHTYp TMEPBUHHOTO YACTOTHOTO PETYJIIOBaHHS, 3 YpaXyBaHHSIM JTUHAMIKH
HAKOIMMWYyBava, 0OMEXEHb 3a CTAHOM 3apsiLy, MOTY>KHICTIO Ta EHEPTEeTUYHOIO EMHICTIO;

— YIIOCKOHAJICHO CTPYKTYpPy aBTOMATH30BAaHOI CHUCTEMHU KEpPyBaHHS IUIIXOM
peamizamii 1€papXiYHOTO TMPHUHIHUITY PO3MOAUTY QYHKIIA MIXK IIBUAKOIIFOYAM
aKyMyJIATOPHUM KaHAJIOM 1 IHEpUIMHUMU Ta30TYypOIHHUMHU YCTAaHOBKAMH, a TaKOX
BIIPOBA/PKCHHSI QJITOPUTMIB BiJIHOBJICHHS €HEPTETHYHOTO CTaHy HAKOMWYyBada Ta
aHai3y allbTepHATUBHUX (TMapajebHUX 1 KOMOIHOBAHUX) CTPYKTYpP KEpYyBaHHS;

— OTpUMaHI pe3yJibTaTH 3a0€3MEUUIN MIJBUIICHHS JWHAMIYHOI Ta aBapiitHOI
YaCTOTHOI CTIMKOCTI T1OPHIHOI €HEPrOoCUCTEMH, 3MCHIIICHHS TITMOMHU Ta IMIBHJIKOCTI
BIIXWJIEHb YacTOTHM B TMEPEXiJIHUX TMpoliecax, MJABUIIEHHS e()EeKTUBHOCTI
BUKOPUCTAHHS aKyMYJIITOPHUX HAKOMTMYYBaUiB Y KOHTYPi IEPBUHHOTO PETYTFOBAHHSI.
a TAaKOX HAJIHHOCTI CHEPTrOCUCTEMH.

Omxke, oTpuMaHi pe3yibTaTH 3a0€3MEUMIN JOCSITHEHHS TIOCTaBJICHOI METH
JTUCEPTAIITHOTO JOCTIDKCHHS] Ta TMIABUIICHHS e()EeKTUBHOCTI (YHKIIIOHYBaHHS
CyYaCHHUX aBTOMATU30BAHUX €HEPTETUYHUX CHUCTEM.
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ABSTRACT

Yavorskyi Oleksandr Volodymyrovych. Models of automated control of
frequency modes of gas turbine power systems with batteries. — Qualification scientific
work as a manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 151 —
Automation and Computer-Integrated Technologies. — Odesa Polytechnic National
University of the Ministry of Education and Science of Ukraine, Odesa, 2026.

The dissertation is devoted to solving a scientific and applied problem of
improving the efficiency and reliability of power systems, as well as the stability of
frequency control in hybrid power systems with gas turbine units and battery energy
storage systems. The work considers modern control systems and automatic control
systems of power facilities under conditions of increasing requirements for reliable
power supply. The relevance of the work is determined by the need for an adequate
mathematical description of the dynamic properties of gas turbine units for automation

and control tasks, the increasing complexity of frequency regulation processes in multi-



machine power systems, as well as the reduction of inertia in modern power systems
and the need to improve their dynamic and emergency stability through the integration
of battery energy storage systems. Existing approaches do not provide a comprehensive
account of the interaction of dynamic processes in gas turbine units, including processes
involving auxiliary gases, the features of distributing control actions, and the limitations
of battery storage systems, which necessitates the development of generalized models
and control methods. For this purpose, the dissertation sets the task of improving the
efficiency and reliability of frequency control by developing generalized dynamic
models of gas turbine units, simulation models of multi-machine power systems,
improving methods for distributing control actions, and substantiating hierarchical
control structures of hybrid power systems considering the limitations of battery storage
systems within the concept of model-based design.

In the first section, “Analysis of existing methods of automated control and
automatic control systems of frequency modes of gas turbine power systems
considering power system reliability, reliable power supply, and standardized quality
indicators,” the following results were obtained:

— an analysis of mathematical models of gas turbine units was carried out, and it
was established that existing approaches are either overly complex or do not provide
sufficient adequacy in transient studies, which necessitates the development of a
generalized dynamic model with lumped parameters;

— modern approaches to automated frequency control in multi-machine power
systems were studied, and the limitations of existing disturbance distribution methods
were identified, in particular insufficient consideration of the dynamic characteristics
of units, their capability for power maneuvering, and the sign of the disturbance;

— methods for improving the dynamic and emergency stability of power systems
with battery storage were analyzed, and the need for developing comprehensive models
and control methods that consider storage limitations and possible degraded operating

modes was established.



In the second section, “Model-based design and mathematical modeling of gas
turbine units with lumped parameters: dynamic models, approximation models,
auxiliary gases, and analysis of dynamic properties at variable rated power,” a
generalized dynamic model of a gas turbine unit was developed, which reproduces the
main physical processes and enables the study of transient modes over a wide range of
loads.

— the developed model of the gas turbine unit is based on a lumped-parameter
approach and includes interconnected subsystems of the rotor, combustion chamber,
and gas volumes, for which a system of differential equations was obtained that
adequately describes inertial, thermal, and mass transfer processes under small
deviations from the operating point;

— the approach to parameterization of the dynamic model was improved by
generalizing simulation results and obtaining approximation models in the form of
dependencies of model coefficients and transient process parameters on the rated power
of the unit;

— the obtained results made it possible to scale the model for units of different
capacities and improve the accuracy of studying dynamic operating modes of gas
turbine units within power systems, as well as provided a basis for its application in
automatic control system synthesis.

In the third section, “Simulation automatic control system (control system) of
frequency of a hybrid power system with gas turbine units and study of power
maneuvering processes,” a simulation model of a multi-machine power system was
developed, and the influence of operating modes and disturbance distribution strategies
on standardized quality indicators of frequency control as elements of a stabilization
system was studied.

— the developed simulation model includes unified parameterized dynamic

models of gas turbine units with variable parameters, combined by a common frequency



loop, as well as implemented algorithms for distributing active power disturbances
considering the mutual dynamic influence of units in a multi-machine system;

— the control system of the frequency mode was improved through a
comprehensive study of the influence of operating modes of gas turbine units (load,
spinning reserve) and disturbance distribution strategies, which made it possible to
determine the decisive role of controlled units and reveal the dependence of control
strategy efficiency on system operating conditions;

— the obtained results substantiated the feasibility of adaptive switching of
disturbance distribution strategies depending on the sign of imbalance, which ensures
improved quality and reliability of frequency control in a multi-machine power system.

In the fourth section, “Frequency control of a hybrid power system with gas
turbine units and battery electrical systems as a stabilization system with increased
reliability and efficient automation of control,” mathematical and simulation models
and methods for structural synthesis of the primary frequency control system were
developed.

— the developed generalized model of the hybrid power system includes gas
turbine units and battery energy storage systems integrated into a common primary
frequency control loop, considering storage dynamics, state-of-charge limitations,
power, and energy capacity constraints;

— the structure of the automated control system was improved by implementing
a hierarchical principle of function distribution between a fast-acting battery channel
and inertial gas turbine units, as well as introducing algorithms for restoring the energy
state of the storage and analyzing alternative (parallel and combined) control structures;

— the obtained results ensured an increase in dynamic and emergency frequency
stability of the hybrid power system, a reduction in the depth and rate of frequency
deviations in transient processes, an increase in the efficiency of battery storage use in

the primary control loop, as well as an improvement in power system reliability.



Thus, the obtained results ensured the achievement of the goal of the dissertation
research and improved the efficiency of functioning of modern automated power
systems.

Keywords: control system, model-based design, dynamic model, automation,
control, automatic control system, power maneuvering, approximation model, auxiliary
gases, power system reliability, reliability, reliable power supply, stabilization system,

control system, standardized quality indicators.
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