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ZYGFRYD DOMACHOWSKI

Poland*

Optimization Study of a Turbine-Generator Power Governor for Stochastic
; Control Input

The shift in the grid frequency affects the turbine-generators taking part in the primary
frequency control of an electrical power system, as a double input, namely as a signal
measured by the power governor and as a quantity causing instantaneous changes in the
generator slip. That shift in the grid frequency is a stochastic process. The automatic control
of power system aims to minimize the frequency error by changing a power of turbine-
generators under consideration according to the frequency error. Hence the value of the
variance of turbine-generator power error can be adopted as the performance criterion of
a turbine-generator power control system. In this case the optimization of a turbine-
-generator power control system consists in an analysis of optimum settings of the
DOWET governor. ‘
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Fig. 1. Block scheme of turbine-generator power control circuit

If the power of a turbine-generator is the controlled variable and if the frequency-to-
power steady-state characteristics are linear a block diagram of the control circuit as illu-
sirated in Fig. 1 can be adopted, where f, is the power system frequency, e—the power
error, P,—the power command, P,—the turbine-generator power, M—the frequency
sensor, R—the governor, T—the turbine-generator. PI (proportional-integrating) and PID
proportional-intergrating-differential) governors are practically applied in such a turbine-
senerator power control system. This paper deals with the investigations concerned with
e optimization of the both above mentioned structures of a turbine-generator power go-

=mor in case of stochastic disturbances generated by changes of power system frequency.

The statistically optimum transmittance of the turbine-generator power control system

* the optimum filter (in the sense of the Wiener criterion) have been determined first.

* Institute of Fluid-Flow Machinery, Polish Academy of Sciences, Gdansk.
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690 Z. Domachowski

This has been done for a turbine-generator without interstage reheat and a proportional-
integrating power governor [1, 2]. The stochastic process generated by a change of power
system frequency is not stationary. It means that the average value and the autocorrelation
function undergo daily as well as yearly changes [6+9]. In this connection a certain range
* of variation of the parameters of the autocorrelation function of the control signal has been:
considered. The variation of the average value has been omitted in this analysis. It has been
assumed that the autocorrelation function of the power system frequency can be approxim-
ated with the aid of a finite series of the form

M N
Fro@=0( 'Zx gie I cos Q7+ Zl g e iy, 1)
i= j=
The principie of superposition may be applied to the controlled error with regard to com-
ponents of the series (1). So the investigations have been done separately for an oscillatory-
exponential autocorrelation function of a form

Frop(t)=exp(—aft]) cosQr (2)
and for an exponmential autocorrelation function of a form
Ffsfs(T):eXp(_aI;El)' (3)

It has been proved that the controlled error variance depends above all on the parameters
of the autocorrelation function of the control signal. On the other hand, the parameters of
transmittance of the Wiener filter vary within a wide range [1, 2].

Therefore model experiments concerned with the statistical optimization of a simple
PID turbine-generator power governor have been the next step [3+5]. The transfer func-
tion of such a governor is

GR(s)sz(1+i+:/;,s>. €)
S

(The differential component of this PID governor is considered as an approximation of a
component given by T, s/(1+7-s), when 7—0). The parameters kg, T;, T, and, for com-
parison, the parameters kg, T; of PI governor (that is, when 7,=0) have been optimized.
A turbine-generator with interstage reheat and with clearance space behind control valves

has been adopted as a control object. Its linear model is described in reference [10].
The transfer function of a frequency error-sensing device has been assumed in the form

GM(S)=% . V ©)

where 0 determines the part of a turbine-generator in the primary frequency control of a
power system. The investigations have been done for 6=0.04.

Dynamic properties of a power error-sensing device have been omitted in a model
of a power control system.

The turbine-generator power governor parameters have been optimized for several
selected variants of autocorrelation function of change of frequency in the power system,
as illustrated in Table 1.
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Fablcsl
Oscillatory-exponential auto- Qfs=1] l 0.1 ‘ 0.3 ‘ 0.5 0.7 1.0
correlation function
‘ o/Q 0.1 0.2 ' 0.3
I | ’____—___’__'—,—__ —_— e ————
Exponential autocorrelation .
function afs~] | 0.003 0.01 0.03 0.0, 547203 1.0

Properties of a control system optimized for stochastic disturbances have next been
smpared with those of a system which had been optimized under the application of step
+urbances according to the criterion of the integral from the absolute value of the turbine-
=nerator power error, with the assumption of limitations in the stability margin and over-
—ntrol of the turbine valves. This comparison is concerned with the control system dynamic
“.racteristics under stochastic and step disturbances, with the stability margin, and with
% performance criterions.

1. Statistical optimization of PID turbine-generator power governor

The relation between the optimum value of the error variance in the turbine-generator
~wer control system, with PID and PI governors, and the effect of the variability of the
~srameters of the control signal autocorrelation function are demonstrated in Fig. 2.
The value of (E€?/0) i, in the control system with a PID governor is smaller, but not much,
+han in that with a PI governor. In the vicinity of the optimum point there appears that the
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error variance, Ee?/c, varies slightly when the parameters of the governor change. The er-
ror variance depends above all on the parameters of the control signal autocorrelation
function, while the parameters of the governor affect it to a much smaller extent, in the both
mentioned (PID and PI) cases. Besides, the error variance in a statistically optimal control
* system depends mainly on the passband length of the control signal (Fig. 3).

Statistical optimal parameters of the governor PID and PI and in particular the gain
coefficient, kg, vary in a narrow range. Optimal parameters of a PI governor, ks I; ate
a little smaller than those of a PID governor.

A PID governor does not appear as much superior to a PI governor in view of the
criterion of the minimum of the error variance in a turbine-generator power control system —
this being alike as in the control system optimized under step disturbances [10].

2. Comparison between the statistical optimization and the optimization under step disturbances
of PID and PI turbine-generator power governors

The parameters kg, 7; of PID and of PI governors optimized with regard to the para-
meters of the control signal autocorrelation function differ but slightly. These parameters
vary in a narrow range within the considered region of variation of the above mentioned
autocorrelation function (Fig. 4). Moreover, when the passband length approaches 0.4 Hz
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Fig. 4. Optimum parameters of PID and PI governors with relation to the variation
of the parameters of the control signal autocorrelation function



Optimization Study of a Turbine-Generator Power Governor... 693

then the optimal time constant, 7;, of PID and of PI governors, tends toward infinity and the
error variance approaches the control signal variance. When the passband length decreases
then the optimal time constant, T;, tends toward the stability limit. In spite of these above
mentioned resemblances a PID governor is superior than a PI one, namely from the point
of view of all the requirements for a turbine-generator power control system.

The point 2 in Fig. 4 corresponds to the PID governor parameters optimized under
step power disturbances in a power system, with the assumption of constraints in the stability
margin (>2.5) and in the overcontrol of the turbine valves (< 1.5). This point 2 is situated
near to the considered region of the statistically optimum parameters of a PID governor.
It is not so in the case of a PI governor —the point 2" in Fig. 4. (The points / and I’ in Fig. 4
represent the parameters of PID and of PI governors optimized under step power dis-
turbances in a power system, without the assumption of limitations in the stability margin
and overcontrol of the turbine valves.) The statistically optimum parameters of a PID
gOVETrNor vary in a narrow range when the parameters of the control si gnal autocorrelation
function change. Moreover, in the neighbourhood of the optimum point there appears that
the statistical performance criterion of a turbine-generator power control system is almost
insensitive to the changes of governor parameters.

Let us summarize briefly the results of the above considerations. The PID governor
represented by point 2 in Fig. 4 has the following properties:

1. The stability margin of the turbine-generator power control system, with respect to
governor parameters, is greater than: 2:5:

2 The overcontrol of the turbine valves is smaller than 125¢

3. The response of the turbine-generator power control system to a step disturbance
of the power system loading is an optimum one according to the criterion of the integral
from the absolute value of the turbine-generator power €rror, while this criterion is subject
to the above constraints.

4. The governor parameters are situated near to those statistically optimum, for practic-
ally all range of the control signal passband length.

3. Conclusions

The above presented model experiments illustrate that the requirements relating to the
turbine-generator power control system can be met better with a PID governor then a PI
one. When the governor is optimized with respect to constraints in the stability margin and
overcontrol of the turbine valves then the preponderance of a PID governor appears both
in case of step and stochastic disturbances. This preponderance is insignificant when these
constraints are not imposed.

For completing the conclusions derived from the comparison of PID and PI turbine-
generator power governors the knowledge of the passband of control signal (i.e. of power
system frequency shift) is needed. Namely, if the lower frequency components preponderate
in the control signal, then it seems that the PI governor (represented by point 2’ in Fig. 4)
can be applied for the primary power control of a turbine-generator. In such a case both the
integral from the absolute value of the turbine-generator power error and the variance
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of the control error (which are performance criterions) are sufficient, in terms of requirements
imposed on the turbine-generator power control systems. Moreover, the PI governor is
simple from the point of view of realization and use. However, if the higher frequency
components preponderate in the power system frequency shift (for example components of
frequency higher then 0.05 Hz), then it seems that it is reasonable to apply the PID governor
(having the parameters represented by point 2 in Fig. 4) in a turbine-generator power
primary control system.
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Optymalizacja regulatora mocy turbozespolu przy wymuszeniach stochastycznych
Streszczenie

Tematem referatu sa badania modelowe, dotyciqce optymalizacji regulatora mocy turbozespolu
w warunkach wymuszen stochastycznych, pochodzacych od zmian czestotliwosci systemu elektro-
energetycznego.

Pierwszym etapem bylo okreSlenie statystycznie optymalnej transmitancji ukladu regulacji mocy
turbozespotu oraz transmitancji statystycznie optymalnego (w sensie kryterium Wienera) filtru. Jako
obiekt regulacji przyjeto turbozespot bez wtornego przegrzewu pary, z regulatorem mocy proporcjo-
nalno-catkujacym.

Stochastyczny proces zmian czestotliwos$ci systemu elektroenergetycznego jest niestacjonarny.
Jego wartos¢ $rednia oraz funkcja autokorelacji zmieniaja sie zar6wno w ciagu doby, jak w ciagu roku.
W zwiazku z tym, wzi¢to pod uwage pewien obszar parametrow funkcji autokorelacji sygnatu steruja-
cego. Zmiany warto$ci Sredniej sygnalu sterujacego pominigto w omawianych badaniach. Przyjeto,
ze funkcja autokorelacji procesu zmian czestotliwosci systemu elektroenergetycznego moze by¢ aproksy-
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mowana za pomocg szeregu skonczonego funkcji

i=1

i - N
Frsrs(t)=a( Z gie " cos 2,74 Z gre 9,
=

Wykazano, ze wariancja uchybu regulowanego zalezy przede wszystkim od parametréw funkcji
autokorelacji sygnalu sterujacego. Z drugiej strony, parametry transmitancji filtru Wienera zmieniaja
si¢ w szerokim zakresie. Dlatego nastepny etap stanowity badania modelowe, dotyczace statystycznej
optymalizacji prostego regulatora PID oraz, dla poroéwnania, PI. Jako obiekt regulacji przyjeto w tych
badaniach turbozespol z wtérnym przegrzewem pary, z przestrzeniami szkodliwymi za zaworami re-
gulacyjnymi.

Wiasnosci uktadu regulacji optymalnego przy wymuszeniach stochastycznych por6wnano nastepnie
z ukladem regulacji optymalnym przy skoku mocy systemu elektroenergetycznego. Jako kryterium
optymalnosci ze wzgledu na wymuszenia skokowe przyjeto catke z wartosci bezwzglednej uchybu mocy
turbozespotu, uwzgledniajac przy tym ograniczenie zapasu stabilnosci uktadu regulacji i przesterowania
zaworow regulacyjnych turbiny. Poréwnano charakterystyki dynamiczne ukladu regulacji, przy
wymuszeniach skokowych i stochastycznych, wartosci catek kryterialnych oraz zapasy stabilnosci.

Badania modelowe wskazaly, ze regulator PID lepiej niz regulator PI spelnia wymagania stawiane
ukladom regulacji mocy turbozespotu. Gdy przy optymalizacji uwzglednia si¢ ograniczenia zapasu
stabilnosci oraz przesterowania zaworow, to przewaga regulatora PID wystepuje zaréwno przy wymu-
szeniach stochastycznych jak skokowych. Ta przewaga Jest nieznaczna, gdy wymienione ograniczenia
pomija sie przy optymalizacji.

Dla uzupetnienia wnioskow wynikajacych z poréwnania regulatorow PID oraz PI mocy turbo-
zespotu jest potrzebna znajomo$¢ widma sygnatu sterujacego (tzn. widma uchybu czestotliwosci systemu
elektroenergetycznego). Mianowicie, jesliby w sygnale sterujacym przewazaty, co do energii, sktadowe
o niskiej czestotliwosci, to wydaje sie, ze regulator PI mogltby by¢ zastosowany w regulacji pierwotnej
mocy turbozespotu. Jednakze, jesliby w tym sygnale przewazaly skladowe o wysokiej czestotliwosci
(np. skladowe o czestotliwosci wyzszej niz 0,05 Hz), to wowczas byloby celowe zastosowanie regulatora
PID w pierwotnej regulacji mocy turbozespotu.

OnTuMua3anust peryJisiTopa MOIHOCTH TypOoarperara npu
CTOXACTHYCCKHX BBIHY:KICHHAX

Pe3romMme

Temoit moxknaza SBISIOTCS MOZENBHBIE MCCIENOBAHHS, KACAIOTIACCH ONTHMHM3ALUN DETYIIATOpaA
MOILIHOCTH TypOOarperata B YCIOBHUSIX CTOXACTHYECKHX BBIHYI(CHHUIA, TIPOUCXOASMHUX OT HM3MEHEHUI
SACTOTBI 3JIEKTPOIHEPTETHYECKOM CHCTEMBL.

B mepsom 5Tane onpenensnach CTATHCTHYECKH ONTHMATBHAS TPAHCMHATAHINS CHCTEMbI peryaupo-
SaEHS MOINHOCTH TypGoarperarta, a TaKkKe TPAHCMETAHINS CTATHCTHYECKY ONTHMAIIBLHOTO (B cMBICHTE
spuTepusi Bumepa) dwmisTpa.

B rauecTBe 00BEKTa PEryaupOBaHus NPUHAT Typboarperar 6e3 TIPOMIIEPETPEBA MAPA, C IPOMOPIHO-
2 T5HO-MHTErPUPYIOIMIUM PETYJIITOPOM MOIIHOCTH.

CroxacTudecknit TIPOIECC M3MEHEHHI HACTOTBI STEKTPOIHEPTETHYECKON CHCTEMBI SBISETCS HeCcTa-
wwo=apHEIM. Ero cpenuee sHaueHme u (GyHKINS aBTOKOPPEIIIMN U3MEHSIIOTCS Kak B TEUEHHE CYTOK, Tak
¢ 5 TeYeHHE Toa. B CBA3M € 3THM pPacCMATPUBAETCS HEKOTOPAS 06IACTh napaMeTpoB (QyHKIMH aBTOKOD-
WEESIIIY YIIPABIITONIEro curaana. B o6cyxnennn nccenoBanmit IpeHebperacrcs n3MeHeHusIME CpeHero
¥4 YIPABJIAIOMErO currana. IpuaaTo, 4T0 GyHKIMIO aBTOKOPPENANNN MPOLIECCA H3MEHEHMH 9ac-
*IEKTPOIHEPTCTHYECKOM CHCTEMBI MOKHO AIIPOKCHMHPOBATE KOHEYHBIM PAIOM (hyHKIHI

M N
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i=1 =T
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JIoka3pIBaeTCs, YTO AWCIEPCHS PETyIMPOBAHHOTO OTKJIOHEHWS 3aBHCHT NPEXJE BCETO OT IapamerT-
poB GyHKIWH aBTOKOPPENSIWH ympasisiomero cursana. C gpyroit CTOpOHBI ImapaMETphl TPAHCMHE-
Taumu GunbTpa BuHEpa M3MEHSI0TCA B IIMPOKOM Auana3oHe. M3-3a TOTo CaeAyIOIMi STan OXBATHIBA
MOJENBHEIE HCCICN0BaHMsI, KACAFOIIUECs CTATUCTHYECKON ONTHMMU3aIHMK IPOCTOro perynstopa PID wu,
st cpaBHeHMs, perynsaTopa PI. B xauecTBe 00BEKTa PEryIUpPOBAHUS B 3TUX MCCIENOBAHUAX IPUHAT Typ-
Boarperat ¢ IpPOMIEPETPEBOM NAPA U C BPEIHBIMU €MKOCTSMH 334 PETyJIHPYIOMUME KIIaTaHAMH.

CBOMCTBA CHCTEMBI PETYIMPOBAHNS, ONTAMATLHON IPA CTOXACTUYECKUX BBIHYKIEHUSIX, CPABHUBAIUCH
3aTEM CO CBOWMCTBAMH CHCTEMbI DETYJMPOBAHWS ONTUMAIBHON NP CKAYKE MOIIHOCTH SJIEKTPOIHEPIeTH-
HEeCKOIl CHCTEMEI. B Ka4eCTBE KPUTEPHS ONTUMAJILHOCTH, C TOYKM 3PEHMS CKAYKOOOPAa3HBIX BBHIHYXICHWMH,
TPHHAT HHTETPAT 20COTIOTHOTO 3HAYEHNUS OTKIIOHEHNSI MOIIHOCTH Typboarperara, ¢ y4eToM OrPaHUICHMS
3amaca yCTORYMBOCTH CUCTEMBI DETYIUPOBAHNS ¥ HEPEPETyIMPOBAHNS PETYINPYIOMUX KIaNaHOB TyPOHHBI.
CpaBHEHBL JMHAMHUYCCKHAE XAPaKTEPUCTHKA CUCTEMBL PETYIMPOBAHMUS IIPU CKAYKOOOPA3HBIX M CTOXACTH-
YECKUX BBIHYXICHUSX, 3HAYCHUS KPUTEPHAJIBHBIX HHTETPAJIOB ¥ 3aNachl yCTOWINBOCTH.

MopensHble HCCIENOBAHNAS TI0Ka3anu, 4To peryiarop PID nyume uem perynarop PI orBeuaeT Tpe-
6oBaHMAM, NPENBIBISEMBIM CHCTEMaM DPETYIWPOBAHMS MOUIIHOCTH TypOoarperata. B ciydae, korma
B NPOIECCE ONMTMMMBAIMU YYUTBIBAIOTCS OTPAHMYEHWS 3amaca YCTOMYMBOCTH M - IEPEPETyIMPOBAHES
KJIamaHOB, IPCHMYIIECTBO peryiisTopa PID o0BsaBIseTCs, Kak OpHW CTOXACTHYCCKUX, TaK ¥ IPH CKAuKO-
06Pa3HEIX BEIHYKIEHHSX. DTO MPEMMYIIECTBO HEZHAUUTENBHO, €CIIM B TIPOLECCe ONTUMHU3AINY IPEHEOpeYn
TIEePEUNCIIEHHbIMA OTPAHMYEHISIMA.

JIjis DOHOJIHEHWSI BEIBOIOB, BBITEKAIOIINX M3 CpaBHenus peryistopos PID u PI mommocT: Typoo-
arperata, H€OOXOAMMO 3HATH CIEKTD YIPABIISIFOIIETO CUTHANA (T.€. CIEKTP OTKIIOHEHMS Y2CTOTHI JIEKTPO-
SHEPTEeTHYECKOM CHCTEMBI). A MMEHHO, €Ciiy OBl B yIPaBJISAIOIMIEM CHTHAJE OKa3aJUCh NPEBOCXOIHBIMM,
C TOUKM 3pEHHS DHEPIHH, COCTABISIONME HU3KOW YaCTOTHI, TOT[A KaxeIcs, 4yTo perynsrtop PI mor 65l
HAlTH OpUMEHEHHE B NEPBHYHOM PpETYIMPOBAHWM MOINHOCTH TypGoarperata. Oxmako, ecium OBl
B 3TOM CHTHAJIE MPEBBILIATA COCTABIISIOMINE BHICOKOM 4acTOTHL (HAIp. COCTABISAIOIME YaCTOTOM BEHIIIC
vem 0,05 rm), Torna 6610 OBI HEeco00pa3Ho MpUMEHsTh peryiiarop PID B mepBHYHOM DPETYIMpPOBAHHHA
MOIMHOCTH Typboarperara.



