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ABSTRACT

Hulyi V. S. Methods and means of increasing the efficiency of secondary load
frequency control in the power system involving thermal power plant iir@salify-
ing scientific work in the form of a manuscript

Thesis submittedior fulfilment of the Candidate of echnicalScience degree
(PhD) onthe specialty 05.14.02 power stations, networks and systems (141 Power
engineering, electrical engineering and electromechariidgxtional Technical Uni-
versity of UkrkKyine RdIgytre Shrkioabslkryst i t u

Thesis is devoted to s@the emergingscientific and practicalproblemon in-
creasing the efficiency of second&mad frequencygontrol (LFC) in the power system
by involving thermal power planfTPP) units in seondaryload frequencycontrol,
taking into account the specific features of boiler equipment oper#iaias a high
importance for the Integrated Power Sys{##8) of Ukraine inLFC.

In the firstpart performed thanalysisof the current conditioand main direc-
tions of thedevelopmenbf Automatic Generation Contr¢RGC) and approaches to

LFCin the power systenktstablished aignificant increase in the installed capacity of
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renewable energy sourcesthelPSof Ukrainethatleads to a reduction in the overall
system inertia antb a decrease in the effectivenesd.B6C, while the integration of
the IPS of Ukrainewith the power system of Western European countries recalires
strict compliance with.FC standards.

Performed theanalysis of the requirements for primary and secontgfy in
power systems of different countries, including Ukrailfbe observation showed a
deficit for secondary_FC in the IPSof Ukraine. At the same time, a numberTé&tP
units undewentextensve modernizationthatimproves their maneuverability charac-
teristics and enables their involvement in secontB&fy, therebyallowing to eliminate
the existing deficit of regulating capagcityeetcurrent requirements arcreag the
efficiency of seconary LFC in the power system.

The analysis of studies related to power contrallePsrevealedhe decline in
the output power othe unit when a control signal for increasing output power is ap-
plied, which is caused by the specific operating featureBPéfsboiler equipment.
Identified new properties indicatiee necessity inncreasng the efficiency of second-
ary LFC in the power system by developitigeapproach to secondaky-C that takes
into account the operational characteristics of boiler equipo@ertinvolvement of
TPPunits in secondariFC.

In the secongbart of thesiAGC and power system modelere developedin
particular, a model of @PPunit wascreatedn orderto study the processes of second-
aryLFC, with considerations regardinige specific operational characteristics of boiler
equipmentBased orexperimentaltrials results verification of the model confirmed
its high accuracy and enablkdther researcbf the influenceof boiler equipment on
the effectivenes®f LFC in the power system.

AGC modelwas developed thansures the integration ®PPunits and hydro-
electric units into secondakby=C. The model incorporates both systevel and plant
level strictures and fully supports all operating modes of AGC.

In the current thesiadynamic model of the power systemas developed using
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PowerFactory softwaré'his model include$21 buses, 279 synchronous generators
of thermal and hydro power plants, 350 transmission lines af7&tkV, 376 trans-
formersand 200 load node®lodel includes interconnection lines with a neighboring
power system and operates in parallel mode. Secoh&&ris performed by the AGC.
Verification of the developed model basedaumrentdata from the existingride area
measuremensystem confirmed its accuracy and compliance with the actual system
behavior.

In the thirdsectionof the thesis thanalysis of the resultsas performed from
the asessment of TPRzarticipation in secondaiyFC, taking into account the specific
operational characteristics of boiler equipmamtusing a simplified twearea power
system modellt was established théthe usageof Pl-controller in the AGC leads to
the elevationin the transient process time and the magnitude of overshoot, which re-
duces theefficiencyof LFC in the power system.

Identified characteristics of the AGC and the power system indicatenthe
portance for théncreasean theefficiency of secondry LFC with consideration othe
operation of boiler equipment IFPPs Theadaptive fuzzy logibased controliewas
developed that was ableteduce overshoot by 22% addcreas¢he regulation time
by 14%.SimultaneouslythisLFC approach does notke intoconsideratiorthe limi-
tations of power flows in the controlled interconnections.

To address thisssue,it was proposed to applye modelof predictive control
(MPC), which takes into account constraints on power reserves, sgsgEnhse, and
flows in controlled interconnectionMethod uses a mathematical model of the system
to predict its future behavior and optimize control actions while considering these con-
straints.

In the fourth part of the thesis the regulator was developed with ajghiczt
the method ilPowerFactoryhat was previouslglready proposed. For implementation
of fastinteroperabilitypetweenPowerFactoryandMatlab, a directprogrammer inter-
faceof PowerFactoryvas used. This allowed to upload specific compiled libraniat
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contain a number of functions with input of inlet gnoht-endparameters. the model
of Matlab was compiled to external libraryorder to export the model of MR€gu-
lator from Matlab. Current approach allowed to substantially decrease the tinredeq
to perform calculations and modelling.

Investigation of thé.FC efficiencywith the usage ahe proposed approacias
carried out on a dynamic model of the power systmalysis of the results confirmed
a decrease in thefficiency of LFC when conglering the specific operational charac-
teristics of boiler equipment and the use of &étitroller in the AGC: the regulation
time increased by 17%, and the overshoot increased by 3%. The application of th
developed controller based on the MPC methodaed the regulation time by 42%
and decreased the maximum overload in one of the controlled interconnections by 56¢
compared to the Riontroller. Analysis of the conducted research confirmsdtie
ciencyof the proposed approaetith the involvement off PP units inthe secondary
LFC of thepower system.

Recommendationwereformulatedin orderto improve the efficiency of AGC
operation by taking into account the specific operational characteristics of boiler equip:
ment inTPPs while involving them inLFC processes in the power system

Practical significancef the workis based othe development dfFC approach
that accounts for the specific operational characteristics of boiler equipment in gener
ating units. The application of the proposed approach enhances the effici&iay of
under both interconnected and isolated operation of the power sy&edis of the
conductedesearclenabled the formulation of AGC requirements and the involvement
of TPPs in secondary control with acceptable performance characteristics.

Separatgarts ofresearch results of were includedaineady publishednanu-
scripts "Scientific foundations, approaches, and methods for reducing the impact of
low-frequency power oscillations on the operation modes of the Integrated power sys
tem" (Project No. DR 0114U002532, 202916), "Investigation of primaryFC and
damping of lowfrequency power oscillations in the IPS of Ukraine" (Contract No.
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469, 2015; CustomeNPC"Ukrenergo", Project No. DR69, 20152018), "Methods
and means of optimal control of hydropower units, thermal power plant units, and RES
units under frequency and powflw variations in the Integrated Power System" (Pro-
ject No. DR 0117U004260, 2002019). Results wereimplemented inteaching
courses ANAutomatic Control Theor ygs an
well as in the execution of qualification andgearch projecten graduate prograwf
the Department of Power Systems Automation, Faculty of Electrical Power Engineer-
ing and Automationnt he Nat i onal Technical Uni ve
Kyiv Polytechnic Institutebo

Keywords:load frequency ontrol, power flow constraints, model predictive
control, boiler equipment, thermal power plant, optimal control, automatic generation

control, power system.
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#¥Jy=tmm

A=

E=

o=

o=

[-1000,0,0,0,0,0,0;
O, -1000,0,0,0,0,0;
0,0,-1000,0,0,0,0;
O,0,0,-1000,0,0,0;
O,0,0,0,-1000,0,0;
0,0,0,0,0,-1000,0;
o,0,0,0,0,0,-10007;
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o,0,1,0,0,0,0;
O,0,0,1,0,0,0;
o,0,0,0,1,0,0;
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o,0,0,0,0,0,1];
[-288.984,-267.993,-340.076,-351 596, -2B5.587,-257.146, -820. 065; ¢ll=pecma—1
-221.088,-126.666, 341 _238,-358.9378,-259.877,-43.386,-805.217;% [l=peTun—2
-267.721,-275.270, 546 057, 625. 783, -258 . 263, -289 052,-311 . 688;% [lep=mm=—1
-1.183,-1.619,-92 496,663 _116,-0.342,-1_049,-48_571;% [l=p=Ti=—2
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o,0,0,0,0,0,0;
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o,0,0,0,0,0,0];

T==0.01;

plant===(&,B,C, D ;

cplant=cid (plant, T=} ;

Hzte==2;

Hikrte==8
HEute==1;

Hdote==2:
Hinge==8;
Hiahge==6;
Hiange==24:

HWPCoby = mpeoi{plant, Ts);

HBZoby . Fredictionforizon = 1000;

HPCoby . ControlHorizon = 200;

MPCoby Model Hominal U0 = [0;0;0;0;0;0;0];

HMPCoby .Model Hominal | ¥

[0;0;0;0;0;0;01;

HMEPCoby MV (1) .Min = -100000;
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HPCobj MV (1) .Max =
MPCoby MV (2] .Min =

HEPZob] MV (2] .Max

HWPZobj MV (3] .Min =

HMPZobj MV (3] .Max
MPZoby .MV (4] .Min
HPToby MV (4] .Max
HPCobj MV (5] .Min
HMPZoby MV (5] .Max
MPZoby MV (6] .Min
HPCobj .MV (6] .Max
MPZoby MV (7] .Min

MPZoby MV (7] .Max =

100000;
-100000;
100000;
-100000;
100000 ;
-100000;
100000 ;
-100000;
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-100000;
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-100000;
100000 ;

#¥% specify constraints foxr OV

MPZoby OV (1) .Min =

MPZoby 0T (1) .Max
MPZoby .0V (2] .Min
HMPZoby .0V (2] .Max
HPCobj .0V (3] .Min
HMPZoby .0V (3] .Max
MPCoky .0V (4) .Min
HEPZok] .0V (4] .Max
HWPZoby .0V (5] .Min
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MECchy Weight= MU = [1
MECobj .Weights.HVBate =
MECohy . Weight=.OU = [1
MECcoks .Weight=. ECRE = 10

—-0.001041“Nete=;
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-0.000416“Nkxtan
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-0.000416+HEButes;
0. 00041 6+ KEButes -
-0.000416“Ndotes;
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