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Ｌ工ST OF　SYMBOLS

・・　－

ＪｊＳ　　　　Ｚ　direct
and quadrature axes　of reference frame of　individual

　　　　　　　　　　synchronousmachine

J)，ａ

仙
　
ω

£
ｅ
ｏ

Ｚ　directand quadrature ax6s of rotating common reference frame

Ｓ　synchronousangular velocity (=27r:fo)(rad./sec.)

Ｚ　instantaneous　angularvelocity (rad./sec.)

Ｚ　nominalfrequency (hz)

Ｚ　angulardisplacement between d,q axes and D,Q axes　(rad.)

硲J　　　s
field flux linkage

胤呪　:
direct　and quadrature axes armature flux linkages

ｒ

ｘＫも平4　こd－
and q-axls damper circuits flux linkages

石μ,奴叫ｽﾞKKi: total reactances in field and d- and q-axis damper circuits

ｽﾞﾁ１(Ｊ　　Ｚmutual reactance between field and d-axls damper circuits

ズ‘゛jjズ‘ａＳ　ｚ　stator-rotormutual reactances in ｄ－and ｑ－ａχiscircuits

ズμ

C（ｄ

Ｓ　fieldleakage reactance

ｚ　armature leakage reactance

ﾆ４‘1ちズKlU　:
leakage reactances in ｄ－and ｑ－ａχisdamper circuits

ズむＸＳ　： ｄ－and q-axls synchronous reactances

ズjjズ;　十ｚ ｄ－and q-axis transient reactances

り
　
ｒ

Ｚ　fieldresistance

ｚ　armature resistance

u
j
V1c≪　zd“and q-axis damper circuits resistances

u+j, Ua　： field circuit voltage and current

ねd,ik9 : d- and q-axis damper circuits currents

１ゐj1ﾉｉ　Ｚｄ－and q-axis terminal voltages

ね' U　：d- and q-axis terminal currents

鴎，’しな　：Ｄ-and Q-axis terminal voltages

Id, tａ　：Ｄ－and Q-axis terminal currents
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Vt, i-fc　　：　terminal voltage and　current

／
４
ｉ
　
　
　
.
.

”
:
’

:
ｊ
：
　
　
　
ｌ
ｕ

Ｚ　load　current at　generator　terminal

Ｚ　voltage behind q-axis reactance

Ed, ＥＳ　＝d－and q-axis internal induced voltages 1n steady state

Ej，Ei　　: d- and q-axis　Internal induced voltages in transient state

Tko,T|o　＝d－ and q-axis transient time constants(sec.)

ＥﾁJ

Ｔ
ｔ
　
Ｍ
　
Ｐ

Ｑ
馬

瓦
Ｒ

陶
　
町

乃
胞

飛
　
鴎

飛
　
Ｗ

叫
馬

飛

: excitation voltage refered to armature circuit (=l^4d･：４ｊ／ｙＥｆ,１）

Ｚ inertia constant （＝ωｏ‘M) (sec.)

Ｚ　angular momentum

：　active power output ａｔﾆgenerator　terminal

Ｚ　reactive power output at　generator terminal

Ｚ　air gap　torque

：　electrical output　of generator

Ｚ　damping coefficient

Ｚ　mechanical　input　torotor

Ｚ　voltﾆageregulator open loop gain

Ｚ　voltage regulator open loop time constant (sec.)

Ｚ　parameter of　exciter

Ｚ　exciter time　constant (sec.)

ｚ　derivative stabilizing gain of voltage regulator

ｚ’derivative stabilizing １００ｐtime constant (sec.)

ｚ　reference voltage

Ｚ　governor gain

ｚ　governor time constant (sec.)

Ｚ　timeconstant representing turbine delay (sec.)

ZIEjd　　　:deviation of　excitation voltage

　Vo.　　　:　voltageregulator output

　Vs　　　　z　derivativestabilizing signal of voltage regulator

△Ｒ/　　　Z　deviationof　governor opening position
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｀¥ｉＫ･　　ｚshort circuit transfer admittance matrix between the j-th bus

　　　　　　　　　and　thek-th bus

Ｇｊ．Ｋ･　　　＝　shortcircuit transfer conductance between the j-th bus and the

　　　　　　　　　k-thbus

Ｂｉ'ｃ　　　　　Ｚ　short
circuit　transfer suseptance between the j-th

;)ｕＳ
and the

　　　　　　　　　k-thbus

G. B　　　　Ｚ　conductance and suseptance of　shunt　impedance load at generator

　　　　　　　　　terminal

ｔ
　
ｐ

叉
　
叙

絃

: time (sec.)

: differential operator （ｄ／ｄｔ）

ｚ　state variable vector

Ｚ　control signal vector

ｚ　output variable vector

ｊ：(ＪＯ 　　ｚ
non-linear functional vector

Ａ，Ｂ，(Ｅ　ｚ　coefficient
matrices

・　　　　　　　｜

＆Ｊｎ｀ｊ　　Ｚ
positive or positive semi-definite matrices

IR,
IP　　　ｚ

positive definite matrices

IK. Ｌ　ヽｚ　solution matricesof matrix Riccati equation or Lyapunov's matrix

　　　　　　　equatﾆion

Ｆ
　
ｙ

1[

Ｔ;r(･)

ｚ　feedbackgain matrix

ｚ　Jacobianmatrix of non-linear　functional vector

ｚ　unitmatrix

ｚ　sum of diagonal elements　of matrix （・）

　　　Inthis　thesis, the subscript　ｉ　denotes　the j-th machine, the subscript

　∂　　denotes　thesteady state value and　△　denotes　the deviation from the

steady state value.
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CHAPTER　１　　工NTRODUCT工ON

Section 1-1.　General

　　　　Thedynamic stability and the transient　stability of　electrical power

system have been maj or subjects　of theoretical and practical　ﾆInterests

for some twenty years, and they continue to growIn ﾆimportancetoday as

generation and transmission equipments　are being applied with high・

reactances　and correspondingly lower　stabi:Litymargin.　　Inview of　the

increasing complexity of present-day power systems, their　design and

operation require ａ more detailed analysis of possible performance mode

that may achieved by available computer programs.　　Owingto　theprogress

of digital computers with great memory capacity and quick processing ability

, many excellent works　on dynamic and transient　stability of　electrical

power　systems have been done recently。

　　　　Furthermore,extensive growth of　electrical power　systems and the

developemeht　of high-voltage long distance transmission systems　separating

from loads have accentuated　the importance of　increasing the dynamic and

transient　stability limits　of generators.　Due to　the decrease of　stability

margin Inherent　in the design of present-day generations and　increasing

tendency towaでｄhigher power factor　operating conditions, more emphasis　is

being placed　recently on the developement of compensating　control:Lers　for

the required　system stabilization.

Section 1-2.　Ｓ of　Studies

　　　　Inthis　thesis, the developement of　compensating controllers　for　the

required　system stabilization will be mainly considered.

　　　　In　chapter2, the mathematical representations of　synchronous machine,

excitation　control system, speed　governing control system and transmission

network are described　in the　form of ａ mathematical model ０ｎａ general
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purpose digital　computer　in order to　simulate the electrical power systems.

　　　　Themodel system ’contains　an arbitrary number of　synchronous machines

and　transmission networks of　arbitrary topological form including　Impedance

loads.　　The whole system is　expressed with Park's　quantities using the

mathematical representations.　Furthermore, the large signal performance

of　the power　systems　can be described by　the non-linear first order

differential equations　and　the ｓｍａ:LI　signalperformance of the power

systems　can be described by the linearized equations of the non-linear

equations around　the steady state operating pointﾆ．　　　　　　　　　　　　　　　　．

　　　　Inchapter 3, various mathematical methods will be shown in order to

analyze the power　system performance, i.e.　the dynamic stability and　the

transient　stability.　And　the applications　of　these methods　to the mode:Ｌ

power　systems will also　shown.

　　　　Inchapter 4, the problem of optimization of　the synchronous machine

performance by minimizing the quadratic performance　index both the output

variables and　the control signals　is　considered　for the case of　transient

involving small disturbances.　In this approach, the linearized equations

are considered and　the control law consisting of　constant　feedback

coefficients of all the state variables of　the system.　And　the improvement

of　the dynamic stability of　the model system applied with the above

controller　is also　investigated.

　　　　Inchapter 5, the controller using only the directly measurable output

variables　is derived using　the techniques of　the model reduction.　Further-

more an application of　the direct method of Lyapunov to the control problem

of　the linear system is　also　considered.　And　the improvement of　the

djmamic stabﾆility of　the model system applied with the above controller　is

investigated.

　　　　Inchapter　6, an application of　Lyapunov's　direct method to the cont二rol

problem of　the non-linear　system １Ｓ　considered.　The controller of　the
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of　the model system is determinied using the energy function as　the

Lyapunov function of　the ｍｏｄｅ:Ｌsystem under the several assumptions.　And

the possibi:Lity of　obtaining　the controller of the non-linear system will

be demonstrated。

　　　Inchapter　7, in order　ｔ０Improve the overall stability of　the system,

I.e.　the dynamic　stability and the transient stability, the controller of

the system is derived using the Lyapunov function of Krasovskii under

consideration of theoretical results in former chapters. Furthermore, a,'

method to construct　the controller using the only measurable states　of　the

system is also considered.　And　the effectiveness　of　the controller will

be shown by the numerical analysis of　the model systems。

　　　'ｌｎchapter 8, the results of　the work described　in this　thesis are

summarized.
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CHAPTER　２　　　REPRESENTATION　OF　POWER　SYSTEM

(2-1)

(2-2)

(2-3)

(2-4)

(2-5)

(2-6)

(2-7)

(2-8)

(2-9)

(2-10)

　　　Completedescription of　the dynamic behaviour of ａ synchronous machine

requires　cons iderat ion of　its　electrical and mechanical characteristics

as well as　those of associated control　systems.　The necessary mathema-

ｔ：icalstatements are summarized here.　Throughout　this paper, only　those

modes　of operation that　do not require zero-phase variables are considered。

　　　Theequations describing　the balanced　3-phase performance of ａ synchro-

nous machine are derived　in several references and are summarized by

Shackshaft　In the following　form:

Direct-axis　flux linkages

‰
ね
゜ｘff･l°t^d-　ズad-td + Xi･(d･i.。j

= Xad ･Ifj －　XJ･iJ＋　ズ。j･し』

　｡二　　・　　　　ミ　　　●　　レ　嘸d＝勾･ご,l･4j－Sとｄ ･u ＋ﾆχ:。1・t。j

Quadrature-axis　flux:Linkages

考
ち
゜－ＸＩ'４ ゛ ａ：ｑ４略

゛‾ズ吋゛4十ことICKp ･ tK9,

Direct-axis voltages

砧a＝缶･V%i+ Yh ･ifJi ， Efa =ねd･仙ｊ/り

仇＝士・げ1－ r･iJ一昔･も

６＝壱・Ｐ私十辿ふJ

Quadrature-axis voltages

辱＝士･pM－y'･£μ妓･ｎ

ｏ･゛士｀鴎μ恥･晦

　　　Theseequations　are of per-unit　form. In the per-unit　system voltages ，

fluxes, current s and impedances　are　all expressed as　the ratio of　their

actual values　to the selected base values.　The base values　chosen are such

that　all per-unit mutual　inductances between rotor and stator　circuit　in
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each axis are equal to one another.　０ｎthis basis the following relations

between self-, mutual-, and　leakage-reactances pertain:

　　　　ズチfj　＝　ズad十　ズμ　　　　　　　　づ

　　　　　つ（ｊ　=Xad十　･Xal　，　ズ:S　°Ｚり　十X.0.1　　(2-11)

　　　　ズ″J　°ズ゛d十　XKdL　ｌ　XkK^゜ｺこ９　十Ｘ吋1

In addition, time is　scaled　inreal　time.

　　　　　　　　　　　　　　　　　　　　　　　　　ね

Fig･.2-1-1 ・Schematic layout of　the windings

　　　　　　　　　　of　ａsynchronous machine

　　　　Ineqns.(2-l)-(2-5) the self- and mutual-reactances are dependent on

the　fluxes　inthe machine due to the saturation of iron circuits.　Ａ state-

ment　of　thisrelationship　is therefore necessary.　The following assumptions

are made in order to obtain an ｅχpressionfor　the variation of　the machine

reactances with　iron saturation:

　　(1)The leakage reactances of ａ１１windings are Independent　of the state

　　　　　of　iron.

　　(2)The leakage fluxes ４０not contribute to the iron saturation, which
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　　　　　　is　thereforedetermined by the mutual　flux.

　　(3)The mutual reactance between the two direct-axis rotor circuits　is

　　　　　　equalto the mutual reactance between these　circuits and the armature.

As ･ａconsequence of this first　assumption, only the mutual reactances change

with　saturation, and leakage reactances are not significantly affected‘

The　three assumptions indicate that χａｊneed only be replaced by Ｋ;･ズ4J。。
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　d
alldエ9 by ＫﾌｽﾞAsoin the developed machine equations :　　　　　j

ヽ:rctd° Kj･X.a.<io ・ヽχ啼゛ば’Ｘａ･ｐ (2-12)

　　　　　　　　where X<id。ａｎｄズa-jjj are the unsaturated values of XaJ and 3Ca2. ,

　　　　　　　　respectively

　Knowing the open-circuit magnetization curve, the saturation factor Ks may

　be determined。

　　　　　　　　　　　　　　　　　　　　■Ｉ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ｉ　　　　　　　●　　　　●

　　　　　In this　thesis, the saturatﾆion factor Ks*　is asunimed to ｂｅ〕equal ｔ。unity.

　namely the unsaturated values ズAcJo　and　ズ<i%t>　are used as　!;ＧＪ and 'ズ･１Ｓ　, but

　the saturation factor：吋　，　ｗhlch may be obtained ｅχperimentally, can be

・easily
ｉｎｔﾆroduced into the representation of the mutual reactances ズ゛j and ズ９

　as shown in eqn.(2-12)。　　　　　　　　　　　　　＼　　　　　　ト

　　　　　　　　r　・　・　　　　　　　　　　　　　　　　■㎜　　■　　　　　　　　㎜

　　　　　The fol:Lowing equations ‘are necessary to　complete the description of ａ

　synchronous machine.　　　　　　　　　　　　　　　　　　　　　　　　。ヽ　　　　　　六丿

　Electrical torque at air gap　　　　　　　　　　　　　　　　　　　　　　　　　ニ　　　　　Ｉト

乃　＝もjj一考･４

･Reactive power at　terminal

Ｑ　＝昨・ij一角・４

Terminal voltage

迄＝（絢２＋渥）ｙ゛

Mechanical equations of motion

Ｐ＆‥＝ｊω

Ｍ･Ｐｊω１＝　Ｒ一乃　一列・乙ω

(2-13)

(2-14)

(2-15)

(2-16)

(2-17)
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(2-18)

(2-19)

(2-20)

(2-21)

(2-22)

(2-23)

(2-24)

(2-25)

(2-26)

(2-27)

　　　Inorder to　obtain the simplified　equations of ａ synchronous machine

shown　in section 2-1, further ａＳＳｕｍｐｔｉｏｎｙｊａｒｅmade;

　　(1)Direct-axis damper circuit １Ｓneglected. i.e. TkJ = tkJ　＝０．０

　　(2)The armature electrical　transients created by terms fi^4 and j>% are

　　　　neglected.　ａＳＳ°lingthat　the electrical transients are much faster

　　　　than the electromechanical transients,　ｉ‘ｅ°?)聡　゜P片　゜Ｏ°０

　　(3)The term ω／Ｕｊ。isequal to unity. assuming that the deviation of

　　　　angular velocity　from synchronous angular velocity is very small.

　　　By these assumptions　the equations of　synchronous machine described　in

section ２－１are rewritten as　follows:

Direct-axis　flux linkages

　　　　　剪d＝ズガj･栄一χaj・£J

　　　　聡　＝　χｇ ・w －　χJ浸d

Quadrature-axis　flｕχ linkages　，

　　　＼大蔵1 °ズｇ４゛ね各－ズ９’４

　　　　　　盾゜Xag.-iko一石’４

Direct-axis voltages

　　　　　祷J＝長･ア弔J＋り・i,j=J

　　　　　Ud = - y･･id 一曝

Quadrature-axis voltages

　　　　　晦゛－から゛’‘豹

０
゛
缶呼唇ｓ＋ｙ;《%'iKi-

From eqn.(2-18)-eqn.(2-25), the time rate of　the flux variations　in direct-

and　quadrature-axis rotor　circuits　areexpressed by the following two equa-

アE;

所j

-

･

E:fJ　－

　　　－

昭一（ズd一肩）心|/礪

乱＋（柳一石）･４｝/㈲．
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Furthermore, the direct- and quadrature-aχis voltages become as follows:

where

吻゜－ｒ t･l＋河'4＋Ej

tﾉi＝バｊ４－がIJ＋冒

畷゜Ea
4‘（ズs. － %' ）’4・

E4 ° べx::弓ｄ吟　　　　　　　・

Ej°‾ｘｑ゛ｙ4/ヱ･（リ　　　　’

ズj°Xd　－ズａｊ２/ズガd　　　　，

石;＝寿于d/印・ω。　　　　，

t4d = Xcid・ぬj/印

暗

晦
E;

岑

岑

(2-28)

－

-

-

=

一
一

EI.＋（ズ，にZj）心

‰d・tｺﾞｰJ

χ。｡d･剪d/ズH<i

有一ﾌﾞO-l/XKKi.

‰４/恥゛“）゜

If the machine　isａ salient-pole　type machine, it has no　quadrature-axis

circuit, so that 聡呂，iり･s Ed and Ej are ８１１equal to zero・and eqn.(2

-26) need not be considered.　To complete the description of ａ synchronous

machine　the following equations　are also necessary:

Ａｃtﾆivepower at　terminal

　　　　孔　゜仇’ね｀l’肖一臨　　　　　　　　　　　　(2-29)

Reactive power at　terminal

　　　　ａ　°埓゛ねー　ぬ’４　　　　　　　　　　　（2－30）

Terminal voltage　　　　　　　　　　　　　　　　　　　　　　　　　　　　●｀

鴇＝（tﾉj＋渥･）゛

Mechanical equations of motion

　　Ｐぶ　＝　z･ω　　　　十

Ｍ･f^U) =　Pｔ一几- Pd・ｚ･ｕ.）

(2-31)

(2-32)

(2-33)

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　１６）
　　　　The effect of AVR (　automatic voltage regulator　) must be included　In

the study of　dynamic behaviour of power system.　Simple models of AVR and

their mathematical representations　are given　in this　section.
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　　　The voltage regulator and excitation system fitted to ａ usual synchro-

nous　generator may be classified　into three　types, i.e. (1) the magnetic

amplifier type or rotary amplifier type, (2) the differential type. (3) the

SCR type.　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ダ

　　　The mathematical model ０ｆ　type (1) or　type (2) regulator must be expre-

ssed by the differential equations　of　6 to　７　order.　Ａ typical block diagram

of　this　type　is　shown In Fig.2-3-1

　　　　　　　　　　　　　　　　　　　　exciterstabilizer

Fig.2-3-1　Block diagram of　automatic voltage regulator

It may therefore be rather　inadequate to represent　such regulators with ａ

simple time lag.　However, in the case of dynamic stability studies ，it is

possible because of　the following restrictions　are generally satisfied: (1)

The variation of　the signal　to AVR is　small enough not to cause･any satura-

tlon In excitation system. (2) The frequency of　the signal １Ｓ･１０Ｗenough.

Then the models　can be simplified as　shown・１ｎFig.2-3-2.　　　　　　．’

　　　　The　type(3) regulator　consists　of semiconductive elements and does not

have any rotating parts.　Therefore, the time lag　is　so small as some １０ms..

This　type of regulator may be expressed by ａ simple time　lag as shown in

Fig.2-3-2, assuming that　the saturation of rectifier is negliegible.

　　　　Hereafter,AVR is　expressed by　the simpl:ifled models　shown in Fig.2-3-2
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in　this　thesis.　The mathematical representations of　these　simplified

models become as　follows:

（ａ）∠XE引　＝ -
１＋馬･P

･（Ｖ,･一斑十Ｕ，）

(b) ZiEfd “ｉべ牡G7･（ｖｙ･十‘し4－ｖs゛ｕ･）

　　　Vs　＝

（ｃ）　Va =

　　∠X Ej:j　。

Ks・Ｐ

十Ｔs･？

Kf

･A^U

(2-34)

(2-35)

f≒7iy｛K｀（Ｖ゛‾‘しli）‾V3＋ｕ’｝　(2-36)

１十飛･Ｐ
vａ.･. Vs =早年泰Ｔ･AEfd

十’TS･P

In eqn.(2-34)-eqn.(2-36), Ui is anadditional control signal to AVR.

　Ｕ、

Ｊ

、

(ａ)

Ｕ，

Ｕ，

(b)

Fig.2-3-2　Simplified model 0f veltage regulator

　　　Ａtypical block diagram of　the hydro governor and that ･of the steaてｎ

governor are shown in Fig.2-4-1 under the following assumptions:

　　(1)There are no time lag among the movement　of all elements, such that

　　　　　betweenthe main shaft　and　the governor　sleeve movement.　　　　　　ダ

　　(2)Under　steady conditions, the operation of　the governor　is　such that

　　　　　thesteam or the water admitted　to　the turbine　is　linear function of

　　　　　thespeed of　the turbine.
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　　(3)Every amplifier can be expressed by ａ simple time　ｌａｇ･

　　(4)The condition of　the steam source or the water source never change.

Under　the similar restrictions　to　thoseof AVR, the　simplified models as

shown in Fig.2-4-2 are used　in this　thesis.　The mathematical explanations

of　those models　are described　as　follows:

(a) A?t = ―リ!!=i=－ｚ-･（一響+ Uz )
＋Ti･P

(b) APy =　．Ｋ‰．・（一考や＋Ｕ２）

乙政＝

１々１･ｐ

　１

トキ　ｍ､･P
j几

(2-37)

(2-38)

In eqn.(2-37) and eqn. (2-38) , Uz　is anadditional control signal to the

governor.

AVJ

一一　ω。

dashpot

high pressure
　　　turbine

low pressure

　　　turbine　　　(b)steam governor

Fig. 2-4-1　Block diagram of　governor

妬ニ(ａ)

Zltリ

ー－
　ωａ

Uz

Fig.2-4-2　･Simplified model　of governor
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(2-39)

(2-40)

(2-41)

(2-42)

(2-43)

(2-44)

　　　　Inthis　section, the interconnecting network and　the local impedance

loads　are stated in terms of　the three-phase quantities with respect　to ａ

stationary reference　frame.　But each individual synchronous machine is

described by Park's　quantities　in the frame fixed　to　its rotor as　shown in

section ２－１and section 2-2.　Then, at the nodes where the synchronous

machines are connected　to　the transmission ｎｅｔﾆwork,the three･phase quantltﾆies

must be related to Park's　quantities by axis　transformation　in order　to　'･

describe　the whole　system using Park's　quantities。

　　　　　　　　　　　　　　　　≫)Ato).(ith(l2->Axis　transformation

　　　　Theaxis　transformation used here is mainly based on Park's　transforma-

tion andｌits　inverse　transformation.　　The angular position of　theｊ-th

machine rotor with respect to ａ stationary reference frame is ｅχpressed by

θｉ　　as　follows：

　　　　　θj　＝　ωi'ｔ　十　心

　　　　　ωj＝　pOj. = uO。十戸母

　　ニ　　＆ト＝　ei- ds = s,レー　心

where　Cえ)。　is　thesynchronous　angular velocity.

　　　Let　w<.^ be the column vector of the three-phase quantities at the j-th

bus　and　い応４　bethe column vector of their Park's　quantities with respect

to the rotating frame fixed to the i-th machine rotor. Then the relation-

ships between　'WcKl　and Wdjj. become:

≒心（eか叫

｀4へ/.r　r（ei）゜Wdu

Ａ combined　transformation matrix and　its derivative are introduced　ａＳ：

Ｔ（ら卜t（ｅこ）・が( 6j)
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　　　　　Ｔ柚Ｊ＝一函Ｔ（ら）＝!P（ｅこ）長石θj）　(2-45)

The elements　of　the foregoing transformation matrices　are shown in Table

2-5-1.　The application of　the transformation matrix Ｔ（心j）tﾆoiへ/djj

gives:.

　　　　　　iへ/dcj = T( <ru)りへ/用　　ヶ　　　　＜　　　　　　（2－46）

　　　　　　　　　　　　　　　　　　　　　　　　　　　f　　　　　　　　　　　　　　　　　　　　　●

By using this set of axis transformations, the three-phase qt!antities are

proj ected onto　the every rotating frames ｡

Table 2-5-1　Trans format ion matrices

F（Θμ2/３ COS Oj- COS ｛θj -120°) costの+120°）１句゜

　　　　　-Ｓ工ＮθJ -Ｓ工N( 6i -120° ）-Ｓ工N( 9} +120°）

　　　　　1/2　　　1/2　　　　　　1/2

　-1　　｡　　　　　　　　　　　　　　　　　　　　　　　　　　　　　，
P（ei）＝　COS 9;　　　　-sｴｓθj　　　　　1　　1句＝

Network

COS 9; －Ｓ工Nθj １

COS( 9} -120 ）‘siN( ei -120 ） １

COS ( Bj十120 ) ’S工N（θj＋120） １

tions

COS司i ＳｪN＆j ０

sｪN恥 COS (Tj; ０
０ ０ １

ＳｪＮ&; -COS Sii ０

-COS fii ＳｪN£J ０

０ ０ １　．

　　　　Anyinterconnecting network can be transformed　into　the equivalent

circuit　that has　the simplest　form of　the Lagrangian tree, as　shown in Mg.

2-5-1.　Ａ１１nodes, to which no　shunt　loads nor power sources are connected

may be eliminated, and only　those nodes　that　should be formulated　in nece-

ssary set　of　equations may remain in the equivalent　circuit。

　　　　Ａshunt　load consists　of ａ resistor, an inductor and ａ capacitor, as

shown in Fig 。2-5-2, and　conventionally includes　the capacitance between the

transmission lines and　the ground。

　　　　Choosing　then-th node as　ａvoltage reference node, the equivalent

circuit of Fig.2-5-1 yields　the following set　of　equations:・

Vki - iな．゜Z ( /?iK゛L沁７））゜&ａ

　μｌ吋　゜の

　;ド1

(2-47)

(2-48)
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均

　
吋

・
恥

Li

Fig.2-5-1　Equivalent　circuit　of　　Fig.2-5-2　Local shunt　load

　　　　　　　　　　Lagrangiantree　form

An additional shunt　load　at　each bus may be expressed as:

　　　　　　　○　　　　　○／ｇ　　　　　Ｑ　　　　　＠　　　　　　　ICLJ.　°^a,･　十gLり十むり　十＆咄

咄ere L- p 乱吋゛仇i　・G･回ら･pl!/aj　・ｈａドGF迄j･

(2-49)

The application of the axis transformation above described to eqn.(2-47)-

eqn.(2-49) gives:

鴉i－Ｔ(４ヽ)迄ヽ゜MいRj゛Ｔ(硲)゛(ぬ'Lがず(硲リｊふ

＋L沁Ｔ(み.).･P1ム〕

AＴ

.（ら）４いの

　　　　　　ｏ　　　　Ｏ／　　　○ ○　　　　　○　　　　　　&心゜i!４　十ｈり＋1叫十ねdi

(2-50)

(2-51)

(2-52)

where　　叫’Lj・'＼ 0 )-itji +･Li‘Ｔ（o）’PLり゜ぬj

　　　　　Lド叫゜（いTio）‘柘j ゛1‘　cいＴ（ｏ）゜Ｐぬi　　　十　　＼

　　　　　l^df = Gi°ぬｉ

Now eqn.(2-5d)-eqn.(2-52) form ａ set　of　first　order differential ｅｑりations

describing the behaviour of　the balanced phase　transmission system.

Their transient solution. by the definition of　ωi　as the angular velocity
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of　the j-th machine, depends　on　the　transient performance of　the rotor.

　　　　Theseequations　contain　zero―phas ｅ　equations ， but because the model

system is　restricted　to　the　case of balanced phase condition, their　extra

complexity is omitted from･the analysis.　Therefore the order of ａ１１vectors

and　transformation matrices T ( cTii) and Tj乱j) are reduced by one･

Further, the transient occurring on　the !二ransmisslon system and　on　the shunt

loads　is much faster than the electromechanical transient　of synchronous

machine and their duration is　short　in comparison with even the　shortest

lived transients occurring　in the machine windings.　Therefore, their

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　(I4-),(15)transient　solution may be neglected　for　the purpose of obtaining ａ boundary

condition here and the transmission　system equations （２－５０）－（２－５２）ｂｅＣｏｍｅ

as　follows：　　　し　　　　　　　　　　　　　　　　　　　　　　　　．．

梅－Ｔ(脳)戈ｋ七{りＴ(硲)ベベＪ≒司に(2-53)

where

八Ｔ（≒）･仙ご《1）　　　　ニ

　　　　ij;　°hj｀’゛｀yj（叫）’哨i

Yi（叫）＝

』

-1/叫

（;i　　　’1/り‘Lj－ωi’C

LけJi･゛Ci ・ (ら･

ヽ
－
‥
り
Ｉ
ｊ

(2-54)

(2-55)

　　　Itis evident that some of the transmission system parameters equal to

zero allow eqn.(2-53)-eqn.(2-55) to be used to describe the performance of

several transmission systems of simpler form.　Let　n.　°２タRjK = Ｇｉ゙ １／Ｌｉ°

Ｃｉ　°0, and the 2-nd node be the　infinite bus, then the familiar equations

for　ａone machine infinite bus　system may be given:

辻唯よ二測－･″″[71-
｀
Ｉ
Ｕ
Ｉ
Ｉ
Ｕ
ノ

　
･
n

０
>
ａ

　
・
１
　
　
　
・
ｔ

↓、
1
1
－
－
0
1
－
’

(2-56)

For the convinience in later manipulation of equations, let　Ｙ７“Ｊｉ）ｂｅ

introduced ａｓ：
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　o　　　　・ -i/4ii - Ci (2-57)

-1糾Lけ「い　　　　

」

(2-58)

(2-59)

　　　　Inthis　section, the inte】rconnecting network and　the local　impedance

loads　are expressed in the relation between the busbar voltages and busbar

currents　in　the common reference　frame fixed　to　the rotor of an Imaginary

machine rotating with synchronous　angular velocity　ω。(＝２冗£), then

at　the nodes where the synchronous machines　are connected　to　the trans-

mission network, these quantities　in the common reference frame must be

related　to Park゛ｓ　quantities　by axis　transformation in order　to describe

the entire system using Park's　quantities.

Axis　transformation '＼ｎ)

　　　　Theaxis　transformation used　in this section is　almost　sameto that

described　in section ２－５。

　　　　Let　Wdj　bethe column vector of quantities at the j-th bus expressed

in the conmon reference　frame rotating with synchronous　speed, and　Wdj

be the column vector of　theirPark's　quantities with respect to the rota-

ting reference frame of　thei-th machine.　Balanced　conditions exist　in the

system, allowing the zero-sequence quantities　to be neglected. so　that　the

vector　１へ／１》,ｉ　and　Wdv　becomesecond order column vectors.　The phasor

relation between two reference　frames　is　shownin Fig.2-6-1.　Then the

１：elationshipbetween　Wpi　and　へへ／ｄｉ　becomes:

￥/dドＰ（ら）’ｖ゛りi

Wpj° jP｀|ら）゜Wdj

where,ら　　is　the displacement angle of　thej-th machine rotor from theｌ

rotating common reference frame, and　ｒ（ら）and　P｀1（ら）ａｒｅ the trans-
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formation matrices whose elements are shown in Table 2-6-1.

c
ｏ
ｍ
ｍ
ｏ
ｎ
　
ｒ
ｅ
ｆ
ｅ
ｒ
ｅ
ｎ
ｃ
ｅ
　
　
ｆ
ｒ
ａ
ｍ
ｅ

年率　　　……

Ｐ㈲＝

ず

Fig.2-6-1　Phasor relation between

　　　　　　　　　　tworeference frames

Ｆ '(S>)=

COS恥 SIN S}

-SIN Si COS碍

COS心 -SIN Si

SIN心 COS Si

功ｅdisplacement angle　亀　is expressed as follows：

ら゜が叫－゛．)Jｙ ゛ら．゜戸り‘'９ら゜　　　(2-60)

where　心ｏ　Is the　initial value of 心　・

In the　transient　state ωj　・゜ωj ・ and　心　８１１change owing to the un-

balanced torque, and：

Network

Ｐら゛（叫にω・）゜∠1ωj･

uａtｉｏｎｓ116Jj｛f9｝

(2-61)

　　　Theinterconnected network and　the　impedanceloads are stated　in　the

relation between the busbar voltages and currents　in the common reference

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●斡）frame･．．　The relationship between the voltages and the currents becomes ｚ

0 °

K≪1 '
’仇。（ｉ＝１～ｎ･） (2-62)

where, the vector l/]j;and １Ｄｉ９respectively. express the voltage and

current of the j-th bus and 篤Ｋ is ａ second order matrix consisting of ａ
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short circuit transfer conductance　QiK　and suseptance　BjK　between the

j-th bus and　the k-th b゛りand l巧・1ぷi and ＼jn. are described　as

follows:

り)iｊ ご」 ９ (2-63)

Because of　the balanced　condition of　the system. the zero-sequence quanti‘ｌ

ties　is neglected here.　　By　theaxis transformation described above.　eqn. (

5-62) becomes　as　follows：

‰＝八峨･心 (2-64)

ｗ卜ere. the vector Wdj. and idi
゛
respectively express　the voltage and

current of　thej-th bus ･in the frame fixed to　the j-th machine rotor, and

‰　is
ａ second･ order matrix, and　they become:

阿゜
，吻j＝

　
　
･
＊
Ｏ

･
'
l
>
＞

９
　
し
> MJK - IL (ぶj八JI心）（2-65）

　　　　The equivalent　circuit　of　the transmission system need not be altered

if　the frequency diviation of　the system is only affected by the system

disturbance.　For convenience in later manipulation, it　１Ｓ assumed　that　the

equivalent　circuit　of　the　transmission system is not affected by the system

　　　‘　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・　　　　　　　　●●　　　　　　　　　　゜

frequency deviations.　　　　　　　　　　　　　　　　　　　　　　　　　　　　　∧

Section 2-7.　Descrl

　　　　Afterboth sets　of　equations, i.e. synchronous machine equations

connected with controllers　equations and　transmission system equations, are

obtained, the quantities　of　the transmission network are proj ected　into the

frames　fixed　to　the machines　rotors　as　shown in section ２－５and section 2-6.

This　axis　transformation enables　the entire power system to be expressed‘ by

Park's quantities。

　　　　Theentire power system is descrlved　in vector form as follows:



４

where,
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　　ＰＸ＝　予（ｘ）＋　S ・11

　　瓦　　ｚ　vector of　state variables　of the system

ず(X ) :　nonlinear functional vector

(2-66)

　　　　　　　　　　　　　観　　Ｚ　vectorof additional control signals　to automatic

　　　　　　　　　　　　　　　　　　　　voltageregulators‘ａｎｄ･governors

　　　　　　　　　　　　　Ｂ　　ｚ　　coefficientmatrix

　　　In the small signal dynamic　stability analysis, the　system disturbances

are assumed　sufficiently small, so　the eqn.(2-66) can be rewritten by the

following　linearized equation around　the operating point.

where,

？ｊｘ＝　Ａ・６３ｘ：＋犬l・既 (2-67)

あ　＝　JacobIan matrix of　■f(x　at the operating point

　　　　（りjyaぜしｘ。）

Ｘ　°Ｘ°十ｊズ　・ず（Ｘ．）゜（Ｄ　　’以し２．０

冥。：　the value of　state variab:Les vector at the operating

　　　　point



- ２０　－

CHAPTER　３　　MATHEMAT工CAL METHOD OF　STAB工Ｌ工TY　ANALYS工Ｓ

　　　　Thedynamic stability and　transient　stability analysis　of　electrical

power have been subjects of major theoretical and practical interes-ts　for

some　twenty years.　and　they continue　to grow In importance ’･todayas　gener“

ation and　transmission equipments　are being applied with high reactances

and　correspondingly lower stability margin.　In view of　the Increasing

complexity of present-day power systems, their design and operation requires

ａ more detailed stabilitﾆｙ analysis　that may be achieved by available　computer

programs.　　Owing to　the progress　of digital computers with great memory

capacity and quick processing ability, many excellent works on dynamic and

transient　stability of　electrical power systems have been done。

　　　　Inthis　chapter, the mathematical methods　of　stability analysis　used　in

this　thesis　are summarized- and　the applications　to model systems are shown.

where the additional control signals　to automatic voltage regulators　and

governors are not considered.　　　　　　　　　　　　　　∧

ection　3-1.　Mathematical Method of

(3-1)

　　　From eqn.(2-67), the small signal performance of　the entire power system

is described by ａ set of　linearized differential equations of　the form:

Ｐぶ

where, the additional control　signals　arenot considered, i.e. U　＝　の　。

　　　　The　constructionof matrix　Ａ　　involvesan equiva:lent circuit of ａ

transmission network, some reference　frames　andan axis　transformation.　And

it also　involves power flow calculation for initial conditions.　Once the

matrix　Ａ　　is　obtained,standard computer programs may be used for　dynamic

stability analysis　of power system.
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3-1-1.　Root-locus Anal　sis

　　　　Afterforming　the matrix　あ　, the characteristic equation of　the

system is　described as　follows:

det IＡ-PI卜　ｏ (3-2)

And the eigenvalues of　the system described by eqn.(3-1) may be found by

solving the　characteristic equat:ion(3-2)。

　　　　Theeigenvalues　of，a linear dynamical system correspond ｔ０　itsnatural

mode of response, with each ｒｅａ:Ｌpart　giving the reciprocal decay time

constant　or damping coefficient　of a mode, and each real pair of　ﾆimaginary

parts　giving natural frequency｡

　　　ＩThe necessary and sufficient　cond:ition for dynamic stable　is　thatａ１１

the eigenvalues have negative real parts.　Thus, the dynamic stability may

be directly checked with the　realparts of　the eigenvalues.　Further, a

form of quantitative　information on the relative　stability of the system may

be obtained by plotting the variation of the eigenvalues as　system conditions　　。

, for　Instance bus ｖｏ:Ltages,power factors ，are varied.

3-1-2.　Time Domain Analysis

　　　Thesystem is described　in the time domain by ｔｌ!ｅ　statespace equation

(3-1) with ａ constant matrix　Ａ　, then the state space formulation can ｌ)ｅ

used to caluculate the numerical solution of　eqn.(3-l).

乙Ｘ（ｔ）＝EAｔ･ ｊｘ（o） (3-3)

where, c　　is the state transition matrix of the system.

　　　Therecursive formulas for digital computation may be derived from eqn.

(3-3) as　follows:

　　　　∠1X[(ｎ＋1)･At]　＝EA゛゛tE∠iJC(n･４t)

where,ぷ七　is　an increment　of　time.

(3-4)
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The state　transition matrix　EA'ａｔmay be obtained by the following infinite

matrix series:

　Ａ,此　　゜゜Ａ‰lt゛（
1　＝Rマ▽　・ べ＝ｌ : unit matrix （3－5）

Since　the matrix series　of　eqn.(3-5) is uniformly convergent　in any　finite

interval, the transition matrix ＥＡ゛゛七　canbe evaluated within prescribed

accuracy　from eqn.(3-5)。

　　　　The system stability is checked by the numerical solution of eqn.(3-1) ,

i.e.　if　the solution curves　converge。to zero, the system becomes stable, and

the　convergence　is　faster, the system becomes more stable.

３－１－３．　Lyapunov's Direct Method

　　　　Thebasis　of Lyapunov's　direct method used　in　this　thesis　is　the　solut：ion

of　the　following Lyapunov's matrix ｅｑｕａｔｉｏｒ乞ftｈｅＳｙＳtｅｍ(3－1)1･

AI‘･fK + IK･A = - l (3-6)

where, matrix c≪　is ａ positive definite or positive semi-definite　symmetric

matriχ and matrix　眠　１Ｓ　thesymmetric solution matrix of　ｅｑｎ．(３－６)・

ｌｔﾆis known that；　　　　　　　　　　ト

　　(1) When the matrix ＆　１Ｓpositive definite. eqn(3-6) will yield ａ

　　　　　positive definite matrix Ｋ　　，if, only if, the system described ｌ)ｙ

　　　　　eqn.(3-1) Is asjmiptotically stab]．ｅ．

　　(2) If the system is asymptotically stable and the matrix Ｋ　ｉＳ･positive

　　　　　definite or positive semi-definite, ，then ﾚthe following relationship

　　　　　is　satisfied:

工＝
ｊ?ｘ¶Ｑ･ｊヌ:Jt＝乙１:’･IK-

aTcL。。｡。　　(3-7)

In eqn.(3-7), the value of　工　can be considered as　some kind of performance

index of the system (3-1).　Eqn.(3-7) emphasizes the dependence of the value

of　工　　onboth the solution of Lyapunov's matrix equation (3-6) and　the

initial values of the state variables　∠ix(o) .
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　　　Inorder　to use ･this　performance　index to represent　the stability

measure of　the system, it　is usually necessary　to eliminate this dependence

on the initial state AXio). Mathematically, a simple way to eliminate tlie

dependence on the Initial state　１Ｓ　toaverage the performance Index　工

obtained　for ａ linearly Independent　set　of initial states.　This　Is　equivalent

to assuming the initial state∠iK(o) to be random variables uniformly distri-

buted on the　surface of　the unit　sphere.　　In　this　case, the averaging value

of　工　　,which　is　designated the expected value of 。:Ｅ　　,becomes:

i＝-琵一
･ tr( IK ) (3-8)

　　　　　　Ａwhere.　ｌ　　ｚ　expected value of　工　　　，　n.　ｚ　orderof state variables　．

　　　　　Tr(.)：　sumof the diagonal elements ０ｆthe matrix contained in (.)

From eqn.(3-8), Tr( fK ) can be considered as the stability measure of the

system described by eqn.(3-1), and for the ･smaller value of Ｔｒ（依　）↓　the

system become more stable.

　No. 3

・Gen.

　No. 2

　Gen.

　　　･Ａmulti-machine power　system contains an extraordinaでｙ amount of　system

parameters.　It would be confusing to study all ｔｈｅ弓ｅeffects.　Hence, a

Ｓﾆimplemodel of ａ　3-machine　system as　shown in Fig.3-2-1 has been studied

to demonstrate　the effects of　the load　flow and the local shunt　loads on the

dynamic　stability･

No.i
Gen.

　　　　　　　　　　｀″　‾｀　　Ｂ

Fig.3-2-1　Model ０ｆ　3-inachinesystem
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　　　In　themodel system. No.3 machine　is　equipped with neither voltage regu-

lator nor governor.　The simplified models　shown in Fig.2-3-2(a) and Fig.2-

4-2(a) are used　for the control systems of　the other machine, but　the addi-

tional control signals　Uf and　Ｕ２are not considered here.

3-2－1.　Linearized tions　of Model　S stem

　　　　In　this　section.　themathematical representations　of　synchronous machines

and　transmission ｎｅtﾆworkdescribed　in section ２－２and　section ２－５have been

used　in order　to obtain the linearized equations of　the model system。

　　　　Themachine equations　are rewritten for small perturbations　for the case of

the ｊ-th machine described ｂｅ:Loｗ･

From eqns.(2-26),(2-27).(2-29),(2-32) and (2-33):

籾硲丿λE蝿－AE;i－(ｘjj 一刈)･a tajj/Ta'oi

リ隨＝{一託みバズ,i一河j}･冠詞/福j

PA亀作＝△ωi－△ωΓt

p/au)j= (APtj-Pd^･６叫一応i。･Atdj -びSi・･ムUi

From ｅqｎ･.(2-28):

－iJj・'４びdj－4j・･４吟i)/吻

AXTii = - rV ’∠si･i't4‘ !）C応・乙iμ十ａ Ｅ;ｊ

４再i＝－Y;i ･ 酎li －ズ4・友町　十ａ Ｅ;ｊ

　(3-9)

(3-10)

(3-ｎ)

(3-:L2)

(3-13)

(3-14)

Similarly, the control systems equations are rewritten as follows.

From eqn.(2-31) , eqn.(2-34) and eqn.(2-37):　　ご

　　呻E埓゜‾（゛Ｅ叫゛Kfj-Aび■ti)/Tﾁi

　　MRげ‾（゜Pti十KSi･ ４叫/aJ，）/Tii

｀゛here.乙斑jべ功i°‘゛向゛肖匯場丿柄・・Ｕ’ ゛ U;, ゛ O°0

(3-15)

(3-16)

Further, if desired, any other model　for voltage regulator or speed governor

can be easily　Introduced.
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From eqn.(2-53)-eqn.(2-55) the network equations　for　theperturbed motions

become as　follows:

　　　　　　ｊ醜i－Ｔ(ぶμ。y４晩ｎ．＋Ｔ徊μ・)・応､､。・４ぶ沁

゜yUR沁Ｔ(み．)＋ω・･L沁Ｔ臨Ｊ卜臨,＋{ (3-17)

-RiK-T'(ぶj゛゜)゛ｕj°'Lμ゜T(<riK゜)yiぷ'４ら゛(゛Ljk°Ti硲・)‘o 'り]

A{Ｔ(釦゜)'４;jしＴぬj°此;j・丿島川で゜　　　(3-18)

4bi° ゜1‘4 ゛ Ｘ(ω゜)‘ｊぬi゛^'{tOo)-trd^o
' ･ 叫゚　　　(3-19)

゛ｅ’＾沁［悦］Ｊべ十劉’叫゜［詣］

Finally ａ set of　equations (3-9)-(3-19) are rearranged to　give the matrix

equation of　the system.　Let　ａ pair of vectors　Ｚ１χ　and　Ａｙ　be defined　as:

　　A'SL　゛［心’３・４Ｅふ4EjバXEがり゛ωり゜Ｒ;･ノ゛心3バIFぶ・　　　　（3－20）

　　　　　　　　　　゜Eﾑ・やらdi. aU)り乙陛り゛り乱‘I E‘1;／‘｀ωＪ］７

　　　　△y　゛し応り４ら’・乙ね’・‘1iμ・’‥・4{/</ヽり４びiり冠jj・４ipT (3-21)

where, the order of Aχ　　becomes　１５ and　the order ｏｆ４が　　becomes　１２　for　the

given model system.

Then from eqn.(3-9)-eqn.(3-12) and eqn.(3-15)-eqn,(3-16):

　　？ａｘ＝　Ａ。ａズ　十　Ａ２・411

From eqn. (3-13) , eqn. (3-14) and eqn. (3-17)-eqn. (3-19)~:

　●　ん●４ズ＝紅･祠　　　　　　　　　　　　　　　　十

(3-22)

(3-23)

From above　two equations　in vector　form, the linearized equation, of　the

model　system becomes　of　the form shown in eqn.(3-1), and the matrix　Ａ

becomes　as　follows:

Ａ　＝　Å，＋Ａ２･肩･ん (3-24)

where, the components of the niatrices　Ai　， Az , A3 and 肩４are shown

in Table A-1. ( see appendix ）
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　　　The parameters　of　the model system are shown in Table　3-2-1.　The data

for the machines　are　taken from Klmbark?　The equ:Lvalent circuit of　the

transmission network yields the　Impedance matrix of　the order ２×２ as　shown

in Table 3-2-2, where the bus　Ｄ　of　the model system Is considered as the

voltage reference.

Table　3-2-1　System data

machine No

｀
が
４
４
ｙ
て
尽
J-(=ω。M)

Pj

Kj

刄

Ｋ１

１s

No.l　No.2 ・ No. 3

1.10　1.10　　1.10

0.23　0.23　0.23 ｡

1.08　1.08　1.08

0.23　0.23　0.23

0.05　0.05　0.05

9.5　　9.5　　9.5

1.7　　1.7　　1.7

5.0　　5.0　　5.0

lo.d'　10. o'　10. o'

40.0　40.0　　－

4.0　　4.０　　　－

3.01　3.0　　－

1.0　　1.0　　　－

Zi= 0.0 + jO.25, Zj- 0.0十10.25

Z}= 0.02十jO.252, ・０.02十jO.502

Table 3-2-2 Impedance matrix of

　　．　　　equivalent circuit

Bus

Bus

Ａ

Ｂ

Bus Ａ Bus Ｂ

0.01 ｔ 10.261　0.01 + 10.126

0.01 + jO.126　0.01十10.A39

　　　　Beforethe dynamic stability of the model system is　studied, it　is nece-

ssary to　find the　initial values　of the pertinent variables.　Prior･ to ａ

disturbance, either　the active power　output and　the terminal voltage, or the

reactive power output are known　for each machine of the model system.　After

load flow calculation. the operation angle　ぶ｀ｉｏ　isdetermined according to

the Phaser diagram as shown in Fig.3-2-2.　Once the angle ら・is known. the

initial values of　the other variables may be determined and　transformed Into

the rotor-pole　ａχis　ofevery machine　in the model system by the axis　trans-

formation described In section 2-5.
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q;-axis

Fig. 3-2-2　Phasor diagram for initial values

3－2－3.　Stability Margin

　　　　For　thenumerical calculation of　the dynamic stability analysis　of the

model system, the root-locus analysis described　in’section 3-1-1 has been

used　.　For　the　inclusion of ａ stability margin in the analysis　, the eigen-

values　are restricted so that a11 0f　them may lie on the left half plane

apart　from the imaginary axis, which corresponds to the dominant mode in the

performance of　the distﾆurbed system Is　forced to　fall within the left half

　　　　　　　　　　　　　　　　　　　　　　　/　　　　　　　　　　　　　（1り,(tz)domain restricted by the line ０４　＝1/馬，ａｓ shown in Fig.3-2-3.

Fig. 3-2-3　Domain of　eigenvalues　restricted by
　　　　　　　　　ｺﾒ＝１／Ti,
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By　the restriction of　the area of　the eigenvalues, the critical　condition

of　the operation contains　the dominant mode whose decay time Is　Tj> sec.　　■

at　longest.

3-2-4.　Numerical Results

　　　　Here,the underexcited or　leading power　factor operating points have

been chosen for　the operating　conditions ･of No.l machine.　They are the

conditions where the small signal performance are of most　interest。

　　　　Table　３－２－４shows　ａ typical listing of　the eigenvalues　for　the model

system and　their corresponding values　in second or in hz are shown In bra-

ckets.　The eigenvalues associated with the　slow permanent droop action of

the　governors　and with　the rotor oscillations appear first　in this　list.

The other　group of　the rapidly damped high frequency modes　１Ｓassociated

with the electrical　circuits。

　　　　Fig.3-2-4　shows　the　lociof　two dominant　eigenvalues as　the power out-

put of No.l machine, Wi = Pi十a^t, is varied. Either of the two eigen-

values　approaches to the imaginary axis as -at　increases, consequently the

model system becomes　less　stable.　０ｎ the otherhand, its　frequency rises as

Pi　　increases.　　　　　　　　　　。。

　　　　Thedomains of operation allowing　for　the margin- proposed　in section ･３－２

－３have been obtained against　the various values of　Ｔｉ）　asshown in Fig. 3-2

－５．　Theboundary of the domain takes　rather diverse shapes depending on the

value of　Ｔ２）　．　This　factpoints　out　the difficul･ty of finding some physical

meaning in the widely used margin, which　１Ｓ　specifiedonly with the critical

power output Ｐ。,ａ　and　theoperating point　output R> as ｆ０１１０ｗｇｔ）Ｋ，＝（

　孤に－Ｒ　)/ imax . Fig.3-2-6 shows the similar domains of operation while

the active power output　of No.2 machine　is varied。

　　　　Holding-all the parameters　fixed ，only　the shunt load at　the terminal

０ｆNo.l machine is varied to know its　effect on the stabi:Lity・
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･
　
Ｃ
Ｐ
Ｏ
Ｊ
／
i
）

CC XIO"^ V/rad.)

Fig.3-2-4　Loci of　two dominant　eigenvalues ’ａｓ

　　　　　　　　　　Wivaries ( Wi =･ＰＩ十jQi )

Table 3-2-3　Typical listing of　eigenvalues　for model system

　　Real roots

-0.1961 (-5.10 sec.)

-0.7742 (-1.29 sec.)

-0.9647 (-1.04 sec.)

-1.0140 (-0.99 sec.)

-1.3884 (-0.72 sec.)

　　Complex conjugate rooCs

-0.1699 + jO.5402　(-5.89 ｓｅｃ･ ． 0.08 ｈｚ）

-0,2006十jO.8695　(-4.99 ｓｅｅ･ ， 0.14 hｚ）

-0.2836 + J12.6485 (-3.53 ｓｅｃ･ ， 2.02 hz )

-0.3983十113.7333 (-2.51 ｓｅｃ･ ， 2.19 hz ）

-O.A987 + jO.3844　（-2.00 ｓｅｃ･　．０.０６hz ）

OperatﾆIng point: point Ａ in Fig.3-2-4

machine Ｎ０．
-

Active power

Reactive power

（Ｐ）

（Ｑ）

No.l　No. 2　　No. 3

　０

－○

　０

35

55

89

0.25

0.456

0.12

-0.593

　0.285

　1.0



-０．

i
ｓ
ｍ
ｏ
ｄ
　
　
　
　
≫
A
i
|
３
０
３
t
j

－３０ －

Active　Power

　　０　　　　　　　　　　　　　　　　・　　　．

Fig.3-2-5　Domain of operation as margin ＴＩ）　varies

　　　　　　　　●　．　　　　　．　　　　　　　AcllvaPower　．‘

－０５

I
ｊ
ｉ
Ｍ
Ｏ
ｄ

９
Ａ
i
ｐ
Ｄ
９
i
J

　　　　６’

･Fig.3-2-6　Domain of　operation as Ｐ　varies　゛

The power　factor ( cosy ) and the percent consumption ( p.c.) of　the　load

with respect　to the absolute value of　the power output　from No.l machine　are

varied at　the operatl!ｌｇ point A, B and Ｃ in Fig. ３－２－４．　Fig. 3-2-7　shows the

loci of　the　two dominant　eigenvalues　as　the　shunt　load varies as　described

above It　is　clear that　the　leading power consumption at No.l machine ter-

mlnal, which is　feeding the leading power to　the system. makes the system

less　stable, and　that　theexcess　lagging reactive power consumption also

makes　the　systemless　stable.
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p.c.　：　percent power consumption

　　　　　　ｏｆ．･shunt　load　　　　　　－　‥

　び　　：　power　factor angle of

　　　　　　shunt　load

゛Ss

Fig.3-2-7　Loci of　two dominant　eigenvalues　as　shunt　impedance

　　　　　１　　　loadvaries

　　　　Here,the alternative methods described in section 3-1-2 or　In section

3-1-3 are not used　to　investigate the dynamic stability of　the model　system.

but　these methods are used　in later　chapters　to　investigate the small signal

performance of power systems.
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Section　3-3.　Mathematical Method of　Transient　Stabilit

　　　Fromeqn.(2-66), the large signal performance of　the　entirepower

system is described by ａ set　ofnon-linear differential equations of　the

form:

ＰＸ＝　f-C3C) (3-25)

where, the additional control signals are not considered. i.e. Hi =の　・

　　　The construction of the non-linear functional vector #(X　also in-

volves　an equivalent　circuit of　transmission network, some reference frames,

an axis　transformation and power flow calculation for the　initial conditions

described in section 3-1.

　　　The transient stability of　the system may be　investigated by Ｓｏ:Lving

the eqn.(3-25) of　the system for ａ given initial condition, and the solution

curves　converge to　their steady　state values, then the system becomes ｔ：ransl-

ent　stable　for the given initial condition. On the other hand, the solution

curves diverge, then the system is ･transient unstable。
　　　　　　　　　　　　　　　　　　　ｉ，
　　　The　integration method of eqn.(3-25) adopted　in this　thesis　Is　ａfourth

order Runge Kutta Gill procedure：in which four evaluations　of　the rate ６ｆ

change of each differential variables　are made at specific interval witMn

the time duration of the integration step, giving ･ａtruncation error that

is approximately proportional to　the　fifth power of　the step　intervals.

Section 3-4. licatlon to ａ 3-machine Problem

　　　Ａsimple model of ａ 3-machine system as shown in Fig.3-4-1 has been used

in order to　investigate the transient　stability of this model system.　In

this model. No.3 machine　is　conventionary used to represent ａ large　scale

power system：　it　represents　ａmachine which is equivalent　to about　１０

machines　connected to bus No.3.　Also, It　is assumed that　the　internal power

consumption　of　this large scale power system is　equivalent　to　the power
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which is　consumed at　the shunt　impedance load at bus No. 3.　For　the　control

systems　of　each machine of　the model system, the simplified models　shown

in Fig.2-3-2(c) and Fig.2-4-2(b) are used.　　　ダ

NO.I

Gen.

No. 2

Gen.

瑞， 　　心.3

t々３ Gen.

Impedance　工mpedance

　　LoadZl,　　Load Zl2

Fig.3-4-1　Model of　3-machine system

3－4－1.　Non-linear First　Order Differential

　　　　Inthis　section, the mathematical representations of synchronous machines

and transmission network described　in section ２－２and section ２－６have been

used in order to obtain the non-linear differential equations of　the model

system.　'For the case of　the j-th machine, the machine and control systems

equations which represent　the large　signal performance are given as　follows.

From eqn.(2-26), eqn.(2-27), eqn.(2-29), eqn.(2-32) and eqn.(2-33):

？隨べEfjj - Eか（゛1-稲）ふi } /Ti・i　(3-26)

PEみ　ベ　　　　ー　E4バつ（,i一喘）･臨｝／猫j　　　　(3-27)

1)ら　゛゛ωｉ

卜ω卜(P吽－Pei－Paj ･心叫)/Mi

(3-28)

(3-29)

where・Efjj °E舛・4‘ｊﾖjJj・･ ti - Ptjo ゛ＡＲｉ･・Pei=%t･･1μ鴇i゛Gj

From eqn.(2-36).‘the voltage regulator action of j-th machine becomes:

　1)％＝'KfバKj･ｊ匈＋　Ｖ,j)/TI,i－Ｖ。j /乃j

籾恥に(Ｖ４－4E舛)/Ｔｅj

(3-30)

(3-31)
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fVsj °（.几j‘P乙Efり－ｖｓj）/Ｔsi

where・斑jｲ瓦?万二両r・゛馬Ｆ馬i－Ｖ弓　・ｕ･μｏ

(3-32)

From eqn.(2-38), the governor action of j－tﾆｈmachine becomes:

仰町＝しKgj ・４叫/ω・－ｊ Ｒ･j.)/Tji

ヤ痍i＝DP好一ｊ叫)/Ｔhi

(3-33)

(3-34)

The　terminal voltages　and　currentsrequired for　the connection with　the

network are described in vector　form from eqn.(2-28) as　follows:

喊ド　吻j.一川j･ tJi-

where, 3^aj. =
ｊ
り
り
Ｈ
ノ

ぬ
仇
。

９

Id}
ご

タ 稲
じ
・
　
＝

(3-35)

The behaviour of　the entire power system is　expressed by one　such set of

equations described above　for each machine together with the terminal

constraints　imposed by the interconnected network.　The interconnected net-

work is described as follows from eqn.(2-64).

Hdi　°
丸

額’
Σ
… (3-36)

From eqn.(3-26)-eqn.(3-36), the behaviour of the model system is described

in vector form shown in eqn.･(3-25), where the state variable vector　ｚ　and

the non-linear functional vector ｆぐIX:)become‘as follows z ・　　.

x　゛［j｀’ﾉ叫!’Ｅ元ＥふvsllJ EfJ･， V... ４Ｒ,･，Ａ＆･ﾉ　　(3-37)

　　　　“い卜（∫｀J’゛ωねＥ;３・Ｅふ‰・Efdりｖ5り人几・ち４なｙ･

右ズ）゜［于･し九，づ｀3，‥‥‥，f=,5･,Tu , f z7ド

　于1°fSi　・九゜り向・九゜P^V　・太゜げd;

　is = fVcLi　，呪＝PE坤　，呪＝P ｖs。 f, = paPv。

　ち　゛″P°臨　，ﾁ,。゜Ｐ心　　，尨＝Ｍω２　，飛＝PEμ

(3-38)
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　　　f･3＝PEこ　，j;４＝Ｐｖkｚ　, f,5-= V^'^μ２，乱＝P Vsz

　　　‘乱゜P£Fしｚ　，飛゜Ｐ乙政之　・f,<)= r^s　　，乱゜Ｐ４向

　　　尨゜pEみ　・尨゜Ｐ Ｅｊ;　，九3゛ P‰3　，ね゜P4EﾁJ3

　　　:f-2s = pv５５　，乱も゛Ｐ°Pｖ３, f.7 = Ｐ＾Ｐｔ3

　　111 the computation process・the induced voltages　E;j　and　E:li and the

difference angle oj　which result from the machine equations and appear

as the　integrable variables　in the machine equations are considered　as　the

input　quantities　for　the solutions　of　the transmission network equations

(3-35) and (3べ36), whereas the terminal voltages liaj- and i/"-:･・and ｔｅ°inal

°jrrents i4 and tjj. are determined as　their output　quantities　from the

transmission network.

3－4-2.　System Parameters and　Initial Condition

　　　Thedata of　the machines, the transmission network and　the　impedance

loads　are　shown in Table 3-4-1.　The data　for　the machines are taken　from

　　　　　（夕Kimbark and　the　typical values are used　for the control systems parameters.

The equivalent　circuit　of the model　system yields the admittance matrices

of the order under the several conditions　of　the model system described below

; (1) steady state,(2) three-phase to earth fault ａ!二the point Ａ in the model

system,(3) isolation of　the　faulted line by circuit breakers.　The admittance

matriχ of　each situation is　shown　１ｎTable　3-4-2。

　　　After load flow calculation of　the model system for　the given operating

condition, the　initial conditions of　the model system have been determined

by the Phaser　diagram shown in Fig.3-4-2.　The Initial conditions　of　the

model system are shown　in Table　３－４－３．
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Table 3-4-1　System data

Machine

乱
£
姐
刄
必
。
僻
謡

No

Ｊ(･ω。川

心
刄
乙
。
χ
心
旨
ご
Ｊ
Ｊ
’

Z,－

Z3=

ふ=

Z11-

No.l　No. 2　No. 3

1.15

0.37

0.24

0.75

0.75

0.34

5.60

5.60

25.0

0.10

0.30

1.00

5.00

0.007

0.20

0.20

0.30

0.0 + jO.2.

0.0 + jO.l,

０．０十jO.3.

0.1 + 10.02

1.15

0.37

0.24

0.75

0.75

0.34

5.60

5.60

25.0

0.10

0.30

1.00

5.00

0.007

0.20

0.20

0.30

0.115

0.037

0.024

0.075

0.075

0.034

5.60

56.0

95.0

0.10

0,30

1.00

5.00

0.007

0.20

0.20

0.30

Zj= 0.0十jO.l

●　　　.2い0.0 + jO.l

Zli= 0.3 + 10.1

３６　－

Table　3-4-3　Initﾆlal conditions

マ
に
叫
町
旨
ご
心・

Eijjo

Ｅ;j・

No.l　No.2　No. 3
w

1.00　1.00　9.77

　0.40

　1.00

　0.99

　o.u

　1.08

　1.05

-0.25

-0.91

1 1.84

　1.18

　0.00

0.58　’ 2.15

　0.99

　0.99

　0.03

　1.16

　1.03

-0.55

-1.05

　2.01

　X.24

　0.00

　0.97

　0.97

　0.00

10.28

10.04

-2.21

-0.99

　1.66

　1.09

　0.00

●

Table　3-4-2　Admittance matrices under several　system conditions

　　　　　　　AdmittancematrixIn stead　state

0.1095 － 14.0511

0.2190 + jl.8978

0.2190十jl.8978

0.2190 + 11.8978

0.4380 － 16.2043

0.4380十13.7956

0.2190 + jl.8978

0.4380 + J3.7936

10.0533 － J8.1275

1.Ｊ

0.0257 － j12.2700

0.1029十j 0.9202

0.1029十j 0.9202

0.1029 + 10.9202

0.4115 － J6.3193

0.4115十J3.6807

　0.1029 + jO.9202

　0.4115十13.6807

10,0269 - j8.2/i24

0.0334 - J2.2383

0.1336十11.0468

0.1336 + 11.0468

0.1336 4･jl.0468

0.5345 － 15.8129

0.5345十J4.1871

0.1336 + jl.0468

0.5345 + J4.1871

10.1499 － J7.7360
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・　Q-axls

( imaginary axis ）.

i･tio ― I.tjo*E
i°゛j°
－｡６ｊｏ゛μ中

仇i。､= Uti・･巳沁゜=
V-Dlo-*･i迄j。

　　　　　　　　　Fig.3-4-2　Phasordiagram for　computation ｏｆ’

　　　　　　　　　　　　　　　　　　　initial　conditions

3-4-3.　Numerical Results

　　　　Fig.3-4-３ shows the case　that　the model　system is transient　stable under

the following system conditions;

　　（１）　Thethree-phase　to ground　fault　of　０．１sec. duration occurrs at the

　　　　　　pointＡ･in the model　system at　ｔ＝０．０sec..

　　（２）　Thefaulted line is isolated by ｔｈｅ・circuitbreakers at t=0.1 sec. ･

レ（３）　Thefaulted line is reclosed　at　t=0.2　sec. after clearing the　fault

　　　　　　fromthe system.

The admittance matrices　of　the　transmission network have already been shown

in Table　3-4-2　for　the　above three　system conditions.　In this　case, all the

system variables　convergeヽto their steady state values after clearing the

fault　as　shown in Fig 。3-4-3 ， then the model system Is　transient stable　for

the above conditions.　　　フ
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　　A,:　ｔ’゛ ０．０ Ｓｅｃ･－，　Ａ２：　ｔ°ＯＪ．・sec. ,　A3.:　t = 0.2 sec.

Fig.3-4-3　Transient　stable case of mode:Ｌ system

　　　Fig.3-4-4 shows　the case that the model system is transient unstable

under the following three system conditions ｆ

　　（１）　Thethree-phase　to　ground fault of ０．３sec. duration occurrs　at　the

　　　　　　pointＡ in the model systﾆem at　t=0.0　sec..

　　（２）　Thefaulted line １ｓisolated from the system by the circuit breakers

　　　　　　at　t=0.3　sec..

　　（３）　Thefaulted line is reclosed after clearing the fault at　t=0.4 sec..
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In this　case, all the system variables pulsate after clearing the fault

as　shown in Ｆ!ｇ．3-4-4。then the system Is　transient unstable for　the above

conditions.

。
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２０
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’
ぶ
　
０

’
ぶ
　
２
　

１．０

０．０

-1.0

-2.0

０
２冗　４冗　６Ｒ　８７１　１０冗

　　■　　（ａ）　　　　　　　　(rad.)

召

t　　１.0

　２．０

(sec.) 0

Ai

A2

A3

●

●

●

●

●

●

ｔ

ｔ

ｔ

= 0.0 sec.

＝０．３ sec.

= 0.4 sec.

１．０

(Ｃ)

Fig.3-4-4　Transient unstable　case of model system
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Section 3-5.　Summar

　　　In this　chapter, the mathematical methods of　stability analysis　of　the

power　system and the applications of　these methods　to the model system have

been represented.

　　　The methods have the　following advantages.

　　(1)The methods　are not　limited to one. machine or pairs of machines, but

can handle ａ number of machines　connected to ａ transmission network of any

form.　The methods are limited only by the memory capacity of　the digital

computer used　in those　implementation.

　（２）Ｔｈｅmethods use the model of ａ round-rotor machine or　the model of ａ

ｓａ:Lient-pole machine and　include　the　governors and the voltage regulators

actions.　Further, the methods　allow the　inclusion of any alternative

governor or voltage regulator that　acts　continuously.

　　(3)For the　case of　the dynamic stability analysis ，the state space of

eqn.(3-1) enables　the use of　any technique of modern multivariable linear

system theory・

　　　Inlater　chapters, the methods represented in this　chapter are used　in

order　to investigate the performance of　the given system.
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CHAPTER　４　　工MPROVEMENT　OF　DYNAMIC　STABILITY

　　　　　　　　　　　BY　STATE　FEEDBACK　CONTROL

　　　　Inthe most ･general case, the dynamical system can be represented by

ｔ：henon-linear differential equations　and　the　Implementation of optimal

controls, determined directly from this non-linear model through ａ standard

optimizing procedure, is　extremely difficult.　However, for the case of

transient　involving small disturbances, it　is possible to　linearize　the

original non-linear　system about　the operating point。

　　　　Inthis　chapter, the disturbances　in the system are assumed　to be suf-

ficiently small, then the optimization of synchronous machine performance

has been considered by minimizing the quadratic performance index １ｎboth

system variables　and　control variables.　In this approach, the linearized

equations of machine are considered and　the control law consisting of

constant　feedback coefficients of the state variables　of　the systﾆem has been

　　　　　　a9),C30),(3l)derived.　Ｓａｔﾆisfactory performance of　the machine around　the selected oper-

ating point has　thereby been obtained.

Linearized

　　　Inthis　chapter, it　is assumed that　the system disturbances　are　suf-

ficlently small and all the state variables of　the system are measurable.

　　　Here, we consider the linearized　system described by the following

equatﾆion　z

･P∠IX　°

　∠1叫･＝

Ａ・ＡＸ十Ｂ・以

(E・∠＼X

where.　　∠１χ　‡　　n-thorder　state variables vector

(4-1)

(4-2)
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　　　　　　∠い!λＪ’　Ｚ　m-th order output variables vector

　　　　　　　駄　　Ｚ　r-th order control variables vector

　　　A,
B, C　: (n

X n) , (n x r) and (m )Cn) coefficient matrices

　　　　　　　　　　　　　of　the system

　　　As　the cost　functional ０ｆ　the system described by eqn. (4-1) and　eqn. (4

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　(32)　　　　　’-2), the following quadratic performance index　Ｊ　is chosen：

Ｊ　＝上
　　　　２

じ
（△�ｊ９､●･･AVJ- + ＼UJ'IR･Ｕ）北

From eqn.(4-2), the above equation is rewritten as:

　　子　.If,△ぞ･ａ・ｊｘ々�･ill-iu)dt

where, ^　° Ｃ７'tur-C

(4-3)

(4-4)

In the above two equations, the matrix
ａぼand

the matrix Ｑ･　are positive

definite or positive semi-definite and the matrix　尺　　ispositive definite.

　　The optimal control vector　吹　　,which minimizes　the quadratic per-

formance　index described by eqn.(4-3) or eqn.(4-4), becomesや(34)

駄ﾚ＝－F・AK　　　，　Ｆ　＝尺‘'･811 1K (4-5)

where,　the matrix　賎　　is　the　solutionmatrix of the following matrix

Rlccati equation and becomes positive definite symmetric. If　ｔﾆheoriginal

system described by eqn.(4-l) is　completely controllable.

が･Ｋ ４-Ｋ･A －Ｋ･B･Rﾌ'･I勺K + a =の (4-6)

　　　By the optimal control described by eqn.(4-5), the value of　the　cost

functional　７　becomes:

J　°y/lTC'-lK '゛!x:しo (4-7)
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of　Closed- stem

　　By the above optimal control described by eqn.(4-5).　the original system

described by eqn.(4-l) becomes：

･PAX =□χ － B･Ｆ）･∠iJC (4-8)

The stability of　this　closed-loop　systemis determined by directly computing

the characteristic roots　of　theclosed-loop system matrix （Ａ －B･Ｆ ）ａＳ

described In section 3-1-1.　Furthermore, the stability of　this closed-loop

system is also determined by　the solution matrix　Ｌ　　of　thefollowing

LyapunoV's matrix equatloi?31）f　theclosed-loop system.

(A-B･Ｆ）７･Ｌ＋L･（A －B･IF）＝－/y､/ (4-9)

As　described　insection 3-1-3, if　the　closed-loopsystem described by　eqn.(

4-8) is asymptotically stable, the matrix　Ｌ　　becomespositive definite with

the matrix　爪ﾉ　being arbitrary chosen to be positive definite, and　the

following relationship　is　satisfied.　　　　　　　　　づ

工戸
昏ｘｊ

｀j'j‘｀1(dt゙ ∠ぷ'"･L-zijcに，

Furthermore, the expected value of　工　　becomes:

i＝1::･Ｔy･(L)

(4-10)

(4-11)

where, U.　is　the order of　state variables.

From eqn.(4-1:1), for the smaller value of Tr(lL ), the closed-loop system

is more stable.

　　　As　describedin section 3-1-2, the exact　solution of　the closed-loop

system described by eqn.(4-8) becomes:

AK(t) =　がいB-f)t・∠１ズ(o) (4-12)

Ｗｈｅｒｅ，Ｅ(Ａ｀ｌ'りｔ　isthe state　transition matrix of　the closed-loop　system.

The system responses are obtained by solving the eqn.(4-12) by the recursive

formulas　for digital　computer.
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Section ４－３．　Applicationto ａ One-machine Problem

　　　Thepower　systen! under　investigation consists　of ａ synchronous machine

unit　connected　to an infinite bus　through ａ　transmission １ﾆIne as　shown in

Fig.4-3-1.

眺

impedance

　　load

　れ，２＋ｉｂ

y，

infinitﾆｅ

　　bus

Fig.4-3-1　Model　０ｆ　one machine　system

It has both voltage regulator and speed governor.　The models　shown in Ｆｉｇ・

2-3-2(b) and Fig.2-4-2(b) are used for these control systems, and the

additional control signals　Uj and　Ｕ２are determined to minimize the given

performance　indeχof the model system.

4-3-1.　Linearized Equations of Model System ｌ

　／　Themathematical representation of synchronous machine described　in

section 2－1　isused　in order　to obtain the linearized equation of the model

system.　At　first, the synchronous machine equations (2-1)-(2-10) are re-

arranged and linearized as　follows around ｡the operating point.

　　･P嶋j＝ω．･『毘･がEf』や畿･(ａ呪4－△剪d)χ

　　郎蜀゜肺脂応゛４も噸．･誉ヤム･(４‰－４聡)1

　　侭べΓω・包(zxKd－４もj)

　　怜呪＝ω・･ひ肖－４罵一柘．･笠＋2と･(４瓶ｒ乙㈲1

　　糾ち＝貳･化･(‘｀Ｋs－△気s)ニ

where,△id °(△呪j－Ａ恥)/:)(ａ　，△剱＝(△も1－乙剪)/ズｄ

(4-13)

(4-14)

(4-15)

(4-16)

(4-17)
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j戴J＝(で宏十まか＋11)/Ｋ。
ja裴1＝(借ｔｼﾞな)/K2

　K，＝去fEと･ｔ蔵;＋ム，Kz＝轟十七十≒

From eqn.(2-13), eqn(2-16) and eqn.(2-17):

　　　アａぶ＝　遠山　　　　犬

　　　p4ω゜（△Pi．-　Pd・Ａω一乙?f)/M

where･ ゜巧゛聡．’４ら一考．’屁j4ね．’ｊｌ玲－ね．・４刄

(4-18)

(4-19)

From eqn.(2-35) and eqn.(2-38) the control systems　equations　are rewrlttea

as follows ｚ

･PAE+d =

fVs =

聯(-/il/t-Vs)一七乙
Eid ＋4に

令゜Ｐ乙Efd
“
ji゛
Vs

Ui

　　-P4Pv =べt乞}一大aPヽ，十々l ｕ２

　　Ｐａ政＝≒△p。一寺･△Pｔ

where, from ｅqｎ.(2-31)，ｊ吸゜|ﾀごｊ吻十化゛ａび1

(4-20)

(4-21)

(4-22)

(4-23)

Furthermore, the transmission network is represented as follows?1,02)

where.

i!.J

応

＝　Ｕｔノy･鮮j

＝Ｔ尚・馳＋Z。・に

ヰ∩にドブふ問

｀y°1｝，－b　. Ze = Ve ,-^e ｡，Ｔ（J）＝（ｏsぶ,Sin.　［

b，　1

］　　　　　［

ズe, Ve］　　　　　　［SinS, cos

(4-24)

(4-25)

引
‐
り

For ａ small perturbation from ａ fixed operating point, eqn.(4-24) and eqn. (

4-25) become：

AIJ＝　∠1じ　＋　ｙ・４ｉﾘ｀j

A吻＝で反)･帆･Ｊ゛ｆ Ｆｅ･乙じ

(4-26)

(4-27)
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where, 41^ =[潤　, 4id =｢;1;｣

４６　－

判 , T(So)

聯宰帽
In the above　equations, the subscript　Ｑ　　denotes　the steady state value・

　　　Letvectors ＡＸ ，∠１!がand　畝　bedefined ａＳ：

A% °（ｊ剪jμ馬。４恥心力刄･ｊ呪s.･<i<f,4to /lE/もｖりR･,411 J7（4-28）

　　　　ｊｙ ゛〔Ａ盾も゛｀μkb∠xiむ゜ij･，゜Lね.･ｊ晦J7

　　　　直　’ｆ ａ・，Ｍ２「

Then, the linearized equation of　the model system becomes：

　　　？乙ズ＝ん・△ズ十か,２･Aljl t Q- III

　　　　乙ｙ＝　ん●乙ズ　　　　　　　　　　ニ

(4-29)

　(4-30)

(4-31)

　　（4-32）

From above two　equations，the linearized equation of　the model system

becomes of　the form shown In eqn.(4-1), and　the matrix　あ　　becomes:

　　　　Ａ　＝　ん　-ｌ･　か,２・A3

The output vector A Hび゛ｏｆ　themodel system is　selected as:

　ム匍｀＝〔乙ぶ，゛ｕJ， ゜Ｅμ; Vs,乙几ｊｊ祷，ムｈ〕７

Then, 41^/= Ci ・乙ズ＋しＧ,ム９　　　　　　犬　．ヽ

(4-33)

(4-34)

(4-35)

From eqn.(4-32) and eqn.(4-35), the matrix Ｃ in eqn.(4-2) becomes:

£　＝　 ^ + Cz・Ａ3 (4-36)

The components of　the matrices A,　≫ ir^i * fh 3　，・Ｂ and　　Ｃ　are shown

in Table Ａ-2　in appendix.
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tem Parameters　and　Initial　Conditions

　　　Theparameteでｓ　of　themodel system are shown　In Table 4-3-1.　Before　the

construction of matrix　糸　　, it　is necessary to　find　the steady state values

of the system variables.　After　the load　flow calculation, the operation

angle　£　　is determined by the phasor diagram of Fig.4-3-2.　The Initial

conditions of　the model system are shovm in Table 4-3-2, where the operat Ing

point　of　the synchronous machine　is　selected as follows:　Ｒ　(active power

output or electrical output)=1.0 p.u..　ａ。(reactive power output)=-0.5 １)・ｕ・

and lAo (terminal voltage)=l.l ｐ．ｕ‥

Table ４－3－1　System parameters

印

卸

Machine consCnnts

=0.00107　　fKd =0.0035

■=0.14 ズKJl =0.04　　　｡ズ

:X:゜J°1.86　　　Z゛S °1.86

J ( =ω。･M) =6.0 (sec.)

Kf･20.0

Kj =Jo.o

y･=0.1

　
ｏ
！
ｌ

ｎ
’
が
乃

･=0.0035

-0.04

･0.005

Control systems constants

Tf =1.0 (sec･I　Ks =0.05 ，

乃゜0.8 (sec･)飛■=0.25 (sec･)

Line constants

♭一一0.05 re =0.01

　r "0.002

ズa! ■=0,14

Ts "0.5(sec.)

ズｅ　=0.8

Table 4-3-2　Initial conditions

R(ａ。) =1.0

Ｍ･･1.6322

tS°　=0.5/. 78

●　　●1μ。=0.9835

町Jo =O.37/i6

Q。=-0.5

吻ｏ ゛1.0939

扇。■=0.1171

噸J。=0.2369

EfJo =1.8292

斑。・1.1

埓。"0.1160

M・

噸2・

s･-1.0956

s･-1.0189

0≫ -O./iO58(rnd･)

{d。■=0.8561

<fo ≫1.871O(rad･)

Pt。-1.002０
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Fig.4-3-2　Phasor diagram for　initial values

4-3-3.　Numerical Results　　　　　　　　　　　　　　　　　　　　　　‘

　　For various weighting matricescity･and　Ｒ　shovm in Table 4-3-3, the

optimal state feedback gain matrix　/F　　ofthe model system has been

determined by the method described in section 4-1.　　　卜

Table 4-3-3　Weighting ｍａｔｒｉｃｅＳ（D↓ａｎｄ　’Ｒ

　Case
-

Case １

Cnse ２

Case ３

Case ４

Case ５

Case ６

Case ７

Case ８

Case ｇ

Cnse １０

Case １１

Cnsc ｌ２

case １３

　niatriχ　ＱＩ∂･

ding.( 1,1.1,1,1.1.1 )

cliiiii.( 1.1.1,1.1.1.1 )

diag.( 10,1,1,1,1,10.10 )

dlng.( 10.1,1,1,1,10,10 )

cllag.( 10,1,1,1,1,10,10 )

<Jla8.( 10,1,1,1,1,10,10 )

dlag.C 100,1,1,1,1,100,100 )

dlag.( 100,1,1,1.1,100,100 )

dliiB. ( 100.1,1,1,1,100.100 )

diag.( 10.1,1,1,1,10.1 )

.ll.lg.【1.1,1,1.1.10.】）

diag.( 10.1.1*1.1.1.1 )

ulcliout control

　・jatriχ　/K

dlag.C 1,1 )

diag.( 0.001.0.001 )

dlag.( 1,1 )

diag.C 0.1,0.1 )

diag.( 0.01,0.01 )

dlaE.( 0.001.0.001 )

dlag.( 1.1 )

dlag.( 0.1,0.1 )

diag.C 0.001,0.001 )

diag.C O.OOJ,0.001 )

dias.C 0.001,0.001 )

dlag.( 0.001,0.001 )
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For the model system, the matrix　Ｆ　　becomes a (11×2) matrix as　shown

１ｎTable　４－３－４。

　　　The closed-loop　stability of　the model system applied with these optimal

controllers has been investigated by various methods described in section. ４－２。

　　　The characteristic roots of the closed-loop matrix ( ^　一Ｂ･ｆ　）ｏｆthe

mode］Lsystem are shown in Table ４－３－５。

　　　１ｎthis　table, the case １３shows　the chracteristic roots of　the original

uncontrolled　system, i.e. the characteristic roots of　the matrix　Ａ　　．

In this　case all the characteristic roots　lie on the left half plane of　the

complex field, namely all the real parts of　the characteristic roots　are

negative, so　the original system is　stable.　The original system is　governed

by two dominant modes of oscillations;　the low frequency rotor oscillation

induced by the excitation system ( -0.0934土jO.874 ) and the natural rotor

oscillation ( -0.76l±j9.35 ).　By the state feedback optimal control the

original system is much stabilized, because all the characteristic roots

are shifted to　the left side apart from the :Imaginary axis of　the complex

plane and the low frequency rotor oscillation induced by the ｅχcitation

system does not appear。

　　　The values of Tr( L ) of the closed-loop system are shown in Table 4-3-6

for the given c.Uf･ and　Ｒ　matrices.　As shown in this table. the original

system is much stabilized by the state feedback optimal control, and for

the same　＆Ｗ･　matrix the smaller values of the matrix　沢　make the system

more stable.　Furthermore, the case 11 makes the system much more stable

among the various cases. In this case. the weight of ｊｌﾉｉin the matrix R.yﾀ．

is emphasized。

　　　For　the above calculation, the positive definite matrix　μ　　in the

Lyapunov's matrix equation (4-9) of　the model system is　selected as　the (11

×11) unit matrix.
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Table 4-3-4　Feedback gain matrices Ｆ７

Cafseｌ Case ２ Case ３ Case ４

Ｕ，　　　Ｕｚ･ Ｕ，　　　Ｕ２ Ｕ，　　　Ｕ２ U，　　　Uz
ｊ‰

嶋

Ａ‰

塙

Ａ宸j

aぶ｀

jtλJ

jEﾐfJ

恥

aPv

^Pt

　0./.68　　-4.971

　0.036　　-0.031

　0.183　　-5.052

　0.005　　　0.060

　0.480　　　3.850

　0.^l^^　　-7.560

-0.0004　　0.411

　0.955　　-0.029

-0.m　　-0.048

-0.054　　　1.965

-0.194　　　5.089

13.181　-90.995

　1.271　　-1.223

　6.034　-138.785

-0.294　　　4.0A6

-2.721　　91.948

　8.337　-167.893

-0.409　　24.470

3X.582　　-0.033

　0.532　　　0.028

-0.047　　32.825

-4.818　　131.317

　0.951　　-5.389

　0.036　　-0.017

　0.335　　-6.216

　0.005　　　0.109

　0.55'≫　　　5.396

　0.A82　　-6.812

　0.0006　　0.700

　0.962　　-0.031

-0.782　　　0.025

-0.05'.　　　2.163

-0.193　‘ 6.A30

　2.929　-11.825

　0.129　　-0.159

　1.119‘　-17.511

　0.008　　　0.A73

　0.563　　14.708

　1.155　-15.3S5

-0.028　　・　2.S78

　3.12A　　-0.031

-0.798　　-o.nof>

-0.051　　　A.518

-0.530　　17.679

Case 5 Case ６ Case 7 Case 8

Ｕ，　　１λ２ Ｕ，　　　Ｕ之 Ｕ，　　　Ｕｚ し1，　　　U2

　A恥J

　･乙名

　zl嗜丿

　咄

.zxち

　AS｀

　aω

　a Eh

　Vj

aPv

Apt

　9.130　-30.042

　0.420　　-0.506

　3.534　-50.2A/.

-0.024　　　1.637

　0.430　　A2.277

　3.208　-37.836

-0.096　　　9.787

　9.964　　-0.030

-0.522　，　0.005

-0.048　　ll.AOl

-1./.99　50.428

28.772　　-86.773

　1.170　　-1.598

11.268　-152.071

－0.495　　　5.312

　0.223　　128.542

　9.71'.　-106.571

-0.298　　31.593

31.594　　-0.031

　0.465　　　0.024

-0.046　　33.031

-4.554　　152.537

　3.577　　-5.985

　0,034　　-0.100

　1.172　　-9.490

　0.012　　　0.284 ，

　1.107　　10.518

　0.716　　-3.580

　0.034　　　1.707

　0.993　　-0.026

-0.823　　-0.010

-0.044　　　2.686

-0,095　’ 10.549

11.326 -10.210

　0.119　　-0.301

、A.091　　-22.569

　0.012　　　0.901

　2.365　　2B.V.3

　2.356　　　2.6RO

　0.083　　　5.622

　3.156　　-0.022

-0.S37　　-0.003

-0.03f.　　　5.067

-0.265　　26.082

Case 9 Case 10 Case 11 Case 12

Ui　　　　Uz Ｕ，　　　Uz U，　　　μz ａ，　　　Ｕ２

4盾J

a馬

ｊも

４盾

ぺ

Ａぶ

AuJ

AEh

　Vs

6P､，

が)t

113.052　-54.255

　　0.200　　-2.828

　43.793　-170.377

　-2.600　　　9.592

　20.008　248.473

　24.382 . 116.936

　　0.687　　55.215 ’

　31.651　　-0.018

　　0.184　　　0.008

　-0.028　　33.588

　-2.607　　210.712

15.853　-107.986

　1.245　　-1.438

. 7.677　-155.972

-0.A3'.　　　A.813

-4.897　　108.391

　5.661　-128.778

-0.706　　28.965

31.584　　-0.0/i2

　0.522　　　0.058

-0.058　　・32.957

-5.758　　14A.9/i7

15.198　-98･.706

　1.239　　-1.295

　7,053　-U2.848

-0.407　　　4.158

-4.878　105.198

　7.024　-161.632

-0.547　　25.140

31.584　-0.039

・0.523　　　0.055

-0.053　　32.845

-5.251　　133.'.04

14.972　-105.057

　1.280　　-1.396

　7.23R　-151.353

-0.334　　　4.769

-3.120　　99.154　≒

　6.237　-131.330

-0.650　　28.703

31.583　　-o.o/.o

　0.526　　　0.0A9

-0.05&　　32.950

-5.594　144.18&
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Table 4-3-5　Characteristic roots

Case 1　　　　‘ Cnse 2 Cnse ３

-0.335

-0,196 ×10 ± 10.197
-0.197 xio

-0.640 ×10 t 10.130 x l♂

-0.103 ×102
-0.157 x 102

-0.205 ×102

-0.156×lO't JO.2O2 >く104

-0.330

-0.197 It10 t 10.125

-0.199×10

-0.952'x 10 1 jO.132 ×1♂
-0.103× 102　　　　　・

-0.395X10'

-0.636 ×103

-0.156×10't jO.202×104

-0.A96

-0.195X 10

-0.224×10

-0.431 ×10

-O.63(V ゛10 t jO.133 x 10'
-0.104X 10*

-0.155×102　　　　　　　　.

-0.205 ×10Z
-0.156 ×IO'*±jO,2O2 MO*

Case ４ Case 5 Case ６

-0.491

-0.199 × 10

-0.224 × 10　　　　　・

-0.431×10

-0.890 × 10 1 jO.137 ×102

-0.103 x'1♂

-0.400 × 10Z

-0.637 ×102
-0.156 s 10' t 10.202 ×104

－０．４９０

-0.199 ×１０

-0.223×１０１

-0.431 *10

－0.941 ×10 1 10.135 × 10t

-0.103 X‘101

－0.125メ101

-0.201× 103

-0.156 × 103 t jO.202 ,i104

-0.490

-0.199×10　　　.

-0.223 ×10

-0.431 ×10

-0.9'.6 ゛10 t 10.135 XIO*

-0.103 ×102

-0.395 ×105 ｀

-0.63r> ×103

-0.15f> ×103 ijO.202 ×10 ●

Case 7 Case ８ Case ９

-0.111 ×10
-0.192 ×10　、　　　　.

-0.221 ×10

-0.646 ×10 t J0.U7 ×102

-0.964 A 10

･･0.135 x 1O'± 10.251×10
-0.205 ×102

-0.156 XlO'ijO.202 XIO''"

-0.109 ×10

-0.198×10

-0 222×10

-0.889 ×10 t 10.156 ×10゛

-0.960 ×10

-0.119 ×102

-0.399 ×103

-0.637× 103

-0.156×lO"*!. 10.202×104

-0.109 Z10

-0.199 A 10

-0.222× 10

-0.95'. X-10 1:'jO.15'i.x lO゛

-0.959 × m

-0.118 × 101Z

-0.395×103

-0.636 ・ 101

-0.156 × 10'l: 10.202 XIO*

Case 10 Case 11 Case 12

-0.503
-O.IりりX in ・

-0.21K ｘ 10

-0.333×１０

-0.94K×1o t jO.134 ×10z
-0.103 ×102

-0.395× 103

-0.636 xio'
-0.156 ×lo't jO.202 ×104

-0.4'.7

-0.199× 10

-0.204 × 10 t 10.518

-0.952 × 10 t jO.132 ×102

-0.103 × 102

-0.395 × 10S

-0.636 × 103

-0.156 × 103t iO.2O2 × 104

-0.477

-0.199 χ10　　　　　　　　　.

-0.204 × 10

-○。339 ×10

-0.948 ×10 t jO.134 × 10‘●　゛

-0.103×10Z

-0.395 X･103

-0.636 x 10 ≫

-0.156 x lO゛上JO.202×104

Case 13

●

　　　　　泰　　　・　　　　　　　　‘

　　　　　　．●　　　　　●

-0.9J4×10-'土10.874

-0.761　　　1 jO.935 ×10

-0.123× 10
-0.1R7× 10　　　‘

-0.409× 10

-0.457X 10

-0.999×10
-0.156 ×1O'± jO.202× 1j
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Table 4-3-6　Values of Tr(lL )

1.(1.1)

L(2.2)

L(3.3)

Ｌ(4,4)

L(5,5)

L(6.6)‘

Ｌ(7,7)

1.(8.8)

L(9.9)

1.(10,10)

Ldi.ii)

-
‘rｒ(Ｌ　)

Case l
-

5.5526

0.0036

2.6673

0.0063

1.2851

A.8021

0.1066

0.0284

0.2596

0.0517

1.9154

-
16.679

Case 9
-

7.8071

0.0036

2.0320

0.0070

2.1362

5.9760

0.123S

0.0033

0.2496

0.0012

1.3781

-
19.718

Case ２
-

4.9470

0.0035

1.7134

0.0058

0.9614

3.5330

O.OS75

0.0033

O.2A95

0.0013

1.0737

-

12.579

CaselO
-

4.A710

0.0035

1.6795

0.0059

1.0345

3.6350

0.0S91

0.0033

0.2495

0.0012

1.0883

-

12.261

Case ３
-

4.8762

0.0036

2.4187

0.0064

1.3641

5.0004

0.1070

0.0279

0.2564

0.0406

1.7668

-

15.868

Casell
-

4.5412

0.0035

1.6609

0.0058

1.0407

3.4893

0.0870

0.0033

0.2495

0.0013

1.0683

-

12.151

Case 4
-

1.5271

0.0035

1.8639

0.0061

1.2071

4.1007

0.0961

0.0104

0.2496

0.0120

1.2832

-
13.360

Casel2
-

4.5218

0.0035

1.6762

0.0059

0.9856

3.6106

0.0888

0.0033

0.2495

0.0013

1.0854

-

.12.231

Case 5
-

4.4282

0.0035

1.7039

0.0060

1.1844

3.8537

0.0924

0.0049

0.2495

0.0039

1.1152

-
12.646

Casel3
-

73.521

0.0045

17.764

0.0143

53.154

30.476

0.36X9

2.4891

56.946

n　.747

14.935

267.41

Case 6
-

4.3966

0.0035

1.6531

0.0060

1.1180

3.7782

0.0913

0.0033

0.2A95

0.0013

1.1112

-
12.412

Case 7
-

7.698S

0.0036

2.5121

0.006S

1.7759

5.6332

0.1184

0.0265

0.2519

0.0270

1.7033

-
19.758

Case ８
-

7.7833

0.0036

2.2081

0.006S

1.9379

5.5718

0.11S5

0.0103

0.2A95

0.0104

l.ASOl

-
19.380

　　　Theresponses of　the model system variables have been obtained by　solv-

ing the eqn.(4-12) of the model system.　In Fig.4-3-4 the responses of the

system applied with the optima:Ｌcontrollers and the uncontrolled system are

shown for the given initial deviations Ac∫｀lt･．゜0.5“ld4易dlｔぷ0.5.

　　　Thedamping characteristic of　the system is much improved by the　state

feedback optimal controllers, and the emphasis　of　theweights　of　△宍　and

乙it　of the matrix　ａ１び■restrains the variations of these variables. This

fact is much useful in choosing ｔﾆheweighting matrix c>ω･, namely the

variations of　the much weighted variables are restrained by　the control.
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　　　　Theoptimal control theory of　linear system has been applied to　ａmodel

one machine infinite bus　system.　The original uncontrolled system can be

much stabilized by the state feedback controller, and the appropriate

selection of　the weighting matrices　of　the cost functiona:Ｌ makes the system

more stable.　　Furthermore, tﾆhe variations　of much weighted variables　are

restrained by the controller。

　　　　Thereare more works remainﾆing to be done　in applying the optimal control

theory to　the power　systems with system non-linearitles and　control　con―

straints and　so on.　The　studies　about　these problems will be shown　in later・

chapters.　Furthermore, in this　chapter, the control signals　are represented

by the linear ･function of ａ１１state variables, namely the state feedback

controller obtained　in this　chapter requires　the complete measurement of

the system states. and　for especially large scale power systems　it　is almost

impossible to have all　the informations about　system ｓ!二ates,so　it　is also

necessary to design the controllers　applied with the only measurable states

of　the system.
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CHAPTER　５　　IMPROVEMENT　OF　DYNAMIC　STABILITY

　　　　　　　　　　　BY　OUTPUT　FEEDBACK　CONTROL

　　　　The optimal control of power　system dynamics has become ａ popular

subj ects　since Yu, Vongsuriya and Wedman first　Introduced　the optimal　control

theory to the power system stability problem, however　it has not yet been.

used In practical power　systems.　The main difficulty is　that　all the　state

variables required for the controller　are not directly measurable.

　　　　Ｌｕｅｎｂｅｒｇｅｒ゛ｓｏｂＳｅｒｖｅｌｌｉＳ¥Ａｔｌ’(認JJ臨ｓｔｒｕｃｔｅｄ　to　estimatethe unmeasurable

states　from informations available but　the addition of ａ dynamical observer

of high order will make the overall　controlled system more complex and

unduly sensitive to　system disturbances and　changes of system parameters.

　　　　An alternative method　is　to design ａ output feedback controller using

only the directly measurable　states of　the system, but　it will never be as

good as　all-state feedback optimal　control, namely　the controller becomes

a suboptimal　controller　for the system.

　　　　In this　chapter, in order　to　construct ａ output　feedback controller for

the power system in terms of　the directly measurable output variables　of

the system, the model reduction techniques are applied. In other words, the

　　　　　　　　　　　　　　　・　　　　　　・　　　　　　　　　　　　　　　　　　　　　　●４

output　feedback controller obtained is physically realizable and can easily

implemented.

Section 5-1.　Determination of Out

(5-1)

Linearized stem us in

Feedback Controller　for

Matrix Riccati Eauation

　　　Inthis　chapter, it　is assumed　that the system disturbances are suf-

fIciently small, and the original non-linear system is linearized around the

operating point.　As shown in eqn.(4-l) and eqn.(4-2), the linearized system

equation.becomes:

-p/iJC=　Ａ･△χ十　Ｂ･肱



where.
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AlUJ" = C ・ｊ,χ

△χ　ｚ　n-th order　state variables vector

∠χ１ひ･　Ｚ　m-thorder output variables vector

　臥　Ｓ　r-th order control signals vector

(5-2)

　　A , B,C　: (n X n), (n X r) and (m X n) coefficient matrices

　　　　　　　　　　●　　of　the　system　　　　　　　　‘

Eqn.(5-1) and eqn.(5-2) describe the n-th order linear system.　　In general

the number of output variables　ｍ． is　smaller than the number ６ｆ　state

variables　n.　　, then the inverse matrix of matrix　£　　does not exist.

　　’ｌｎorder to　construct the output　feedback controller of　the system, the

system order　is reduced　to the same order of　the output variables by the

model reduction techniques described　later as　follows:

7）∠11:ｓ＝　Ａs・∠＼X5　々　Ｂs・吐

　丿>u)'= Cs・△び:s

(5-3)

(5-4)

where, 乙JCs Ｚm-th order state variables vector of the reduced system

∠１１ぴ　Ｚ　m-thorder　output variables vector

　此　　ｚ　r-thorder　control signals vector　　　　　∧

As，既Ｊ s　: (m X m) , (m X r) and (m x m) coefficient matrices of the

　　reduced system

In the reduced order system, the Inverse matrix of matriχ ([ｓ　exists。

　　　Asthe cost functional ０ｆ　thereduced system descr:ibed by eqn.(5-3)

and eqn.(5-4), the same quadratic performance Index　Ｊ　shovm In eqn.(4-3)

is　chosen:

Ｊ °0‘'゛亦゛ぼ･fR'U)dt

From eqn.(5-4), the above equation becomes:

(5-5)
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　　　　　　C Jo゜゛:゛○ヽ･’△‰゛ILC-E- lUL)dも　　　　　(5-6)

where, Rs = Cc ･ al。・Cs

In the above two equations. the matrix
ａばand

the matrix
ｇｓ
are positive

definite or positive semi-definite　(mxm) matrices and　the matrix　IR　is　ａ

positive definite (r x r) matrix。

　　　The optimal　control vector　畝　for the reduced systﾆem, which minimizes

the performance Index described by eqn.(5-5) or eqn.(5-6), becomes:

叫　＝－Ｒ･zl:ｒs　　　，　町＝ｒ'･ ＢＪ･IKs (5-7)

As described in section 4-1, the matrix 訳S　isthe m-th order solution matrix

of the following matrix Riccati equation for the reduced system.・

　　　　　AJ･IKs ＋恥和一恥脳・限脂B:ｙ・ IKs キc.s = (D　　　（5－8）

From eqn.(5-4) and eqn.(5-7), the output feedback controller becomes s

叙　＝一町･乙雄 ９
町＝Ｒ･£ｊ (5-9)

By the control described by eqn.(5-7) or eqn.(5-9), the value of　the　cost

functional　７　for the reduced‘system becomes：

Ｊ　°士゛:7'Ｋs'4jもし， (5-10)

Section 5-2.　Determination of　Out

　　　　　　　　　　　　　Linearized　System us uation

　　　In this　section, instead of　the　solution of　the matriχ Riccati equation.

the solution of　the Lyapunov゛ｓ matrix equation of　the reduced system is used

to determine the output　feedback controller of　the system。

　　　･ItIs well known　that besides providing stability information, Lyapunov's

direct method is also effective in formu:Latlng the solution to　the control

prob:Lem.　The value of　the Lyapunov function for　the system is ａｒｔ:important

measure of　the system stability and represents　the distance　from the steady
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state equilibrium point, and by minimizing the ratio of the derivative of

the Lyapunov function with respect　to　timeto the Lyapunov function, the

system performance is　Improved。

　　　Thesystem to be considered １Ｓdescribed by eqn.(5-3) and eqn.(5-4)・

Here it is assvimed that. under ａ control 屁＝∂　　, the transient process

of　the system will be asymptotically　stable.　The vector　Ｍ　is selected

as　to decrease the value of　the functional：

]:(ia) =

∞
ｌ
ｏ
Ｃ
Ｉ
６球･&-S ･ａｘs)dｔ (5-11)

This　functional becomes ａ performance　index for　the reduced system described

by eqn.(5-3) and eqn.(5-4), and the matrix　＆ｓis ａ positive definite or

positive semi-definite (mxm) matrix.　The Lyapunov function can be chosen

for the reduced　system as　follows:

V(;IJ(5)＝　AXs- IKs・乙χ5 (5-12)

where, the matrix　IKs　is the positive definite (m X m) solution matrix of

the following Lyapunov's matrix equation for the reduced system.

AJ･Ｋs々　1Ks･As　＝－0､s (5-13)

The time derivative of　the above Lyapunov function along the trajectoでｙ

represented by eqn.(5-3) becomes:　　　　　　　　　　　　　　　’｀

dV
-
d-t
＝一心ズJ･＆S･∠Xズ‘S＋2・ぶ･BJ･KS･∠IJCs

And　the following relationship １Ｓ　satisfied.

:E呻)゜

0

°A5Cs≪Jt

(5-14)

(5-15)

　　The control vector 双　is required to decrease the value of the per-

formance index工flU.), the control vector becomes：

　　　　　此　= -Fs・AJCs　　　　，　　Fs　＝2・r'c;･鴫

where, the matrix　p　is ａ positive definite matrix.

(5-16)

From eqn.(5-4) and eqn.(5-16), the output feedback controller becomes z
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畝　＝－Fｕ。･４妙　> Fur - Fs・([ｊ (5-17)

From eqn.(5-14). eqn.(5-15) and eqn.(5-16), the perfoinnance index IfW.) and

the ｔ:ime derivative of the Lyapunov function dｖ/d七 become:

工(゛卜V(A5(:ｓ)に=
0

dV
-
dt

・Ｐ･耽μt

＝一八11:J･＆s・ ａχs － ｔＪ･ p ・ 此

(5-18)

(5-19)

As described in the above two equations, by the control represented by

eqn.(5-16) or eqn.(5-17) the equi:Librium point is approached faster since

the performance index　工(U) is smaller due to the additional negative control

term　－JJlylP駄ｄｔ，ａｎｄｉｔ　isalso assured because the ｔﾆime derivative of

Lyapunov function dV/dt　is smaller due　to the additional negative control

term - U:1:fP･肛．

　　　In order to minimize the performance index　:l(iU) of the reduced system.

following recursive formula is also possible.

　　　　　　　　　　　戈
畝　＝Σｔしｇ
　　　ｒ●１

畝お＝一曙７4Ks　　， Fr = 2･Ｒ;'･87･Kf

(5-20)

(5-21)

where√皿　is anarbitrary positive Integer and the matrix　政ｒｊis a (mx m)

solution matrix of the following Lyapunov's matrix equation.

where,

A7）Tll片くr）ｔ　lKy’･A7）・一良 (5-22)

Ar= Ar'-Bs-iprり，　A;゜)＝几　，Fj°)＝の, IK"'- IKs

In this case, the performance index　I(U) of the reduced system becomes z

　　　　　　　　　　　　　　　　　　　にＥ(ｕ)゜Ｖ(乙ズs)|
い，‾

瓦

where,　Ｖr４ズ5)＝∠1ズフ'･Ｋｓ・Ａズs

8
　
"
-
Ｏ

紅･Ｒ･叫)此 (5-23)

From eqn.(5-4), eqn.(5-20) and eqn.(5-21).･the output feedback controller

becomes:

叙＝一応･zl叫　，ん＝ぽｒバ;’ (5-24)
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It　is also possible to determine　the control signal as　follows Ｚ

Ｕｉ　°‾Ｕり゜s跨[ｌ゛Ｋs゛4J（ｓ)1
，１°１～「 (5-25)

where, ZLv} is ａ positive constant. and the control signal Ｍｊ　is boxinded.

ｅ°ｇb゙y ti^iU Ｕ吋　for i °ド’ｒ　° The symbo:Ｌ〔　３ｊrefers to the i-th

component of　the column vector 〔　Ｊ．

　　Introducing the vector function with vector argument Ｓ９肌．　,we obtain:

where,

　　　以‘｢＝－ＵＪ・ｓＦ〔暖蜘乙延s〕

　　　1μび＝[ａtｚり反l>2j , l<.Vt-J

り″1[＼]=dlag･[･ ･, s§h.Cレ:し‥゜゛丿７

(5-26)

　　By the control expressed by eqn.(5-25) or eqn.(5-26), the performance

indeχKlW.) becomes:　　　　　　　　　　　　　　　　　　　　　ダ

Ｉ(則゜V(^:a:s)L。，－2
’
りzx:ｒ;･ K5 ･ B51･ lμΓdｔ (5-27)

As　shown in the above equation, by the control described by eqn.(5-25) or

eqn.(5-26) the equilibrium point of the system is also approached faster

since the performance index　工(U)is　smaller due to　the additional negative

control term －２jT^Ks'^IKs-Bsl･ｕ。Jt.

　　　　　The controller described by eqns.(5-7),(5-9),(5-16),(5-17), and (5-24)

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●亀

is ａ proportional type control:Ler and　the controller described by ｅqｎ?. (5-25) ,

and (5-26) becomes ａ bang-bang type controller.

Section 5-3.　Stabili of Closed-lo stem

　　　Theabove controllers for the reduced　system could serve as　suboptimal

controllers　for　theoriginal system described by eqn.(5-l) and eqn.(5-2).

and the original　system１Ｓ　governedby the following closed-loop equation.

1)むこ= (A - B・Wvr･ C )･４Ｘ. (5-28)

Here, it　is noted that　the ｓｔﾆabilitﾆｙof　the original system applied with
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the above output　feedback controllers　is not　assured.

　　　The stability of　this　closed-loop　system is determined directly

computing the characteristic roots of the closed-loop system matrix ( A ""

Ｂ°馬’£）ａＳalready described in section 3-1-1. ■

　　　The stability of this closed-loop system １Ｓalso examined by the ｓｏ:Lutlon

matrix　Ｌ犬of the following Lyapunov's matrix equation of the closed-loop

system.

(A-B ･町好･Ｌ＋L･(A－ B･lい£) = - IKI (5-29)

　As described　in section 3-1-3, if　the closed-loop　system expressed by ｅｑｎ･

・(5-28) is asymptotically stable, the solution matrix　Ｌ　of eqn.(5-29)

　becomes positive definite, and the following relationship １Ｓsatisfied.

Furthermore,

工　＝
r..'.

'1ヽ1･４ｘdt = AX-t・^JClt-o

　the expected value of　ｌ　　becomes：

ｉ　=
-―Ty･（Ｌ）

(5-30)

(5-31)

For the smaller value of Tr(lL ), the closed-loop system becomes much stable・

十　　The exact　solution of　the closed-loop system becomes:

　　　　　　　　ＡＸ(七)＝ご(A‾B･IF“ｃ)ｔ・４ズ(ｏ)　　　　　　　　　　　　　(5-32)　　　　■

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●ゝ

where, 9かB-F-r-り*is the state　transition matrix of　the closed-loop system.

The responses of　the closed-loop　system are obtained by solving the eqn.(5-

32) by the recursive formula described in section 3-1-2.

Section 5-4.　Model Reduction Techni

5－4－1.　State Variables Grouping Ｔｅｃｈｎｉqｕjljj(42)

　　　　Theｎ state variables of　tﾆheoriginal system described by eqn.(5-1) and

eqn.(5-2) are classified into two groups;　£ズＩof ｍ state variables and ∠nct

of (n ゛'‘m) state variables, each group being associated with large and small

time constants of　the system, respectively.　Thus, eqn.(5-1) and　eqn.･(5-2)
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the following partitioned　form.

限①川飛ド
〔ｃ丿哨‘[副

(5-33)

(5-34)

where. the matrices　An ｓ　Ａ１２
３　Ａ２１９　/hll.９　B,　ｓ　B2　ｓ　Ｃ１　９ and

(£0 are

respectively (m X m), (m ｘｎ-ｍ），（ｎ-ｍｘ m), (n-m ｘ n-m), (m X r), (n-m ｘ r) , (m X m)

, and (m χ n-m) coefficient matrices。

　　　The transients due to the small time constants would have decayed fast

and the ∠IJCz variables closely follow the A3C, variables. This justifies

the omission of　fAXi　term In eqn.(5-33).　Then the reduced system is

described in the form as shown in eqn.(5-3) and eqn.(5-4), and the matrices

　As　> Bs　, and Cs　become:

か,ｓ　＝　か。1－ A,2･A丿A2，

Bs　＝　B― A ･ 柘;’･B2

s　＝　C，　　（41xごｚ２の）

(5-35)

(5-36)

(5-37)

Thus,　the n-th order original system is reduced to ａｍ‘thorder simplified

model.　The reduced model may represent　the long-lived transients of the

original system, and　the dominant　eigenvalues of　the original systﾆem may be

approx:imately determined by the characteristic roots of the matrix　As (=A,,

-kl･ A;J･A21).

5-4-2.　Ei values Grouping Techn Uｅ(4りバ4‘3)

　　　If　Al.　represents　the ｎ modes of　the system described by eqn.(5-1) and

eqn.(5-2)、then the ｎ state variables　∠i3C　、arerelated to　42　by:

△叉　＝　Ｍ・４£ (5-38)

where, the matrix　Ｍ　１Ｓ the (n x.n) modal matrix of the (n X n) matrix　魚

and becomes：
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Ｍ　°〔Ｍ･， Ｍ２， Ms,
・･ ･ ･ ･ , IMn.〕 (5-39)

where, the j-th column vector　IHi of the matrix　／Ｆ１　１ｓthe eigenvector of

the ｊ-th eigenvalue　λｉ　of　the matrix　Ａ　．　By the transformation descrﾆibed

by eqn.(5-38), the system equations (5-1) and (5-2) can be rewritten in the

following partitioned form.

Ｐ

乙び

S二

ＺＳ

Ｊ　
の
Ａ

　
Ａ
の

Ｌ

匯 Ｄ ０

ｊｎ
ｎ

(5-40)

(5-41)

where, diag.［Ai, Az］= M"'･ j?X・Ｍ

　　　　　　　　　Ａ・゜ diag. (λ。λ２，λ３Ｊ　・‥‥，λ。，）

　　　　　　　　　hz ° dlag.(λｍ。１，λhn-2,・‘・・・ＪλK )　　　　　　　　ｙ

　　　　　　　　　『ｎ　=top (m X r) submatrix of Ｍ“･Ｂ

　　　　　　　　　in = bottom (n-m Xr) submatrix of　Ｍ’ｔＳ

　　　　　　　　　ID, = front (m x m) submatrix of （Ｅ・旧

　　　　　　　犬　iD? = rear　(mx n-m) submatrix of　Ｃ・Ｍ　　　　　　　　　　　　∧

　　　If　the matrix　’Ａ　　has only distinct eigenvalues this　transformation

will yield ａ diagonal matrix whose elements　are the eigenvalues of the matrix

　Ａ　．　However ，if the matrix　Ａ　has only repeated eigenvalues ａ trans-

formation to ａ Jordan canonic　form will be obtained.　Assuming, for

simplicity, the system has distinct eigenvalues such that Ｓλ１１く1λjく…・く｛飛１．

　　　In general, the eigenvalues of　the system may be devided　into two groups;

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・　　－ふa
･･ 辱

those that are farther from the Imaginary axis Ａ２，and those that are nearer to the ■

imaginary axis At　． Then, the variables vector　６疋ｌ　may represent　the Long-

lived　transients of　the system, and　the variables vector　ｊ Ｚ２　may represent

the short-lived transients of　the system.　Therefore, we can assume /i2iS (0 .

　　　In　this　case, the reduced　system can be described　In the form shown In

eqn.(5-3) and eqn.(5-A), and the matrices･Ａ。> cs　and　(Cs become:
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(5-42)

(5-43)

(5-44)

　　　　Thesame one-machine infinite-bus　system shown In section ４－３has been

used　in this　section in order　to　investigatethe contro:Ｌeffects　of　the

output feedback controller described above and also　to　comparethe control

effects of　the output　feedback controller with those of　the state feedback

optimal controller shown in section ４－３。

　　　　Thesystem configulation and the block diagrams of　the associated control

systems have already been described in section 4-3.　Furthermore, the para-

meters and the　initial conditions　of　themodel one-machine system have　been

shown　in section 4-3.

5-5-1.　Numerical Results 工

　　　　Theoutput　feedback controller for the model system has been determined

by the methods　described in section 5－１and section 5-4-1.

　　　　工ｎorder　to obtain the simplified model 0f the original system. the state

variables　乙ズ　represented by eqn.(4-28) have been devlded :into following

two groups.　　　　　　　　　　　　レ

゛sｘ’･゜〔４町j， ４恥&，゛ぶ｀μ｀ωパ｀Efらｖs,･ A Pv J7

乙ｘｚ ＝［ａ嘲，４１複J，４ちμXPｔJ

In this　case, the reduced system is　7-th order, and the 7-th order measurable

output variables　jlえr　aredefined as　shownin section. 4－3as　followsz

　　　　AiO" = r A･S｀，Ａω，AEj･1，ｖs，a P-, ｊ‘14 ，j£ｔ〕二｢

In　the model　system, the matrix　Ｂ２　becomes equal　to　の　　, so　the matriχ
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Cs　in eqn.(5-37) of the reduced system becomes as follows without：・the

assumption　Ａ Ｘ２Ｓ の
一
一

Cs = (Ct - Ｇ,AふA2，

　　　The characteristic roots　of　the original and　the reduced　system are

shoxm in Table 5-5-1　for　the given operating point　of　the model system;

　Ｒ　(active power output)゜１．０ｐ．ｕ･，Ｇ。(reactive power output)゜－０．５Ｐ．ｕ･，

and　iJto (terminal voltage)=l.l p.u..

　　　The dominant　eigenvalues of　the original system are retained　In　the

simplified model by the model reduction described　in section 5-4-1.　So　the

effectiveness　of　this model reduction　is assured.

Table 5-5-1. Characteristic roots of　original and reduced　system

Original model

-0.934×1♂

-0.761

-0.123〉く10

-0.187 × 10

-0.457× 10

-0.409 × 10

-0.999×10

士jO.874

士jO.935×10

-0.156 × 1♂=i: jO.202×10４

Reduced model

-0.953×10-1 j0.101;^10

-0.630

-0,124 × 10

-0.187 × 10

-0.A55 × 10

± jO.885 ×10

　　　For the various weighting matrices　＆ぱand　沢　shoxm In Table 5-5-2, the

output feedback controller of　the model system has been determined using　the

solution of　the matrix Riccati equation of　the reduced system as described

in section 5-1.　The feedback gain matrices　fFut･　are shown in Table 5-5-3.

Table 5-5-2. Weighting matrices　＆。and　沢

Case No.

１
　
２
　
３
　
４
　
５
　
６
　
７
　
８

　matrix　ftw-

diag.( 1.1.1.1.1.1.1 )

diag.( 1,1.1.1.1.1.1 )

dlag.( 1.1.1,1,1,1.1 )

dlag.( 10,1,1,1,1.10,10 )

dlag.( 10,1,1,1,1,10.10 )

dlag.( 10,1.1,1,1,10,10 )

dlag.( 10,10.1,1.1.1.1 )

dlag.( 1,1,0,0,0,1,1 )

matrix　R

diag.C 1,1 )

diag.( 0.1,0.1 )

diag.（0.001.0.001）

dlag.( 1,1 )

diag.( 0.1,0.1 )

diag.( 0.001.0.001 )

diag.( 1,1 )

dlag.C 1,1 )
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Table 5-5-3. Feedback gain matrices に

Case １ Case ２ Case 3 Case ４
u,　　　U2 Ui　　　Ｕ２ Ｕ，　　Ｕ２ ａ，　　　Ｕ２

△ぶ｀

£ω

iEa

　Vs

△Pv

嶋;

£tt

-0.525　　2.534

　0.007　　1.930

　1.909　-0.011

-1.544　-0.138

-0.042　　6.323

-0.867　-10.694

　1.007　-8.8A1

-1.910　　7.439

-0.014　　6.319

　6.235　-0.021

-1.580　-0.047

-0.041　　12.704

　0.484　-20.297

　3.161　-15.985

-19.249　　72.877

　-0.198　63.596

　63.166　-0.018

　　1.048　-0.018

　-0.032　　72.433

　2l'.2A0　104.961

　31.349　　72.584

-1.676　　6.263

　0.020　　2.215

　1.925　-0.006

-1.566　-0.079

－0.022　・　6.7A0

-0.243　-12.259

　2.536　-7.637

Case ５ Case 6 Case 7 Case ８
Ｕ，　　　Ｕ２ w　　　U2 Ｕ，　　　Ｕ２ Ｕ，　　　Ｕ２

ａぶ

aω

4FjJ

Vi

吼

ZI碍

△it

　-5.A56　　19.395

　　0.018　　6.898

　　6.251　-0.009

・-1.601　-0.029

　-0.019　　13.136

　　2.571　-24.128

　　8.232　-10.878

-54.750　191.822

　-0.014　　66.922

　63.196　-0.002

　　0.891　-0.030

　-0.008　　72.871

　42.471 -138.417

　82.915　-15.052

-0.571　　6.590

－0.002　　6.282

　1.911　-0.033

-1.552　-0.054

-0.061　　11.194

-0.782　-19,688

　1.133　-17.131

　-0.227　　2.204

　0.033　　1.927

・0.134　　0.007

-0.547　　-0.172

-0.017　6.003

-0.104　-10,862　.

　0.955　-8.834

　　　　Thedynamic stability of　the model system applied with　these output

feedback controllers has been investigated by various methods described　in

section 5-3.

　　　　Thecharacteristic roots of the ｃ１･osed-loop matrix (A - B･馬（χ:）oft:he

model system are shown in Ｔａｂ:Le5-5-4, and the characteristic roots of the

original uncontrolled system are shown in Table ５－5一二i.　Ａ１１the characteristic

roots of　the original uncontrolled system are shifted to　the left side apart

from the　imaginary axis, therefore the dynamic stability of the model　systﾆem

is much improved by these controllers.

　　　　Thevalues of Tr( L ) of the model system applied with these controllers

　　　　　　　　　　　・　　　　　へare shown in Table 5-5-5.　As shown in this Table, the value of Tr( IL ) of

the model system is much decreased by these controllers, so it　is evident

that　the system performance Is much improved by these controllers.　But, in

comparison with the value of Tr( IL ) of the model system applied with ｏｐｔ:tmal

state feedback controllers shown in Table 4-3-6, the value of Tr( L ) of the
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Table 5-5-4　Characteristic roots　of　closed-loop　system

Case １ Case ２ Case 3　　　　　　　　　.

-0.579　　± 10.180

-0.165 × 10 t jO,127 ×102

-0.180 × 10

-0.207>く10

-0.996× 10

-0.380)(102

-0.813 ×102

-0.156 ×io'± iO.202 ×104

－0.418

-0.105 × 10

-0.157 × 10 t J0.U9 X.102

-0.179 × 10

-0.202 ×10

-0.100× 10Z

-0.124 × 103

-0.161× 103

-0.156 × 103土j0.202 × 104

-0.371

-0.148×10

-0.163 x 10 t j0.175 × 10゛

-0.174 × 10

-0.199メ10

-0,101 × 102

-0.907 × 103

-0.127 ×10,4

-0.156 ×io'± jO.202 × 104 1

Case 4 Case ５ Case 6

-0.571

-0.105×10 ± jO.128×102

-0.186×10 ± jO.691

-0.208 ×10

-0.984 ×10

-0.383 ×102

-0.865 ×102

-0.156 ×103t jO.202 ×104

-0.541

-0.772　　　土J0.W7× 102

-0.202× 10

-0.221 × 10 t jO.679

-0.995 ×10

-0.125 × 103

-0.166 × 103

-0.156× 109土j0.202× 104

-0.525

-0.636　　　t jO.178 ×102

-0.199 × 10

-0.258 × 10 士iO.432

-0.101 ×10Z

-0.912 χ 103　　　　’

-0.127 × 10今

-0.156 ×io'± jO.202 × 104

Case ７ Case 8

・-0.513　　　± jO.318

-0.162×10 i jO.150 ×10z

-0.189×10

-0.207×10

-0.100 ×102

-0.380×102

-0.142)(103

-0.156 ×1♂± jO.202 ×104

-0.596　　　± jO.776

-0.151×10

-0,167 ×10 士jO.129×102

-0.173 ×10

-0,457 × 10

-0.104 ×102

-0.774 × 10Z

-0.156×103士j0.202×1♂

Table 5-5-5　Value of Tr(lL )

Case 1　Case 2　Case 3　Case 4　Case 5　Case 6　Case 7　Case 8
without
controller

L(1,1)

L(2.2)

L(3.3)

L(4,4)

1.(5,5)

1.(6.6)

L(7,7)

L(8,8)

L(9,9)

L(10,10)

L(11,11)

7.797　　6.871　　6.1S1　　8.331　8.241　8,055　6.510　9.665

0.004　　0.005　0.022　　0.005　0.007　0.052　0.005　　0.005

4.562　　4.514　　4.626　　6.880　8.708　11.440　4.A34　　4.794

0.0】.0　0.012　　0.031　　0.014　　0.020　0.070　0.013　0.011

2.335　　2.167　　2.068　　3.489　4.021　4.715　　2.114　　2.481

9.638　9.159　　8.970　13.910　17.57A　25.253　9.316　10.277

0.185　0.217　0.291　0.289　0.441　0.768　0.219　0.186

0.015　0.007　　0.003　　0.015　0.007 ‘　0.003　0.015　　0.171

0.278　0.255　0.250　0.m　0.255　0.250　0.279　1.095

0.017　　0.006　0.001　　0.019　0.007　0.001　0.007　　0.020

A.531　　3.944　　3.595　　1.321　　7.520　9.097　　3.807　　5.073

73.521

　0.005

17.764

　0.014

53.154

30.476

　0.362

　2.489

56.946

17.747

U.935

Tr( L ) 29.375　27.161　26.009　34.548　A7.801　59.703　26.718　33.784 267.413
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model　system applied with　the output　feedback controllers　takes ａ little

greater value for the same weighting matrices cw and　Ｒ　． Therefore,

the output　feedback controllers　obtained become suboptlmal　control:Lers for

the model　system｡

　　　For the model system applied with the optimal　state feedback controllers.

the smaller value of　the matrix　辰　makes　the system more　stable　for　the

same <&vr matrix. but for the model system applied with the above output

feedback controllers ， the relation above described　is not necessarily

satisfied, since　the　feedback gains have been determined　through the reduced

model.。

　　　In the above numerical calculations, the (11 × 11) unit matrix has been

selected as the matrix　／ｙ,／　ineqn.(5-29)。

　　　The responses　of　the model system variables have been obtained by solving

the closed-loop　equation df　the model　system for the given initial deviations

μ｀に，＝０．５
and ｊ苓ｌｔｊ＝０．５．　　　　・　　　　　　　　　　　　　　　■

　　　The　typical responses　are shown in Fig.5-5-1, and Fig.5-5-2.　As　shown

in Fig.5-5-1, the damping characteristic of　the system is much improved by

the output feedback controller, but　in comparﾆIson Ｗﾆith that　of　the system

ａｐｐ:Liedwith the optimal state　feedback controller　t!le improvementﾆ　１Ｓ　ａlittle

smaller.　As　shown in Fig.5-5-2, the originary unstable system is stabilized

by the output　feedback controller, therefore it Is　evident　that　the dynamic

stable region of　the model system may be expanded by the output　feedback

controller.几
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　　The output　feedback controller for　the model system has been determined

by the methods　described　in section 5－1 and 'section 5-4-2 .

　　　In order　to obtain the reduced model, the modal matrix　旧　of　the mode:L

system has been determined as described below.　As　shown in Table 5-5-1,･the

charactﾆeristic roots of the original system;　入1，λZ，‥‥・　，λ･I become:

　　　　λ1　＝c11十jβ, = -0.934× 1(il十jO.874,　A2 = ctt－ jβ･

　　　　λ3　＝心十ｊβ2= -0.761十jO.935 ×1o，　λ4 = d-i- 2β2

　　　　Aj- = -0.12おく10，　λ6 = -0.187メ10，　　λ7= -0.409ﾝ(10

　　　　λ3 = -0.457 χ10，　λ, = -0.999 5<-10，

　　　　λ。＝cら十jβj = -0.156 ×1(jl十j0.202f1♂，λ。＝心－ｊβ３ニ

Instead of　the　transformation matrix　剥　　described　in eqn.(5-39), a modified

transformation matriχ is used　In order to avoid the compleχ arithmetic, and

the modified matri?:11)ｅｃｏｍｅＳ:　　　　　　　　　　　　　　　　　　　‘

　　　H = f/H既倒に/Ｍrt昭)，隋，‥‥，鰯ＪＭこＭ;：'J

where, rl) = fM< +μで'. M3 = /Hf +戸々，Ｍ･。＝吠‰ｊ㈹;'

　　　こ　IMj: eigenvector of j -th eigenvalue λj

　　　　　叫Ｒ≒real part of　eigenvector 脚j　　　　　｡，　　　ヶ

　　　　　Ｍr):imaginary part　of　eigenvecﾘﾆor　M,-

Then, the matrices　At　and　Ａ２ becomes：

Ａ，＝ β
ｊ
　
　
　
ｏ

Ｊ
ｆ

　
　
　
　
　
　
　
λ

　
　
　
　
　
　
　
／
・

０
　
　
　
飛

　
　
　
　
　
λ

凡＝
ｊ　

　
I

の
　
I

m

　
　
匹
げ

　
Ｍ』
　
　
の

＼

／

Furthermore,　the matrices　r;　，Ｇ　，II)l　and　l)２　have also been determined

by matrices　B　　，む　　of　themodel system and　the above transformation
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matrix.　And, the coefficient matrices　As　, Bs and　Cs of the reduced

system have been determined by eqn.(5-42), eqn.(5-43) and eqn.(5-44).　In

this　case, the reduced system becomes　ａ　7-th order system, and　the same 7-th

order measurable output variables 小1えｙ　as　shownin section 5-1-1 have been

considered.　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　。

　　　　Forvarious weighting matrices　shown in Table 5-5-6, the output　feedback

controller has been determined using the solution matriχ of　the matrix

Riccatl equation of　the reduced system as described　in section 5-1.　The feed-

back gain matrices　Ｒ　　and　fw　for　the model system are shown in Table

５－５－７。

　　　　　　Table 5-5-6　Weighting matrices Ｑら　R　and value of Tr( IL )

Case No. matrix　Ｑ９ matrix　Ｒ Tr( L )

１

２

３

diag.( 1.1.3.1.1,1,1 )

diag.( 1,1,1,1.1,1,1 )

diag.( 1.1.1.1,1.1.1 )

dlag.( 1.1 )

dlag.C O.( 1.0.01 )

dIaB.( 0.001,0.001 )

94.A98

67.992

67.008

wltliouc controllo「 252.328

　　　The dynamic　stability of　the model system applied with these output

feedback controllers has been checked by various methods described in section

5-3.　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　゜｀

　　　The eigenvalues 6f the closed-loop matrix （Ａ － B･・･(C)of the mode:L system

are shown　in Table ５－5－8.　Incomparison with the eigenvalues　of　the original

uncontrolled　system shown in Table 5-5-1, all the eigenvalues　are shifted to

the left　side apart　from the imaginary axis, therefore the dynamic Ｓt:ability

of　the model system is　improved by these controllers｡

　　　The values of Tr( [L ) of the model system applied with the above controllers

are shown in Table 5-5-6.　The value of Tr( IL ) of the model system is much

decreased by the controllers ，so　ﾆit　isevident　that　the system performance

Is much improved by the controllers.
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Table 5-5-7 Feedback gain matrices Fs ａｎｄ町

Case 1 f; Case 1 紅

・u,　　　　Uz Ｕ，　　　　u.

^z,

∠S72

/lZ,

A4

4Hs

4Z6

4 2,

-0.769　　-1.203

　2.528　　-0.036

　0.157　　-0.031

-0.062　　　0.922

-0.726　　-0.153

　0.453　　-0.030

-0.461　　-0.422

４｀

ａω

乙EfJ

Vs

aPv

a斑

Att

-0.426　　　-3.826

　0.128　　　0.473

　0.985　　　-0.692

　0.358　　-27.145

-0.954　　　8.158

　1.892　　－36.405

　1.703　　　-7.938

Case２　Ｆ７ ■　　Case 2 Flo

w,　　　　U2 Ｕ，　　　　u.
4Z，

4Z2

4Z3

a74

471

AZi

aZt

-3.321　-12.616

25.807　　　4.780

　0.026　　　0.358

-3.716　　　8.384

-8.336　　　0.156

　5.359　　　0.620

-5.348　　-6.024

＆ぶ

A10

ぬEμ

Vs

APv

△吸

Ait

　13.383　　-34.355

　-1.744　　　7.500

　12.626　　　-3.322

114.084　　-231.093　1一

一32.007　　　63.459

154.162　　-300.943

　35.667　　-56.333

Case 3　1F7 Case 3 IPu)
Ｕ，　　　Ｕ２ Ｕ，　　　　Ｕ２

aZI、

4Z2

aZj

4Z4

aZc

AZ&

42,

　-3.682　-43.928

　80.150　　21.025

　-2.605　　13.250

-13.174　　24.965

-26.191　　-0.229

　17.650　　　1.382

-16.321　-19.663

Ａぶ

心）

flEfj

Vj

APv

心延

４ｔ

　　43.960　　-99.594

　　-8.657　　　24.652

　　40.157　　　-6.983

　409.482　　-689.713

－109.414　　185.873

　546.970　-893.791

　120°.802　-161.433

Table 5-5-8　Eigenvalues　of closed-loop　system

Case １

-0.575

-0.H7 ×10 ｔ 10.195×10

-0.157 × 10 ｔ j0.106 × 102

-0.201 ×10

-0.970べ10

-0.155 × 102

-0.113 × 103

-0.156 × 103 ｔ jO.202 × 1０4

　Case 2

-0.587　　　　　　　　丿

-0.113 × 10 ｔ jO.175 × 10

-0.201× 10

-O.21A<1O 1 jO.113 x 102

-0.989 × 10

-0.153 × 103

-0.113 × 104

-0.155>く109=t jO.202×10噂

　Case 3

-0.601

-０.115 X工O ｔ jO.177 × 10

-0.200× 10

-0.217 × 10 ｔ
･jO.113

ｘ102

-0.989×10　　　　　　　　　｡

-0.491 ×103

-0.3A6 K‘104

-0.156 ×103 ｔ jO.202 ×10４
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　　　In the above calculations. the matrix　CI: 0ぼ･Ｃ has been selected as the

matrix　ｌ｝ヽｊ　ineqn.(5-29) instead of the (11 × 11) unit matrix.　Consequent:i-y.

the value of Tr( IL ) represents the expected value of the following quadratic

performance index of　the output variables ４昿；　Tv(lL) =‘yti，工－jJi4lxﾀﾞ（．

Ｑｇ４貧μ七＝jlふ■£■ <^-&.＼a-^・４ｊｘ=）ｊｔ．

　　　The responses　of　the model system variables have been obtained by solving

the closed-loop equation of　the model　system for　the given initial deviations

Ａぶ|七。゜0.5 ゛d ATq″§｀･1にr0.5。

　　　The typical responses　are shown in Fig.5-5-3.　As　shown　1n this　figure.

the damping characteristic of　the model system is much improved by the out-

put　feedback contﾆroller　obtained here。

　　　In Fig.5-5-4. the responses of Ａぶ｀　６ｆ　themodel system applied with

various controllers　are　shown.　These　controllers have been determined　for

the same weighting matrices　Ｏヽぼand　取　．　As shown in this figure. the per-

formance of the model system is much improved for the case Ａ畝゜〔４亀４ω,^E^4,Vs

, 4Pv,Aびt,4it]than for the case Ａ昿゜6ぶ･4Uj,4Ej-もV5, APt.Aびtr/it]７.　But,･in　　　　　ｌ

comparison with the response of　the model system applied with the state feed-

back optimal contro:Ller, the Improvement　is a little smaller.
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Fig.5-5-4 Responses　of　４ぶ　ofthe model system applied with

　　　　　　　　　various　controllers
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　　　The output　feedback controller for the model system has been determined

by the methods described　in section ５－２and section 5-4-1。

　　　In order to obtain the reduced system. the state variables　∠ＸＸﾆland 八ＩＸ：ｚ

have been selected as ．shown in section 5-5-1.　１ｎ this　case, the reduced

system ｉｓ　ａ　7－ｔｈ･order system. and　the 7-th order measurable output variables

Ｉ＆ｌひ･　havealso selected　as　shown in section 5-1-1.　　　１

　　　The output　feedback gains of the model system have been ｄｅｔﾆermined by

the recursive formula shown in eqn.(5-20), eqn.(5-21), eqn.(5-22) and eqn.(

5-24) for the given as (=
j･６ａ,･

s) matrix, where iw ＝ diag.C:L,1,1,1,1,1,1)

　　　In Fig.5-5-5, the changes of the value of Tr(|L　）of the model system

applied with tﾆhe output　controller obtained by the recursive formula above

descrived are shown as the positive definite matrix Pi = diag.(K,K) varies.

As shown in this figure, the optimal　ら　matrix exists;　?1　= diag.(180,:Ｌ８０），

（Ｆ）Ｚ　=diag.(2,2). Pa　=
diag.(0.6,0.6). For these Ｒ　， Pz , and l｝Ｓmatrices

the values of Tr( [L ) are shown in Table ５－5－9and the feedback gain matrices

　i;ぶJ，IFご丿. and C are shown　in Table 5-5-10. As shown in Table 5-5-9, the

value of Tr( IL ) of the model system is much decreased by the output feedback

controller obtained by the recursive　formula above described, therefore it　Is

evident　that　the system performance ’ｉＳ　improved by the controller. Further-

more the effectiveness of　the recursive formula above described is assured｡

　　　工ｎthe above calculation, the matrix　CI:心ぼ’（ｒ　hasbeen chosen as　the

matrix IH　in eqn.(5-29) Insted of the (11X11) unit matrix.as described in

section ５－５－２．　Consequently, the value of Tr( fL ) represents the expected

value of　the quadratic performance　index of　the output variables。

　　　In Ｔａｂ:Le5-5-11, the　eigenvalues　of　the closed-loop system are shown. The

dynamic　stabi:Lity of　the model system １Ｓmuch improved by　the output　feedback

controller shown in Table 5-5-10, because all the eigenvalues are shifted to

the left　side apart　from the imaginary axis.



（
Ｊ
一
）
い
ｇ

150.0

100.0

50.0

0.0

30

（
Ｊ
一
）
お

０

20.0

10.0

０．０

F; ゜=diag. (K,K)

－　79.－

　　　　　　　　　　　　　　　　　Ｋ

－
１×１０３　　０．５ × １０Ｓ

fp.=cliacj. (180,180)

R °diacj. (2.2)

lf^=diag. (K,K)

　　　　　　　　　　　Ｋ

０．０　０．２　０．４　０．６　０．８　１．０

０

（
。
｀
）
‥
ｇ

40.0

30,0

20.0

10.0

０．０

Pi =diag.(180,180)

Pj =diaq. (K,K)

　　　　　　　　　Ｋ

０．０ ２．０ ４．０ ６．０ ８．0 10.0

Fig.5-5-5　Changes of Tr( IL ) as　Ｐｉ　varies
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Table 5-5-9　Value of TrflL )

Case No. ”t・1）（　Pi　・ Tr( L )

１

２

３

?i =dlag.(180,180)

(P, =dlag. (180.180), Pz =dlag.(2,2)

R °dlag.(180,180), P^ =diag.(2,2). P =diag.(0.6.0.石)

36.292

27./.33

25.580

without controller 252,328

（ａ。=di;.K.(1,1,1,1,1,1,1) ,《ａ５＝《Ｅ;･＆。・c.

Table 5－5－１０　Feedbackgain matrices 昭） , iTw- and　lFツ

げ ．　日･ Fy 紅3)1｀

u,　　　　u. “Ｕ，　　Ｕ２ Ｕ，　　Uz
冠｀

jω

jEjj

Vs

哺，

４吸

∠1埓

-1.038　　4.379

　0.029　　0.113

　0.301　-0.055

-1.213　-0.968

-0.243　　5.097

-0.459　-10.533

　1.131　－9.8108

　　　　-4.244　-0.545

　　　　　0.430　　3.223

　　　　　1.412　　0.189

　　　　　2.552　　1.923

　　　　　0.610　　3.236

1　　　2.277　　3.727

　　　　　1.298　　2.826

　　1.253　　2.974

　-0.123　　0.597

　　0.929　-0.000

　-0.742　-0.719

　-0.U5　　0.557

一一0.400　-1.635

　　0.003　-1.302

IPi P, =diaK.(180,180) P, =diag.(2,2) IP, =diag. (0.6,0.6)

Table 5-5-11　Eigenvalues of　closed-loop　system

　Case l

-0.936　　　士jO.987

-0.175×10

-0.213゛｀10 ｔ jO.947 X.10

-0.234 >^10

-0.A98 ×10

-0.103 ×102

-0.653×102

-0.156 xio' 1 iO.2O2 × 104

　Case 2

-O.8A7　　　ｔ jO.215 × 10

-0.144 ×10

-0.172 × 10 ｔ jO.135 ×102

-0.185 ×10

-0.962 ×10

-0.398 ×10Z

-０.107 × 103

-0.156 × 101 ±jO.202 × 104

　Case 3

-0.819　　± jO,298×10

-0.153 × 10 ｔ .10.139 ×10t

-0.169 × 10

-0.190 ×10

-0.983 ×10

-0.569 ×102

-0.114 × 103

-0.156 ×lO't jO.202×10ヰ
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　　　Theresponses of　the model system have been obtained by solving the

closed-loop equation of　the model system for the given initial deviations

°≪S'lt.o=0.5 and Ａち八ぶ ０．５。

　　　Theresponses are shown in Fig.5-5-6.　As　shown in this　figure, the

Ｓｙ･stemperformance Is much :improved by the output　feedback controller

obtained by　the recursive calculation described above.　And　the improvement

ｉｎ･case ３ is better than those in case ｌ and case　２。

　　　１ｎFig.5-5-7, the responses　of the model system applied with various

controllers are shown.　It　is　evident　that　the system responses are much

improved by the various output　feedback controllers obtained In section ５－

5-1, and　In this　section, but　in comparison with.that ；of　the model system

applied with the optimal state feedback controller obtained　in section ４－３，

the　ﾆimprovement of　the system performance is ａ little smaller.　Namely,

these output　feedback controllers act as suboptima!。 controllers　for the

model　system.
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ｚ　with output　feedback controller (case ｌ）

：　with output　feedback controller (case ２）

ｚ　with output　feedback control:Ler (case ３）

：　without　controller

Fig.5-5-6　Responses ｏｆ･the model system for　the initia:L deviations

　　　　　　　　　　Ａぶlw=0.5 and △嶋dに= 0.5
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：　withoutput feedback controller (case ２　１ｎthis　section)

‡　withoutput feedback controller (case　３　１ｎsection 5-5-1)

：　withstate feedback optimal controller (case ２　insection 4-3)

ｚ　without　controller

Fig.5-5-7　Responses of　the model system applied with various　controllers
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Section 5-6.　Summary

　　　　Inthis　chapter, in ･order to　construct ａ output　feedback controller

of　the model　system in terms　of directly measurable output variables, the

techniques of model reduction have been applied.　The model reduction

techniques used　ﾆin this　chapter are　the Ｓtﾆatevariable grouping technique

and　the eigenvalue grouping technique.　　In the numerical calculation, the

11-th order original system has been reduced　to ａ　7-th order simplified

system.　　By these model reduction, the dominant eigenvalues　of　the original

system have been retained　in the reduced system, so　it has been assured

that　these techniques are useful to　obtain ａ reduced system of ａ originally

higher order　system｡

　　　　Theprocedures　for utilizing ｔﾆhe　simplified model in deriving ａ　output

feedback controller have･ been also described　in this　chapter.　The output

feedback gains ■have been determined by　the solution matrix of　the matrix

Riccati equation or Lyapunov's matrix equation of　the reduced model system。

　　　　Bythese output　feedback controllers　the dynamic performance･ of　the

model system is much improved, but　the improvement　is ａ little smaller than

that by　the optimal state feedback controller.　Furthermore, the originally

unstable system has been stabilized by these output　feedback controllers。

　　　　Theseoutput feedback controllers are constructed in terms of measurable

output variables, so they are physically realizable and may be easl:Ly imple一

mented.
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CHAPTER　６　　APPL工ＣＡＴ工ON　OF　LYAPUNOV ＩＳ　DIRECT METHOD

　　　　　　　　　　　TO　CONTROL　PROBLEM　OF　ＮＯＮ－Ｌ工NEAR　SYSTEM

　　　Theimplementation of optimal controls ，determined directly from ａ non-

linear model　through ａ standard optimization procedure, is　ｅχtremely

difficulPand thus few investigations regarding the practical realization

of　such control signals have been reported　so　ｆａｒ｡

　　　Thepossibility ’of　obtainingａ stabilizing controller　for ａ power system

using non-linear model will be demonstrated　in this　chapter.　The direct

method of Lyapunov is applied to determine the stabilizing controller for

the non-linear system.　Furthermore, the effectiveness of　the proposed method

is　explained by the numerical analysis　of the model multi-machine system.

where.

where,

Method

(6-1)

覗＝《D (6-2)

　　　Here,we consider　the general case, where the system equation is

represented by the following non-linear differential equation in vector form.

ニりこ＝j:(X) + B・駄

　χ　　z　n-thorder　state variables vector　｡｀

　垠.　z　r-th order control signals vector

#(JC) : n-th order non-linear functional vector

　Ｂ　　:(nx r) coefficient matrix

　　　At　thestable equilibrium point, it　is　assumed that　the following

relat ionships　are satisfied.

ｆぱ。)＝　の

Xo　Ｚ stable equilibrium point
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　　　Ifwe can obtain an.appropriate Lyapunov function V(K) for the given

system described by eqn.(6-l), the control signals vector　叙　can be

determined as　described below.

　　　The time derivative of the Lyapunov function ｖ(ズ) along the traj ectory

expressed by eqn.(6-1) becomes:

･ｆ（ズ）十

U = - fR"'

Ｂ・駄 (6-3)

(6-4)

３Ｖ

-

３ズ1｀

　　　　hV　　　av　　hV　sv　　　　　　　　BV
趾ｅ‘ ？ｲ百，瓦罵／’゜゛，瓦］

In order　to　improvethe damping characteristic of　the　system,the control

vector　双　1ｓdetermined as　follows:

where, the matriχ　Ｒ　isa (r X r) positive definite matriχ．

Then, the time derivative of　the Lyapunov function described by eqn.(6-3)

becomes：

　　　　　讐＝｛1ｼﾞ沢幻－ずJR叱　　　　　　（6－5）

Now, let 'ｕＳsuppose that the system starts from ａ point away from the equi-

librium point　and　the system applied with no controller Is asymptotically

stable.　Then, by the controller described by eqn.(6-4).　the stable equl-

librlum point is approached faster since ｊｖμ七１Ｓsmaller due to the

additional negative control term －ぶ恥lU.. Here, it is noted that the value

of Lyapunov function is　some measure of　the distance from the stable equl-

librium point.

　　Inorder　to simplify the analysis　following assumptions　are made;

(1) Each machine in the system may be represented by ａ constant voltage

　　　behindａ transient reactance.
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　　(2)The mechanical angle of each machine rotor coincides with ｔｈｅ‘

　　　　　electricalphase of　the voltage behind the reactance.

Then, the dynamic performance of ａn-machine power system can be described

by the following electromechanical equations of motxon.　几

pA = AtOi (j=l'vn) (6-6)

　　　　　　　　抑叫゜（Rj°4‘゙ 恥一喝－R･戸叫）･/Ml　　　（j°1＾･″゛）　　（6－7）

whereﾀ　the subscript ｊ　denotes　the j-th machine in the system, and　ｊPt>

represents　the deviation of mechanical input to　the j-th machine rotor by

the governor action of　theｊ-th machine｡

　　　Here, the ideal governor, i.e. one which allows　the prime-mover　torque

to be changedｌinstantaneously, １Ｓ　considered and the deviation of　the

mechanical　input　to　the j-th machine　is　considered as　the control signal　to

the ｊ-th machine ･

Ui ° i Ptf (6-8)

From eqn.(6-6)-eqn.(6-8), the dynamic performance of　the n-machine power

system can be represented by the equation of the form described by eqn.(6-1).

　　　Oneof　the Lyapunov functions of　this n-machlne power system can be

defined using the energy function of　the system as follows:も)バ４″1)　　　・

where,

V(<fi Ｊ
ぶ２９゛゜゛‘･,

On. ,
ａｔλ．）り　乙Cえ）2j‥‥’j jtλin)

毎罵A
．だliM゛‘{avJi-Aω゛)2゛?f≪r,・心ｊ¨’ぶ＼) (6-9)

Mr= Z Mi
　　i･1

　　The control signal U.i.can be determined by the method described in

section 6-1. The time derivative of the above Lyapunov function along the

trai ectory expressed by eqn.(6-6) and eqn.(6-7) becomes:

，仏響）

　a‘iωi　d-fc
(6-10)
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In order　to　improvethe damping characteristic of　the　system,the control

signal Ｕｊ.is Ｓｅ:Lectedas:

　　　　ｕj °IT寺｛11ぷ☆　　　（j°l~n) (6-11)

where,　　町　z　ａpositive constant

　　　十倣＝｛4t≒ａ Mk （乙ωj－“

Then, eqn.(6-10) becomes:

普づ･(具＾ヤ弧ﾌﾞ?ご47い“Jj)/り (6-12)

As shown in the above equation. when the control signal　U;　expressed by

eqn.(6-11) is　applied　to　the　system, the equilibrium point　is approached

faster, since ｊｘぬ七1S smaller due to the additional negative control term

一訃べNamely, the damping characteristic of　the system can be

improved by the control described by eqn.(6-11).　　　　　　　　　　　　万

　　　Itis also possible to determine　the control signal　Uj･８ｓ follows:

吟゜‾t≒s跨(凪) （j＝1ﾊｰｎ）　（6-13）

where,‘Ｕ゛i　is ａ positive constant. and the contで01 signal　1.･lj.is bounded

by　l叫μＵ吋　.　By the　control described above,　the time derivative of　the

Lyapunov function becomes:

　　　　　普べ{号叫十綸巾．一恥一司叫}/卯　　(6－14)

　　　　　　　　　　　　　　　゛｀　av　Ｕ吋　　　　　　　　　　　　　　－か弓F可

As shown in eqn.(6-14), the damping characteristic of　the system can also be

improved by the controller described by eqn.(6-13), because ＪＶ人it　issmaller

due to the additional negative control tｅｒｍ－Alj9£;卜苛.

　　In order　to Improve the damping characteristic of　the system, two　types

of　controllers ，i.e. eqn.(6-11) and　eqn.(6-13), are proposed using the
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energy function as ａ Lyapunov function･ of　the system.　The control described

by eqn.(6-11) is ａ proportional type control and the control described by

eqn.(6-13) is ａ bang-bang type control.

Section ６－３ ication to ａ･ 3-machlne Problem

　　　The same 3-machine system shown in section 3－4　isused for the model

multi-machine system.　The system parameters and　the　initial conditions and

the admittance matrices under several system conditions have already been

shown in Table　3-4-1～Table 3－4－3.

　　　It　１Ｓassumed that　the　internal induced voltage behind　the transient

reactance is　constant for each machine.　Namely, Ｅ;ｉ　has　itssteady ｓt:ate

value during a1:L the　ぢransient processes of　the model system.　Furthermore,

each machine in the model system is　the salient-pole one, so　Ｅ;ｉ　becomes

equal　to　zero during all the transient proce卵es.　Then the system equations

are described by only the mechanical equations of motion of the form

expressed by eqn.(6-6) and eqn.(6-7).

　　　For the !nodel 3-machine system. the control signal　Uj (＝∠iPti) becomes:

　　゛　　　　柘　＝一剣・MrfM2-C△ω,－４ω２)＋Ｍ３巾ω,－△ωj)}

　　　＼　　　ｕ2＝一罷2， Mz-i M3㈲ω2－ｊ叫)＋Ｍ･・ひω2｀ふω,)Ｊ　　　　　　　／

　　　　　　　　　ｕ√＝一丸･ＭｊＭバ&U}3-∠1ω･)＋M2･(A咄－△u)z)}十

where, 飛j.゛1/Ri’ＭＴ･Ｍ‘「゜Ｍ’゛ M2゛ Ｍ3

　　　　Thesystem responses have been obtained by solving the system equations

using Runge-Kutta-Gill method under the following system conditions;

(1) Three phase to　ground　ｆａｕ:Ltoccurrs at　the point Ａ in the mode:Ｌsystem

at　the time ｔ＝０．０sec.. (2) The faulted line is　isolated from the system by

the　circuit breakers　at　the　time　t=0.2 sec. (3) The faulted line １Ｓ　reclosed

at　the ｔ:ime t=0.3 sec..　after　clearing the fault.
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　　z　the　faulted line is　isolated

ｔ2° 0.3 sec･

　　:　theｌfaulted line　iｓ･ reclosed

Fig.6-3-1　Responses of　the model system applied with no ＣＯＩ!troller
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Fig.6-3-2　Responses of　the model system applied with the

　　　　　　　　ｌ　contでoiler ( -fei゛ 0.3, 飛２° 0.3, 砲3゛ 0.0 ）
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Fig.6-3-3 Responses of the model system applied with the

　　　　ｃｏｎtｒ011eｒ（飛¶＝１．０，優2＝1.0，13＝30.0）
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　　　　Theresponses of　ｔ∃hemodel system applied with no　controller are shown

in Fig. 6-3-1 .　The responses　of　the model system applied with the above

controllers are shown in Fig.6-3-2 and Fig.6-3-3.　1n Fig.6-3-2, the positive

constants -fet　，唾２　and　ｉ３have been selected as 0.3, 0.3 and 0.0, and in

Fig.6-3-3 the positive constants 噫。罷!２　and １３ have been selected as

1.0, 1.0 and　30.0, respectively.　Furtheirmore, in Fig.6-3-3 the control

signals Ｕ･，Ｕ２　and　Ｕ３ have been bounded by　lu,u 0.2, lUzU ０．２and

1^3１４1.0, so when the absolute values of the control signals　Ui　, Uz　and

　Ｕ３　aregreater than 0.2, 0.2 and １．０respectively. the above control

becomes　ａ bang-bang type control and otherwise becomes　ａ proportional type

control。

　　　As　shownin these figures ， the damping　characteristic of　the model system

can be much improved by the above controller, and the improvement becomes

greater for the greater values of the positive constants 罷1　タ売2　and‘を3　・

　　　　Inthis　chapter It has been shown that　the Lyapunov's direct method　is

indeed applicable to　the control problem of non-linear systems.　Ａ 3-machine

power　system has been used　to　test　the effectiveness　of　the proposed method ．

But, it is noted that　in order to simplify the analysis several assumptions

have been made.
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CHAPTER　７　　IMPROVEMENT　OF　OVERALL　STAB工LITY

　　　　　　　　　　　BY　STAB工Ｌ工Ｚ工NG　CONTROL

　　　　Inthe case of the linearized system, it　is possible to obtain the

controller as　ａlinear function of　the system variables as　shown ﾆIn the

former chapters.　Therefore, if the variables are measurable, the controller

can be easi:ly realized.　However, it　can not be guaranted that the　controller

obtained　from the linearized system will always be applicable to　the original

non-linear　system.・　In some cases　such control, derived from the linearized

system, when applied to　the original non-linear system, results　In undesirable

system performance.　Because, the controller is obtained from the small signal

system equations, the improvement of　the system performance １Ｓ　local　in

nature.　and under large disturbance conditions ， the system operation departs

from the　steady state operating point　considerably and consequently the

controller determined solely from the small signal consideration １Ｓ　Inadequate

In improving the system stability under these circumstances.　Namely, In

spite of　its apparent advantages　in implementation, the linearized analysis

can not be considered ｆＵ１:lysatisfactory.　　　　　　　　　　　　　　　　　　　　　　　＼

　　　　Inthis chapter, in order to‘improve the overall stability of　the　system

the direct method of Lyapunov is applied as described　in chapter.6, under

the consideration of　the results　of　the linearized analysis described　In

chapter ４ and　chapter ５．　The effectiveness of　the proposed method is　also

shown by the numerical analysis of　the model system.

Section 7-1.　Introduction of　Control Law

　　　　　　　　　　　　　Function

Aｓ･shown in eqn. (6-1), the original non-linear equation becomes:

かだ　＝　t(X) +　Ｂ･此 (7-1)
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where.て　is　the n-th order　state variables vector, ILL　is　the r-th order

control signals vector　, f (JC) Is the n-th order non-linear functional vector

and　the matrix　B　is　the (n X r) coefficient matrix.

　　　The Lyapunov function of　the above system is defined by the method of

Krasovskii as　follows:

　　　　　　　Ｖぐｘ）＝｛-・ｆぐズ｝゜「･Ｋ・ずば」　　　　　　　　　　　（７－２）

where,　　Ｋ　　Ｚ　a(nxn) positive definite matﾆrix

At the stable equilibrium pointﾆ, I.e. at　Ｋ　＝χ。　, the value of the above

Lyapunov function becomes　equal to zero.

　　　The time derivative of　the above Lyapunov function along the traj ectory

expressed by eqn.(7-1) becomes二

dV　　　ｌ
-
dt ＝今・ｆ(ｘ:f'(r' K 4- IK･Jj)･お幻

゛―-lu ■ta･が蜘fは)゛士メ(球fK-OT-B-uc

(7-3)

In order　to　improvethe damping characteristic of　the system, the control

signal　ｌμ．　isdetermined by the following equation.

　　　　U = - jf(x)･fCsC) , f(K)= ＼R!ｉ･J-IK

Then eqn.(7-3) becomes:

　＼　登゛{-｀ｆ匯zぐＪでμべ゛蜘刀゛派勾リ{/R以

(7-4)

(7-5)

If　the matrix -(j"-IKi-lK･Jり　becomespositive definite, the original uncontrolled

system becomes asymptotically stable and the controller described by eqn.

(7-4) improves　the damping characteristic of the system because of the

additional negative control term　一以て凧･以。

　　　　Inthe above equations, the matrix　Ｊ　is a. (n X n) functional matrix

designated as Jacobian matriχ and　each　term of　this Jacobian matrix Is ａ

function of　the state variables of the system.　And the matrix　こｒ　　becomes:



　　　らｆ
Ｊ　＝-＝
　　　aiχ:1’

：：● ９６－

(7-6)

Therefore, the feedback gain matrix　Ｆβり,becomes　ａ（ｒメn) functional

matriχ of　the　state variables of the　system.　　　　‘

　　　It　is　alsopossible to determine　the control vector　Til　as　follows:

　　　　　　u^ = -uり‘sFCが:ｙ‘恥ｆは:）］j.　　　（j°1＾’1:）　（7－7）

where,　Ｕり１Ｓ８ positive　constant and　the control signal　"i　Is bounded by

|吟1尽Ui/i , and the symbol 〔・３ｊrefers to the j-th component of the column

matrix〔・Ｊ．

Introducing the vector　function with vector argument　Ｓｊれ　,we obtain:

where.

畝７＝一覗こ･ｓＳ削:ｒ丁･lK-ｉ(３＜:)］

以び゜r Ｕtr。 Uxrz ，“‥≒， Ｕ。Ｊ７

(7-8)

　　　　ｓ許ｙｆ Ｋ･乱･>J= diag. r…・り３舛０てＪ‘て旅・ｆμ):乱゛…・]

By the controller described by eqn.(7-7) or eqn.(7-8)‘, the time derivative

of　the Lyapunov function (7-2) becomes:

ニ　　1冊ぺ~f(X.UTりK゛ＫＪＪ°おり司がぶ齢７峠叫(7－9)

As　shown in the above equation, the controller described by eqn.(7-7) or

eqn.(7-8) can improve the damping characteristic of　the system because of

the additional negative control term　－lfぱｆ･Ｋ･ｙ･Bi-iUj。

　　　The　effectiveness of　the above two　controllers　expressed by eqn.(7-4)

and eqn.(7-7) or eqn.(7-8) for　the system can also　explained as described

below。

　　　It　isassumed that　the performance index of　the system will be defined as:

･ ｆ
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I咄)＝子j7f(ズ)７･削・foO　dt

where, the matrix　μ　satisfies　the　following relationsh:Ip:

　　　　　　　　　　爪7　＝－イｙ列K十匹・７）

(7-10)

(7-ｎ)

Then the matrlχ　加　is a (n X n) functional matriχ｡since the components of

the Jacobian matrix　ｙ　　are　the function of　the state variables　of　the

systﾆｅｍ。

　　　　Ifthe matrix　／Ｍ　　becomespositive definite for ａ given initial

system condition, the original uncontrolled system becomes asymptotical:Ly

stable and　eqn.(7-10) can be considered as　the performance index of　the

system.　Furthermore, we get　the ｆｏ:Llowingrelat ionshlp.

I(U)= Vぽ)lt｡o ゛ jly・:ｒΓμくIfx) dt (7-12)

　　　When the　system is applied with the above two　controllers　expressed by

eqn.(7-4) and eqn.(7-7)or eqn.(7-8), eqn.(7-:L2) becomes respectively as

follows:

J(n) =　Ｖぱ)lt。0 -/V. ^･配此

1㈲＝　ｖrズ)に0 -
J ＼t(xf-

K･Ｊ･ 8 1･ｕｕ･

(7-13)

(7-14)

As　shown In the above two equations ， the value of　the performance　index

Is　smaller due　to the additional negative control ｔｅでm-CuでＩＲ･!μdtor

づL7沢Jぶ跨Ｊ‘剛･なｒ，conseguently the system performance can be improved by the

above two　controllers.

　　　　Thecontrollers proposed, i.e.　eqn.(7-4) and　eqn.(7-7) or eqn.(7-8), are

respectively ａ proportional　type controller and ａ bang-bang type controller.

　　　　Inthis　section, the controllers　are determined by the Lyapunov function

defined by Krasovskil, here　it　Is noted　that Krasovskii's　theorem offers ａ

sufficient condition on the asymptotic stability of　the non-linear　system.

so　the stable region obtained by　this　theorem １Ｓnarrower than the practical
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(7-15)

(7-16)

(7-17)

(7-18)

　　　The　stabilizingcontrollers are determined by the method described in

section ７－1for the model systems　shown later.　In these model systems, the

following relationship　is　satisfied.

ざ:ｆ。�7:ｙ＝B;

where, A　-^Ix.‘ｇ．゜’af/a3゛fiに：･ｘ。，ＩＸ：ｏｚ
stable equilibrium point

Consequently, eqnご(7-4) and eqn.(7-8) become:

　　　　Ｍ　＝－Ｆ･ｆ(辿　･･，　Ｆ　＝／Ｒ”･ Ｂ;･ Ｋ

　　　　び　＝－Ｕ;・りffif/R-F-fCズ)]

In the above two　equations, the feedback gain matrix･　７Ｆ　　becomes ａ constant

matriχ．

　　　　　　　　　　　　　　　　　　　　　　　　’　　　　　　　　　　　　　Ml)7-2-1.　Complete Feedback Stabilizing Controller

　　　　Inorder　to determine　the feedback gain matrix　Ｆ　。it　is necessary

to　choose anappropriate positive definite matrix　Ｋ　　．　It should be noted

that　selecting the (n >ぐn)unit matrix as　the matriχ　旅　　will often lead ，to

success, but　in this　section we define the solution matrix。０ｆ　thefollowing

matrix Riccati equatﾆion as　the matrix　眠　　under consideration of the results

of　the analysis　of　the linearized system shown in the former chaptﾆers.

μ･Ｋ＋Ｋ･かヽ一肌･Ｂ。･吋･昿;･Ｋ-･･ 弘一０

where, the matrix　Ｑ　is　ａpositive definite or ａ positive semi-definite

matrix.

　　　　Whenthe disturbaces　are　sufficiently small, the original non-linear

system described by eqn.(7-1) can be approx:Imated by the following linearized

system around the operating point　χ　＝　ズ。。
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　-P5K = A・％十B。・私

　％　　Z　n-th order state variables vector

　M　　Z　r-th order control signals vector

A, Bo　: (n
X n) and (nメr) coefficient matrices

　　χ　。A・AX

　∠iJC =　:rx:~JCo

　　Ｂ。＝恥Ｂ

　Ａ ｙＪ／χ＝ｘ。゜∂巧/∂Jどに一式ｏ

(7-19)

The Tailor expansion of　ｆＱり　around　theoperating point becomes:

fiｘ) ＝ｆ(Ｋ，）＋ばぱぬJ円心μ十に沢71ﾆｅ°ｓj）（7-2o）

So, the state variable　ｙ　Is the first approximation of ｆ（ズ）ａでoundthe

operating point, and for sufficiently small tx　, the following relationship

is satisfied:

　　　ｙ　＝　j:江）

Then, eqn.(7-16) becomes:

　　　ｕ　＝－Ｆ・χ
ｌ F = IR"'･ＢＪ･Ｋ

(7-21)

(7-22)

The above controller minimizes　the following quadrat､Ic performance index

of　thelinearized system described by eqn.(7-19).

C ■'aヽ‘ｘ゛

ｕ°｢･IR-iu｣dt
(7-23)

Furthermore, the above controller also minimizes the expected value ｏｆこ「

, i.e. the value of Tr(/K )｡

　　　As　describedabove, the feedback gain matrix　Ｆ　of　thecontroller

expressed by eqn.(7-16) or eqn.(7-17) becomes　the optimal state feedback

gain nlatrlx for　thelinearized system.　Then, for sufficiently small dis-

turbances　the controller described by eqn.(7-16) and　eqn.(7-18) becomes　the

opt:imal state feedback controller, and　the system performance can be　improved
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by the controller.　Furthermore, with the reason described in section　７－１

for　large disturbances　the contﾆroller　can also　Improve the system performance.

Consequently, it may be possible to　improve the overall stability of　the

original non-linear　system by the controller described by eqn.(7-16)。eqn.

(7-17) and eqn.(7-18).

　　　　Inthis　thesis, the controller is designated 'complete feedback stabilizing

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｉcontro:Ller≒　　In order　to constﾆruct　the　controller, it　１Ｓnecessary that ａ１１

the system states　■ft (j=l~n) are measurable.　But, in practical power system

it　is almost　:impossible　to measure all the system states, so　it　is necessary

to　construct　the stabilizing controller using only the measurable system

Ｓｔﾆates,i.e. 'incomplete feedback stabilizing controller ｌ。

７－２－２．　IncompleteFeedback Ｓｔａｂｉｌｉｚｉｎ２Ｃｏｎｔｒ０１１ｅｊ４¶)

　　　As　shown in　the above　section, the feedback gain matrix of the complete

feedback stabilizing controller　is　equivalent　to　the 。optimal state feedback

gain matrix for　the linearized system.

　　　In order　to determine　the　feedback gain matrix of　the Incomplete　feed-

back stabilizing controller of the form described by eqn.(7-16) or eqn.(7-17).

the　theoretical results which can be used to determine the optimal output

feedback gain matrix for　the linearized system are represented briefly｡

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　W),(SりThese results have already been represented by W.S.Levine and M.Athans, but

here these results are extended as follows.　　　　‥

　　　For the linearized system described by eqn.(7-19), it is assumed that

each element of the control vector Ui (j=l'^-r) is represented by the linear

combination of　n　outputs W-jK (k=:L～り)：

吟゜－

叫＝Cj・Ｘ

卜゛ばμ--hyZiJ-: (j＝1～ｒ)

(j=lへ･ｒ)

(7-24)

(7-25)

where, the vector　ｌｌｌｊ　isａ り－dﾆimensional row vector. and　£ｊ;１ｓａ (Vix ｎ）

coefficient matrix. From the above two equations ， the control vector ｔｌん



-

for the linearized system becomes:

　　　　　　　　　゛Uえ＝－Ｆ・ｙ

where, Ｆ　＝ ―
･
~
ｃ
ａ

Ａ
.

Ｆ
Ｆ
：
Ｆ

１０１　－

町斗匹（jらｒ）

(7-26)

　　　Theexpected value of　the quadratic performance index　Ｔ　described by

eqn.(7-23) becomes:

ヂ＝まTi･[GI・叫田,･牙句心十心･?F>-≪^p{(A-IBo･Ｆ川司 (7-27)

For simplicity, the constant l/2h.has been droped from eqn.(7-27), then the

performance indeχ, which has　to be minimized, becomes：

J =Tv･[ふ'xpia-s,-fjt]･佃＋ｉい=)･^pI(A-B。･副司(7-28)

Here, we derivate eqn.(7-28) with respect　to　ｌｈｊ　；　　theparameter sensitivity

of　Ｔ　with respect　to　めｊ　becomesz ｡

　　銘ｼﾞ（町子- Ib;''-IK)しぢト　(j=l'N'r)　(7-29)

ｗｈｅｒｅ，町　istheﾋjl¬th row of the matrix　R　and　h} is the j-th column of

the matrix　B。and the matrices　Ｋ　and　Ｌ　become:

IK -f^リμ-s。肩り偲十心･FJ･Ｊ･^p{{A-e.-F)-巾七

Ｌづ‰pl(A-Bo-f)t}'AO(pl(^-B。･7P/tjdt

(7-30)

(7-31)

Alternatively, the matrices　IK　and　ｌ　are the positive definite solutions

of　the following Lyapunov's matriχ equations.

(A－B，･FJでＫ＋Ｋ･ (A －Ｂ。･司十心十がＲ-Ｗ　＝0

陥－B。･F)･Ｌ十七･佩－B。･凹７＋Ｉ＝∂

(7-32)

(7-33)

Here, it　is assumed　that　the matrix　/Ｒ　Is ａ diagonal matriχ shown below.

/R　＝

ｊ　
も
れ
．
・
・
‰

1

I

゜diag.［rl，rz，¨‥・, rr］ (7-34)
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Then the optimal parameter　/hi is given by　dT/dlhi　＝　∂　　ｚ

　　　　　町＝貼除ＥＬ・ y(Cj-＼L-<Ljﾀﾞ‥（j＝1～ｒ）　　(7-35)

　　　　　Fi ‘゙≒’吋’収心゛Ｇ‘ぐq-L-CI)りら（j゛1～r) (7-36)

By the controller described above, the performance index　T described by

eqn.(7-28) becomes:　　　　　　　　　　　　　　　　　　　　　　　　　＼

丁　＝丁ｙ･（Ｋ） (7-37)

　　　There are several remarks about the above theorm;　First, it　is noted

that　if we assume らl exists for j＝1へ･r, eqn.(7-36)　reduces to:

i.e.

IFi＝右昿賎

f = /R"'･Bo'"-fK

(j＝1～ｒ) (7-38)

Furthermore, eqn.(7-32) becomes　the matriχ Riccati equation described by

eqn.(7-18), namely　the above output　feedback controller becomes　the optimal

state　feedback ･controller　for　the １ﾆInearized system.　Second, eqn.(7-32).

eqn.(7-33) and eqn.(7-36) show the necessary conditions for optimality.

　　　　Ｔｈｅ"incompletefeedback stabilizing controller　１Ｓ　constructed as　follows

using the ｏＰt:imaloutput　feedback gain matriχ for the linearized　system

obtained by eqn.(7-32), eqn.(7-33) and eqn.(7-36).二

畝＝－１ニ・ｆ(ｘ (7-39)

Feedback Gain Matrix

　　　As　shownin section 7-2-1 and　section 7-2-2, the　feedback gain matriχ

of　the complete or　incomplete　feedback stabilizing controller is　selected

as　the optimal state feedback gain matrix or the optima:L output feedback

gain matrix for　the linearized system described by eqn.(7-19).

　　　The feedback gain matrix 77ニ　-whichminimizes the value of Tr(K ), is

　　　　　　　ｔぷ2)AS3)researched, thus　the problem can be considered as:



min T　= min Tr(fK )
　Ｆ　　　　　　　Tf

１０３　－

subject　to

　　　　　　　　　　(Ａ－Ｂ．･F)‘':Ｋ＋Ｋ･(A-B。･F)+ a+ if''-ir-if -の

Then, the feedback gain matrix　F　-which minimizes the value of Ｔｒ(IK)，ｉＳ

determined iteratively in the following steps・

Step １:　Assume an initial value of　the feedback gain matrix　7F゛゜such that

　l　　　　the linearized closed-loop system ？Ｘ ＝(Ａ゛Bo-Jf)‘％　becomes stable･

step　２Ｚ　Inorder　to determine the matrices 旅゛£and IL , solve eqn.･(7-32)

　　　　　and eqn.(7-33), i.e.　　十

　　　　　　　(Ａ－S，･F(叩:IK“)＋げ町糸－S．ｆ“り+ 1 + 7F‘司Ｒ．が≒＝の

　　　　　　(A－B,･TF(り・Ｌ陶＋　ビＵ･随一S。dF“ｱ＋Ｉ°の

Step　３ｚDetermine the direction of　correction ID'りfor matrix　7FIり using the

　　　　　　　　　｡　　　　　｡ 　iｗ，(訪)　　　　　fo1:Lowing equation.

　　　　　　　　　が吸Fi' － Ｆ叫

　　　　　where,　戸(iJ is determined by eqn.(7-36), i.e.　　　　　I　　　　　　　　　・

　　　　　　　　ぞｏ°ﾑ44j（゛げ卜び)‘がイり'ぴ'り了f'6

step ４Ｓ　Correct　thefeedback gain matrix　がiJ by the following equation.

がり Ｆ印ｆ ｊｌＪＩ)μJ

ji)＝　ｍｉ ｎ. Ｔｒ（IK）

　　　　ｊ’

step 5: Calculate　１１ VJII （＝

ｒ
Σ
哨 lldT/a/h'/'l/)by eqn.(7-29)

Step　６Ｚ　Check of convergence by　11▽丁lU e　　・

　　　　　　　Ifthe Ｓtﾆep６　is not　satisfied, return to the step ２．
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ication to　ａ One-machine Problem

　　　　Thepower system under　investigation consists of ａ synch】ronous machine

unit　connected to an infinite bus　through ａ transmission line as shox^i in

Fig.7-3-1.

琉

infinite bus

Fig. 7-3-1　Model 。ofone machine system

It has both voltage regulator and speed governor.　The models　shown in Fig･

2-3-2(b) and Fig.2-4-2 (b) are used for these control systems ，and the

additional control signals Hi and　Ｕ２are determined by the method described

1n section 7－１and section 7-2.

　　　　Themathematical てepresentation of　synchronous machine descでibed　in

section 2－2　is used in order　to obtain the original non-linear equations

of the model system.

　　　　The synchronous machine equations (2-26)-(2-29), (2-32) and (2-33) are

　　　　　　　　　　　　　・　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●●●.

rearranged as　follows:　　　　　　　　　　　　　　　　　　ヶ

が｀＝jaω

7)政)＝(ん－Pe一簡ａω)/阿

戸ら＝{Ｅｆ,f－Ｅ卜(ズji- cc/)-ij} /が

pb:ベ　ーEjバク(回略)･らJ/猫

(7-40)

(7-41)

(7-42)

(7-43)

｀゛here・４ °＆゜゛aP*　・１ﾐf‘j°Efd・゛4EﾁJ　・ａ°ifj-id゛晦゜４

From eqn.(2-35), the voltage regulator action becomes ｚ

pも＝{一恥(41Ji l-Ｖ，)べIE耐/Tf＋Ｋｆ U./Tf (7-44)
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ハ4＝沿･曰く=f心叫・Vs)-ムEwl/Tf.Ts - Vｓ/Ｔｓ

wher(：ｅ，‘哨ｔ　＝ＪＶｉ　＋‾i4?’，ａ吸＝びt-V,

∠iE-Fd。ax.

ｊＥμ

ＡＥ仙心t

十Kf･Ｋs･Ui/TfTs

for　AEfd　み　ａ Ｅｆ･jｓａズ

for　　a Ej4ぶ1＜∠XEチdくAEfd。lax

fol°　∠XEﾁd ^ ^B-fAm'in.

From eqn.(2-38), the governor action becomes:

　　　　　μ几＝トり４“.)/ω．－がｙ)/乃十心･両/乃

　　　　　μ凡＝り?V-Apt)/丁ん　　十

where, /S几＝　f APｙ。≪x　　for
　　　　　　　　　l　

jPｖ

∧　　　　

for

　　　　　　　　　　　A r＼/min.　　　for

A？ｖ　l　&?vma.ズ

£Fｖ。;心く４Ｒ、ぐa7)､ｚ。４χ

aFv　尽　ムPV。；､､。

The　terminal voltage and current become　:

　　　＼　Ui = E/ ゛ ズj･£s，

十　　　埓゜EI － ズj‘ｎ

(7-45)

(7-46)

(7-47)

(7-48)

(7-49)

The equations　of　the transmission network become;　as　follows　in the　steady

statﾆe system configuratﾆion.

iａ＝｡(ベーｖ。･ COS S')/(Xdりズｔ＋ズｅ）

4 = r-Ej-゛゛Ｖ・･s;゛ぶ）/ぼj十ズｔ十ズ:e）

(7-50)

(7-51)

For large disturbances　In the model system various　system conditions　are

considered as　shown in Fig.7-3-2.　For these conditions　the equations of

the　transmission network become､･　ｚ

（ａ）　　ね＝　E//ぐスノートズ１）

･
≫
-
Ｊ1°－Ej/ぐズj゛ズ幻

(7-52)

(7-53)

(b)　　　6,゜f E;'(ズ･･゛飛2‘)－ズｅ２･Ｖ。･ｃｏｓSWlはμ‰)･μｅ,＋飛2)(7-54)

　　　　　　　　　　　　　　　　　　　　　　　　　　　チズel●ズeai

一・
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　　　　4 -i-Ej.(ズｅ･４ ７ｅ２)＋ズｅ２‘Ｖ;゛sn1‘り/f(岑々ｚｔ)･(ズｅけズｅ２)

　　　　　　　　　　　　　　　　　　　　　　　　　　　十ズel●ズez}

(ｃ)　わ＝(昭一Ｖ。･ＣＯＳ
ｎＺ(戈ａ″＋ズｔ

４･Ｚｅり

　　　　４べ'Ej ゛4‘Ｗ S/ ゛ s)/(xi゛ズｔ＋ズe')

(7-55)

(7-56)

(7-57)

In the above　equations, the armature and the transmission line resistances

are neglected.

(a) Three phase to　ground fault　at　the point ａ

(b) Three phase to　ground　fault at the point ｂ

(c) One line operation

Fig.7-3-2　Various　system conditions

　　　　Fromthe above equations ， the original non-linear　equations of　the model

system can be described　in vector form shown In eqn.(7-l), where the state

variables vector ＪＸﾆ．　,the control signals vector　Ｕ尤　and　thenon-linear

functional vector ｆぐX) become:
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　　　　瓦:　゜６ｒ， ａωｊＥふE/. /iEj=むｖsＪ/IP,/,Aptf

　　　　肛＝〔山. Uzf

　　　子ぱ〕＝〔ﾁ･，ﾁ2，ﾁわ飛．づ‰づ:6，ﾁﾌ，焉〕７

where, T^ = po　，ｺﾞ2＝糾ω　，づS＝ＰＧ　, f+ = pEj

(7-58)

(7-59)

(7-60)

ぢﾄ匈心ぶ^Vs)-&E-fj}/Tf　，亀＝厨一心心Vi+Vs)-AE司/乃･丁i

ち＝ぐｰり･ｊω/ω。-4Pv)/乃　, fs
= P-aP-fc

7－3-2.　Linearized tlons of Model

－Ｖｓ/Ｔｓ

　　　Inｏてder　toobtain the feedback gain matrix of　the stabilizing controller.

we need　the following linearized　equations around　the operating point of　the

model system under the steady state system configuration.

　　　From eqns.(7-40)-(7-51)：

　上郎ぶ= /la)

　　戸心＝μ几一Ｊ)ｅ一弘乙ω)//り

　　ME;＝OEyJ －aE/-ばd－ズめ･△ね}/tJ。

∇　MEj＝ト/3E/ +ぱにズぬ･心μ/Ｔ;。

　郎ら＝1-心心応やり一砲詞/Ｔy 一心･lli/Tf

(7-61)

(7-62)

(7-63)

(7-64)

(7-65)

戸Vs= Ks･f一時･μ14 4･Vs)-aEh}/j:,･･Ts - Vs/丁S + Ki-Ks･Ui/TfTs (7-66)

戸吼゜ひり･ｊtｔ)/,ｔ･。－47)Ｊ/乃十i<yUz/乃･

p躊＝μΓｙべ7い/刄

(7-67)

(7-68)

whei:ｅ'j‘｀吸゜aEj十ズf41J ‘゜びS゛6ら'‘Zj‰ね，゜R'゜ぬo'^id ゛哨．'ｊ４

　　　　　　　　　　　　　　　　　　　　／　　　　　　■t-Uo-MTdi- i^c-AlA
　　　　/^U= (aB/十x4･5;几＆･認,)/ぐ勾゛ズｔ゛χり　　　　　　　　　　　　　　　s゛

ニ　　　友島゜(-4e;゛ Ｖ・･ｃｏｓ５'ｏ･△s)/(x:+xt+ズｅ)

Let vector　∠xｙ　be defined as　follows:

　　　　則ｸﾞ゜０ぬ・AUi,^ij, ai^V　　　　　　　　　　　(7-69)

　　　　　　　　　　　　　　　　　・
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From the above equations, the linearized equations of　the model system can

be rewritten　in vector form ａｓ：

P^JC = Af乙ズ＋ｋｚ'ｔ＾ ＋８･叱

∠1y＝A3・△戈

(7-70)

(7-71)

From the above two　equations，the linearized equation of the model system

can be written in the form shown in eqn.(7-19), where　the matrices　あ　and

　Ｂ・　becomeas follows:

か、＝　柚　＋　瓦･ん

B。＝　へ･Ｂ

(7-72)

(7-73)

In the above equations　the subscript　と）　denotes　the steady state value, and

the components of the matrices　A,　，Ａ２　，Ａ３　， and　Ｓ　are shown in Table

Ａ－３　inappendix.　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　〉

7-3-3.　System parameters and Initial Conditions

　　　　Theparameters　of　the model system are shown in Table 7-3-1.　Before the

construction of　the matrix　Ａ　, it　is necessary to find　the steady state

values　of　the system variables.　After　the load　flow calculation, the steady

state values of　ｔｈｅ･system variables　are deteでmined using the phasor diagram

shown in Fig.7-3-3.　The　initial　conditions of the model system are shown

in Table　7-3-2, where　the operating point of　the synchronous machine Is

selected as　ｆ０１１０ＷＳ：　Ｐ。(active power output or　electrical output)=0.5 p.u･，

Q.0 (reactive power output)=0.1 p.u., and i/to (terminal voltage)゜１．０ p.u.

　Table　7-3-1　System parameters

ｘ･１
゛１°ｏ・　　5Ci°0.23・　ズi °1.08･　ズ:i =0.23･　Ｔ･'; ゜5

T'=4.5 sec, J (=W。･M)=6.0 sec. Pj =0.01,　ズt "0

ｽﾞei=0.6, ・　χe =0.3,

Kf =5.0.　Ks=0.01

K,　°10.0･　T,　=0.2 ｓｅｃ・，丁１,。=

T+ ･=0.2 sec, Ts・０．１ sec.・

φ
　
奉
　
０

６ sec.,

　
・

Ｃ
Ｍ

１
．
ｅ

sec.,



０

　
Ｊ

一
１

d
-
ａ
ｘ
ｉ
ｓ

- １０９　－

μ･゛)臨昌謡;。y)

it°fJ゛μD14＝吻＋j弓
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Fig.７－３－３　Phasordiagram for　initial conditions

Table 7-3-2　Initla:Ｌ conditions

p. (= p*。)=0.5.　Ｇ。=0.1,

Vo =0.98062,　　θ。=0.20537 rad.,

哨。＝０.438o7，　　巧。=0.89894,

1^0=0.40562,　　E.^ =0.96998.

Eμ。=1.20781,　　Pｔ。=0.5,

7-3-A.　Numerical Results

驚 =1.0
=0.65881 rad.

ho °0.30887

E/o =0.34/.77

　　　Thefeedback gain matrix　7F　of the model system. which minimizes the

value of Tr((K ), has been determined for each case shown in Table 7-3-3

using the iterative algorithm shown in section 7-2-3, and is　shown in

Table　７－3-4　foreach case｡

　　几The　convergencecharacteristic of　the above iterative calculation for

case ３ or case ５is shown in Fig.7-3-4. The value of Tr(IK ) converges to

Its minimum value by about ten times iterations. The minimum value of Tr(/K )

for　each　case　is　shownin Table　7-3-3.



ｆ

● １１０　－

Table　7-3-3　Restriction of　feedback places　and minimum

　　　　　　　　　　　　valueof Ｔｒ（脈）　　　　　　　●●

Case　
y
l4tl、手，手2　手3　太　%　l　も　右 Diin of Tr( )!t＼)

Case 1
u,

U2

灸　　表　　兪　　兪　　灸　　兪　　１　　火

表　　１　　彙　　兪　　１　　女　　兪　　喪

13.14A

Case 2 Ui

UZ

嚢　　麦　　０　　０　　兪　　Ｏ　　兪　　１

喩　　ｉ　　０　　０　　火　　ｏ　　火　　表

13.233

Case ３ u,
u.
Ｏ　　嚢　　０　　０　　兪　　０　　０　　０

０　　嚢　　０　　０　　０　　０‘　　１　　兪

13.438

Case 4
u,

U2

表　　・　　０　　０　　火　　ｏ　　表　　０

嚢　　嚢　　０　　０　　彙　　Ｏ　　灸　　０

13.909

Case ５ u,

u.
火　　火　　０　　０　　灸　　０　　０　　０

麦　゛含　　０　　０　　０　　０　　嚢　　０

14.01/.

Case ６ u,
u.
０　　１　　０　　０　　灸　　０　　０　　０

０　　兪　　０　　０　　０　　０　　０　　表．

14.414

Case 7 u,

U2

０　　０　　０　　０　　０　　０　　０　　０

０　　０　　０　　０　　０　　０　　０　　０

177.93/.

　○、= dlag.d 1111111)

　R = diag.(l、１）・

( * denotes the feedback place ）

Table 7-3-4 Feedback gain matrix Ｆ

-

-
｀ら
焉
ち
大
お

九
ち
九

Case １　　・ Case ２ Case ３

Ｕ，　　　　　Ｕ２ Ｕ，　　　　　Ｕ２ Ｕ，　　　　　以2

　0.4717 × 10-' 0.1774 ×10

-0.3163 χ10'1　0.9593

　0.1577　　　　0.7338

-0.8551 χ10‘2 -0.1302 χ 10

-0.9618　　　0.5515 ×lo'

-0.3104 ×id"' -0.1337

-0.4154 × 10'' -0.9793

-0.4639χlo'　0.5690

-0.2533 ×10‘' O./i321 χlo"

-0.3322×lo'　0.1321

. 0.0　　　　　　0.0

　0.0　　　　　　0.0

-0.3836　　　0.8501 ×10-

　0.0　　　　　　0.0

　　　　　　　-2　O..687/.×10　-0.1080

-0.2960× 10' 0.1935

　0.0　　　　　　0.0

　-0.2763× id'･ 0.108'.

･ 0.0　　　　　　0.0

　0.0　　　　　　0.0

　-0.4671　　　　0.0

　0.0　　　　　　0.0

　0.0　　　-0.8245x 10-

　0.0　　　　　　0.1861

Case 4 Case ５ Case ６

Ｕ，　　　　　u. u,　　　　　　　U2 Ｕ，　　　　　Ｕ２

喘

鳴

九

九
右

九

九

j8

-0.2791× 10"' 0.5568 χ 10'

-O./.23'.× 10"' 0.6848χ 10-

　0.0　　　　　　0.0

　0.0　　　　　　0.0

-0.3582　　　0.5269 ×lo'

　0.0　　　　　　0.0

　0.351/.χ 10"' -0.8702 ×id'

　0.0　　　　　　0.0

-0.1632× 10"' 0.6746X10"'

-0.2427 X 10''　0.750/. x lo'

　0.0　　　　　　0.0

　0.0　　　　　　0.0

-0.3665　　　　0.0

　0.0　　　　　　0.0

　0.0　　　　　-0.1045

　0.0　　　　　　0.0

　0.0　　　　　　0.0

　　　　　　　　　　　-1　　　　　，-1-0.1114 × 10　　0.2<)8Ait 10

　0.0　　　　　　0.0

　0.0　　　　　　0.0

-0.1955　　　　0.0

　0.0　　　　　　0.0

　0.0　　　　　　0.0

　0.0　　　　　　0.5520 x l♂



争

１(７

10４

103

102

101

10°

０
　　　２　　　４’　　６

Number of　Iteration

　　　　（　case　３　）
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Fig. 7べ３－４　Convergencecharacteristic
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１００
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　　　The stabilizing controller of　the mode:Ｌ system is　constructed using

the feedback gain matrix Ｆ　shown in Table 7-3-4 ０ｆthe form 双＝４:■f(X) for

each case.・　When the system disturbances　are sufficiently small, the

stabilizing controller u=-f.丿'(X) becomes equivalent to the optimal controller

for the linearized system　混＝－IF蕩　, which minimizes　the expected value of

the quadratic performance index, i.e. the value of Ｔｒ（賎）．Ａｓ shown by the

minimum value of Ｔｒ（１べ）ｉｎTable 7-3-3, the small signal performance of the

model system is much improved by the　stabilizing controller and　the

improvements are almost equal･for both　the complete　feedback stabilizing

controller (case 1) and the　incomplete feedback stabilizing controllers (

case ２～case ６）。

　　　In order ｔ．０　investigate　the control effects by the above stabilizing

controllers　following three　system disturbances have been　considered。

　　　(1) The three-phase　to　ground　fault　of ０．３sec. duration occurrs　at　the

　　　　　　　pointａ In the model　system。

　　　(2) The three phase to　ground　fault　occurrs　at　the point ｂ　in the model

　　　　　　　systemat the time　ｔ＝０．０　sec,the　faulted　line is　Isolated at the



- １１２　－

　　　　　　　timet=0.2　sec. and　the faulted line is reclosed at　the time　t=0.3

　　　　　　　sec.　after　clearingthe fault。

　　　　（３）Ｏｎｅof　the parallel transmiss:ion lines　is　isolated at　the time

　　　　　　　t=0.0sec..

　　　　Thesystem responses　following the disturbance　(1) are shown in Fig. ・
’

7-3-5へ- Fig. 7-3-8.　1t is obvious that the stabilizing controller w = -F-if幻

muchﾆimproves　the large　signal performance of　the model･system, and　the

Improvements by　the incomplete feedback stabilizing controllers are almost

equa］ぐtｏ　thoseby the complete feedback stabilizing controller｡

　　　　Asshown in Fig ｡7-3-5 ，the optimal controller TM.=-/F･χfor the linearized

system, when applied to　the original non-linear system, results　in undesirable

system performance, i.e. it makes　the original non-1:inear system unstable

under　the large disturbance condition｡

　　　　工ｎFig.7-3-5 and Fig. 7-3-6 the control signals　Uf　and　以２ are bounded

by　lU.f ４　０．５and by　ｌび２１４0.5, so when the absolute values of the control

signalsぴ1 and　Ｍ２　aregreater than 0.5, the stabilizing controllers become

the bang-bang type controller and otherwise become proportional type

controller.

　　　　InFig.7-3-7, the control signals Ｕ， and Ｕ２ are bounded by ｌぴ./<0.5

and　lUzl^ ０．５０ｒby　IU,U 2.0 and　lUzj^ 2.0, and for　the larger values of

the bounded values of　the control signals, the Improvementﾆｓ of　the system

performance become greater｡

　　　　InFig. 7-3-8 the phase plane traj ectory of the model system applied vith

the bang-bang type stabilizing controller is　shown.　The control effect l〕ｙ

the bang-bang type controller　Is almost equal to　that by the proportional type

stabilizing controller.　　　　　　　　　　　　　　　　　　　　　　　　●

　　　　The　systﾆemresponses　following the disturbance (2) or (3) are shown In

Fig.7-3-9 or Fig.7-3-10 respectively・
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Fig.7-3-6　Control effects by the　incomplete feedback stabilizing

　　　　　　controllers
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　　　　　　　　　controller



i
ｎ

ｏ

１
　
　
１

　
　
Ｃ
ｐ
ｓ
ｊ
)
　
　
ｊ
>

０．5

0.0

　
　
5
　
　
　
　
　
o

(
･
０
３
ｓ
／
*
ｐ
Ｅ
ｊ
)
　
　
　
ｃ
ｎ
ｖ

０．０

一

一一一-

●

●

０．５

- １１７　－

1.0 １．５

U = -＼･呑勾(case 1)

：　without　controller

　2.0

(sec.)
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　　　　　　　　　　　controller

The　system performance is also　Improved by the stabilizing controller。

　　　　Inthe above calculations, the same feedback gain matriχ　/p　　，which １Ｓ

determined　in the steady state system condition, has been used during the

all　the processes ０ｆ　thesystem transieｈｔｔｐ://wｗｗ..　　　　Ｉ　　。。

　　　　Asdescribed above the stabilizing controller ZK=-iF･iWcan Improve the

system performance following both large and small disturbances.　The

improvement by the Ｗｅ:LIselecting Incomplete feedback stabilizing controller

is ａ:lmost　equivalent　to　thatby the complete feedback stabilizing controller.

so　it　Is possible to construct　the stabilizing controller using only the

measurable states of　the system.

/



Section 7-4.

；：Ｓ １１８　－

lication to ａ 3-machine Problem

　　　　Thesame 3-machine system shown in section ３－４　１ｓ　used　forthe model

ｍｕ:Lti-machine power system.　　The system parameters, the initial･ conditions

and　the admittance matrices under　several system conditions have　been

shown in Table ３－４－１～Table３－４－３。

　　　　Thecontrol systems　for each machine are shoxjn in Fig.2-3-2(a) and Ｆｉｇ･

２－４－２(ａ)．　Inthe model system. No.3 machine　１Ｓ　conventionally used　to

represent ａ large scale power system, and the control systems for No.3

machine are not　considered here.

7-4-1.　Non-linear First Order Differential

　　　　Insection 6-3, the stabilizing controller of　the model system has been

Introduced using　the simplified model, namely only the mechanlca:L equations

of motion have been considered and　the deviation of mechanical input has

been considered as a control signal under　the assumption that the governor

action is　ideal｡

　　　　１ｎthis　section, the stabilizing　controller of　the model system is ・

determined using the detailed equations of　the mode:L system.　These equations

have already been represented　in section 3-4, and a little modified forms

of　these equations are used.　　　　　　　　　　　　　　　　　　　I。

　　　　Fromeqn.(2-34) and eqn.(2-37), the voltage regulator and the governor

actions of the ｊ-th machine become　:

　　　■pAEidi= (-Kfj ‘ ゛びｔj.－が三舛)/Ｔｆｉ゙ 附j'1句/乃j･

　　　節句゜トりj･゛叫/ω．－゜匈)/Tii ゛ Klj･゛Ｍり/乃j･

where, j=l,2 and

△E舛　。

ｒ
ｊ
乙肺四ｚ

乙E舛

^ ufiitYiin.

(7-74)

(7-75)

for

for

for

j‘｀町･'j4祠Ξ舛訓ａｚ

∠1印丿岫＜jF舛く乙町丿抑ａ

ｊＥ舛4 A Bfj^min・



町)6　＝　f△Pe。,1χ

八

４几心

－　１１９　－

for　ｊ
ｈｔtｐ:／／ｗｗｗ.for.ｃom附;几く４＆くムrtma^

for　ム?七　４ムｒ-ｔmiれ，

　　　Theoriginal non-linear equations　of　themodel system can be written

in vector form shown in eqn.(7-1), where the state variables vector　ｚ　　,the

control signals vector and the non-linear functional vector　ｆ(１り　become:

だ　＝〔Ｊ･3, ^23, 4≪J≪^ /ia;2, Aωｊ・昂'ノEふEぶノ

ｕ　〒[･U(<, U,2., し£2･.Uzzf

6Eぶ二乱j2ふ祐，･a恥]７

(7-76)

(7-77)

(7-78)

　　　The state variable ｘ　of the model system used here Is a little

modified　in comparison with that used　in section 3－4；　the Internal induced

voltage　Ｅ４　in direct axis　is neglected here since all the synchronous

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ゝmachines　in the model system are salient-type ones, and the difference

angles 0/3 ( =ぶ，一心) and d23 ( =ぶ2一晶) are considered instead of the

rotor angles　Ｊ。 ｊ｀２　and　心　。

7-4-2.　Linearized Equations　of Model tern

　　　　Inorder to obtain the feedback gain matrix of　the stabilizing controller

of　the model system, we need　following linearized equations of the model

system.

p/i^3 =　ぶω･- /JUJj

Ｍ必3＝　＆むU2 － z1ω3

(7-79)

(7-80)

-



●

・● １２０　－

μ屯゜DEﾁJj － 4 E;j -.ぐ句-ｽﾞJj)'晦j/'T;･･;j　(j=l,2)

P託;＝{一心貼－はJ3 －χJj}･id3 }/Tdo3

μ叫＝い叫一心叫一向･゜哨)/Ml

郎叫＝＝(一APe3-pJ3‘゜叫)/Ｍ3

(j＝:L,2)

　　　　μ≒＝（－Kずj･ｊ店j－jF絢）/刄μ-りj･Ｕり/万j.（j゛1･2）

　　　　P4聡ベーK3J-ＡＵｊ；/ｔＯｏ一乙匈）/乃け叫戸句/乃j（j゛1’2）

where. ゛％゛舒４向゛昔宍４応i

　　　　゛烏卜Vdio ･ ^tJ} ゛ 眺j°‘゛4j: ゛ idjo'tV-j-^ ■>‘ｈｊａ‘j 1J｀ij

　　　　j喘＝ｊ馬i＋ｘ4こそ４＋り・ｄsｉ

The　transmission network equation becomes:

∠1叫゛ な
　
　
ａ
　
ｌ

に
１

／
肥め

(7-81)

(7-82)

(7-83)

(7-84)

(7-85)

(7-86)

だ戌“崇/2:？゛゜Ji’指/jl:ど（7‾87）

　　　　　ｘ･ぬ1（a･４耐

Let vector ∠XJ（　，ａＷ　and ∠XZ be defined as:

　　　乙ｒ゛〔乙ぶ’3・乙心3・∠1ω’Ｊ ｊω2，４ω３，４Ｅｚ;ｊ４ＥμバEyj・（7‾88）

　　　　　　　　　　　　　　　　　　　･IEμり４Ｅμz, 4P*り^pt2y

　　　ぷび゜しi吻り゛びμ･４ぬ2，゜L4a・ｊtり3・ ゜弓り乙iJりaig･・(7-89)

　　　　　　　　　　　　　　　　　■　　　●　　　　●　　　　●　　　　●　　Ｔ　　　　　　　　　　十　　　　　　　　　Atd2. A ４２ｊ４乙j3J　a.t,ｐ］

∠32　゛r乙石9バぶ23・jEj・^Ei't・ IT ' iT

Then, from eqn.(7-79)-eqn.(7-87):

　　　VAX = yじ£ズ＋Ａ２ヽ４ｙ＋　Ｂ・耽

　　凡･弓＝　紅･ムｌ

　　　∠ぼ＝ん･･ｊズ

(7-90)

(7-91)

(7-９２)

(7-93)

From the above three equations, the linearized equations of the model　system

can be writtﾆenin the form shown　In eqn.(7-19), where the matrices　Ａ　and

　Bo　　become：

．か″



A.＝　へけA2, Ａ;

Ｂ。＝　Ａ･Ｂ

- 121 －

A+- hs (7-94)

(7-95)

The components of the matrices　At　， A2　，A3　，A4　，Ａタand　８ are

shown in Table Ａ－4　1nappendix.　　　　　　　　　　　　　　　　　　　　　　　.

7-4-3.　Numerical Results　　　　　　－

　　　The parameters of　the　control systems‘have been selected ａｓ　shownin

Table ７－4－1.

　　　　The　feedbackgain matrix　7F　of　the model system, which minimizes　the

value of Tr(IK ), has been determined using the iterative algorithm shown in

section 7－2－3.　The complete　feedback gain matrix and ariIncomplete　feedback

gain matrix are shown in Table 7-4-2.

　　　The stabilizing controller of　the model system is　constructed using the

feedback gain matrix ７Ｆ　shown in Table 7-4-2 0f the form 混＝－IF･#(it).　When

the disturbances　in the system are sufficiently small, the stabilizing

controller ‘以＝－Ｆ･fぐ幻　becomesequivalent to the optimal controller ＆・-7F･χfor

the linearized system, so　the small signal performance of　the model system

can be improved by the stabi:Lizing contro:Ller as　described before。

　　　In order to　investigate the control effects by the stabilizing controlle「

for　large disturbances, the following system conditions have･ been considered ；

(1) Three-phase to ground fault occurrs at　the point Ａ in the model system

at　the time ｔ＝０．０sec, (2) The faulted line １ＳIsolated at　the　time　t=0.2

ＳｅＣ･,(3) The faulted line　is　reclosed ａtﾆ　thetime t=0.3 sec, after　clearing

the fault。

　　　The responses of the model system applied with various　controllers, i.e.

no controller, optimal controller　屁＝－F･χ　forthe linearized system, complete

or incomplete feedback stabilizing controll 以＝－ｆ-ｆ(ｘ　,are shown in Fig･

7-4-1へ^ Fig.7-4-5｡

　　　1n this　case, the model　system １Ｓ　stabilized by the optimal controller

/
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Table　7-4-1　Parameters　of　contﾆｒ０１　systems

Kfi ° 5.0 9　　Tn °
0.2 ｓｅｃ･

Kii ° 25.0 ・　T,v ’ 0.3 sec.

　　3=1,2

■Table 7-4-2　Feedback gain ｍａt･ｒiχ　Ｆ

Case 1　　(complete feedback)
Ｕ日　　　　　　　　U,2　　　　　　　　U21　　　　　　　　U22

手1
九

九

ち

九

九

f、

右

手9

j,0
j,，

ね

-0.1433 × 10°1　　-0.3712 × 10｀2　　　0.7584 × 10｀2　　-0.3486 × 10°3

　0.4427 >く1(f4　　-0.6468 χ 10‘2　　-0.4896 χ 10°3　　　0.7380 χ 10｀2'

-0.1938 × 10'2　　-0.1649 χ 10‘3　　　0.1795×10‘2　　－0.3163メ10｀4

　0.9411)(10'S　　-0.1754 × 10'2　　-0.2057 × 10'4　　　0,1783 χ 10-2

　0.8086)(10'3　　　O,A847× 10'3　　-0.8504 × 10'3　　-0.8975 ×lo'

　0.7897 χ 10'1　　　0.1797× 10-'‘　　　0.5A2A ×1(f2　　　0.6384 ×10s2

　0.2025 × 10‘1　　　0.6569× 10'¶　　　0.6668 × 10｀3　　　O.A72O× 10'2

　0.5795 × 10-'　　0.6473 × lo"　　0.3235 × 10'3　　　0.2082 × 1(芦

-0.2788　　　　　　-0.2629>く10｀゛　　0.2968 × 10｀3　　　0.1994 × 1(μ

　0.5510 χ 10‘4　　-0.2788　　　　　　0.3160×10゛4　　　0.2626×lo'

-0.1016 χ 10°1　　－0.1141 × 10｀2　　-0.5436 × 10｀z　　二〇.1108 × 10｀3

-0.6160 χ 10゛3　　-0.8976×10'2　　　0.1125 χ 1(j'3　　-0.5440×10｀2

Case 2 (incomplete feedback)

U,，　　　　　　　U,2　　　　　　　　μ21　●●　　　　　　U22

f，

ち

f3
大

池

九

11
j、

ち

j,。

f,，

ﾆ/..

-0.5545 × 10-'　　　0.0　　　　　　　　0.7472 ×10゛2 0.0　　・

　0.0　　　　　　　1 -0.A315 χ 10-'　　　0.0　　　　　　　･ 0.7940 Xio'

-0.55A3× 104｀ 0.0　　　　　　　　0.8518X 1(i'3　　0.0　.

　0.0　　　　　-0.4857χ lo'　　0.0　　　　　0.3973 ×1(i｀3

　0.0　　　　　　　　0.0　　　　　　　　0.0　　　　　　　　0.0

　0.0　　　　　　　　0.0　　　　　　　　0.0　　　　　　　　0.0

　0.0　　　　　　　　0.0　　　　　　　　0.0　　　　　　　　0.0

　0.0　　　　　　　　0.0　　　　　　　　0.0　　　　　　　　0.0

-O./t968　　　　　　0.0　　　　　　　　0.0　　　　　　　　0.0

　0.0　　　　　　　　-O./i9U　　　　　　0.0　　　　　　　　0.0

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　-¶　0.0　　　　　　　　0.0　　　　　　　　-0.1010>く10　　　　0.0

　0.0　　　　　　　　0.0　　　　　　　　0.0　　　　　　　　-0.1030 χlo'

c. = diag.(0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1)

fR = diag.(1.0,1.0,1.0,1.0)

Ｊ’
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　t,　= 0.2 sec. : the faulted line is isolated

イむ2　= 0.3 sec. :　the faulted line is reclosed

（ａ）　z　without　controller　●　　　　　　　　　　　　　　　　　　　　　　　　　　　・

（ｂ）　: with the optimal controller Vl =一豚χ for the linearized

犬　　　　system　(case　１）　　　　　･･

（ｃ）　: with the complete　feedback stabilizing controller十

　　　　　叙一一Ｆ及ズ) (case １）

（d）　Z with the incomplete feedback stabilizing controlle「

　　　　　U=-＼-右ズ」・(case ２）

Fig.7-4-1　Responses of the angular velocities ａω１，ｊω２and　乙ωJ

. φ ゜
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0.0

0

　－0
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　　　tに= 0.2　sec.:　the　faulted･ line is　isolated　　　　　　　　〉

　　　t2　° 0.3 sec. :　the　fault:ed　line is reclosed　　　　　＼

　　　(a) :　without　controller　　　　　　　　　　　　　　　　　　　　　　　　　　　●　●

　（b）　:with the optimal controller TU.一一卜χ for the linearized

　　　　　　　　system　(case 1）‘

　　　（ｃ）　z　with the　complete　feedback stabilizing controlle「

　　叙一一卜ｆ(玖:）　(case 1)

　　　（d）:with the incomplete feedback stabilizing controller

　　△　　　　lえ＝一節が幻　(case ２）

Fig.7-4-2　Responses of the difference angles　ｊ｀１３ and
馮3
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０．５

０．０

０．０ ０．５

０．０　　０．５

１．０

１．０

１．５

１２５　－

２．０

1.5

1.0

０．５

０．０

２．０　　０．０

(sec.)

１．５

１．５

1.0

０．５

０．０

２．０　０．０

０．５ １．０ １。５　　２．０

　(sec.)

０．５　　１．０　　１．５

　　　　　　　　　　　・Ｉ　　　　　　　　　　(sec.)

　t; = 0.2 sec. :　the faulted line is isolated

　ｔ２　＝　０．３sec. :　the　faulted line is reclosed

（ａ）　ｚ　without　controller

２．０

(sec.)

（b）　: with the optimal controller TW=-F･χ for the linearized

　　system　(case 1）　　　　　　　　　　　　　　　　　　　　　　ト

（ｃ）　：　with the complete feedback stabilizing controller

　　　　　叙＝－1F-ｆ(ＴＣ　(case １）　　　　　　　＼　　　　　　　ニ

（d）　:　with the　incomplete　feedback stabilizing controlle「

　　　　　畝＝一iF-fm　(case 2）

Fig.7-4-3　Responses of the electrical outputs　R!l　and　R12
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1.5

1.0

0.5

0.0

　　　　２．０　０．０

(sec.)

１

１

０

０

０。５　　１．０　　１．５　　２．０

　　　　　　　　　　　　　　(sec.)

２．０　　０．０　　　０．５　　1.0　1.5

　　　　　　　　　　　　　　　　　　　　(sec.)

亡1　°0.２ sec. :　the faulted line is isolated

亡２　＝０．３ sec. :　the faulted line Is reclosed

（ａ）　Ｚ　ｗｉｔﾆhout　controller　　　　　　　　　　　　　　　　。

２．０

(sec.)

　　（b）　:with the optimal controller U=-W･χ for the linearized

　　　　　　system　(case 1）　　　　　　　　　　　　　　　　　　　　　　　　　　・

　　（ｃ）　:　withthe complete　feedback stabilizing controller

　　　　　　TU=-F･ｆ収）　(case １）

　　（d）　:with the incomplete feedback stabilizing ｡controller　　プ

　　　　　　以＝一牙･■fix) (case ２）　　　　　　　　＼

Fig.7-4-4　Responses　of the. terminal voltages 乙生1　, Viz and 破3
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０．０　　０．５　　１．０　　１．５　　２

　　　　　　　　　　　　　(sec･．）

1.5

1.0

0.5

0.0

０　０．０　　０．５　　１．０　　１．５　　２．０

　　　　　　　　　　　　　　　　　　　　　　　　(sec.)

1.5

1.0

０

0.０　　、0.5　　　1.0　　　1.5　　　2.0　0.0　　　0.5　　　1.0　　　1.5　　　2.0

　　　　　　　　　　　　　　　　　(sec.)

＝０．２　sec. :　the　faulted line Is　isolated 。`

= 0.3 sec. :　the faulted line is reclosed ｌ

(sec。）

（ａ）　Z without　controller　　　　　　　　　　　　　　　　　　　　＜

（b）　: with the optimal controller Ul-。F･χ　for the linearized

　　　　　system　(case 1)　　　　　　　　　　　　　　　　　　　　　　　　　　，

（ｃ）　: with the complete feedback stabilizing controller 以＝・卜f6り

　　■　　　　　　　　　　　　　　　　　　　　　　　　　　　●　　　●　　　　　　　　　　　●　　　　　●●　　　　　(case １）

（d）　: with the incomplete feedback stabilizing controller 屁＝一卜fは:）

　　　　　(case ２）

Fig.7-4-5　Responses of the mechanical inputs to rotors　Vti and　7)62
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　畝．゜‾Ｆ’ｘ　　forthe linearized system.　but the disturbances during the

fault are　increased by the contﾆroller, namely the　improvement　is　localIn

nature, and　is　smallerthan that by the complete or incomplete　feedback

stabilizing controller　ａ＝一丹政ズ）．

　　　　Thelarge signal performance of　themodel system Is much improved by

the　stabilizing controller, and the　Improvement by the incomplete feedback

stabilizing controller is　almost　equivalent　tothat by the complete　feedtack

stabilizing controller, so　it　ispossible to construct the stabilizing

controller using ｏｎ:lymeasurable states　of　themodel system.

　　　　In the above　incomplete feedback stabilizing controller, each machine

　is ａ:Lmostcontrolled using the　informations of each machine respectively.

Consequent:Ly, the possibility of　the decentralized control of　thelarge

　scale power system can be explained by the above numerical results.

　　　　In the above calculations, it　is noted　that　thesame feedback gain matrix

has been used　throughout　allthe transient processes of the model　system.

Section　7-5.　Summary

　　　In this chapter. the stabilizing controller of the form 双一一吋帥ｈａｓ

been proposed for the non-linear system pX=f(JC 十IB･就　。

　　　By the numerical results　shown in this　chapter it is recognized　that;

The optimal controller　IH=-'IF･％　forthe linearized system is not always

applicable to　the original non-linear system.　In some case, such control,

when applied to　the original non-linear system, results　In undesirable

system condition, i.e. such　control makes　the system unstable。

　　　But, the stabilizing controller proposed in this　chapter, can much

improve　the system performance following both large and small disturbances

of　the system, i.e.　the overall stability of the system can be　improved by

the　stabilizing controller.　Furthermore, the improvement by the well-

. ぷ “



- 129　－

selecting incomplete feedback stabilizing controller is almost　ｅｑｕﾆivalent

to　that by the complete feedback stabilizing controller, so １ｔ　ispossible

to　construct　the stabilizing　controller ｕｓ：ingonly the measurable state of

the system, and　such control　can be easily realized。

　　　　Thepossibility of　the ･decentralized control ０ｆ　thelarge scale power

system can also be ｅχplained here.　　　　　　　　　　　　　　・

/
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CHAPTER　８　　CONCLUS工ON

１３０　－

　　　　In　this　thesis,the studies　about　the stability analysis and　the

developement　of　compensating controllers　for the required system

stabilization have been considered。

　　　　Themathematical representations　of　the electrical power systems have

been described　in ａ form of ａ mathematical model ０ｎａ general-purpose

digital computer　in chapter ２．　By　these methematical representations, we

can handle ａ number of machines　connected to ａ transmission network of any

topological form, and　these representations　include the model ０ｆ　ａround-

rotor machine or the model ０ｆａ salient-pole one. and　the automatic voltage

regulators and　the speed governors.　Furthermore, these representations

allow the inclusion of any alternative governors or voltage regulators　that

act continuously｡

　　　Throughout　this　thesis, the small signal performance, the dynamic

stability, of　the system has been analyzed using the eigenvalues, the system

responses and　the direct method of Lyapunov, and　the large signal perfor-

mance, the transient　stability, of　the system has been investigated using

the system responses as　shown in chapter ３．　Furthermore, in this　chapter

ａ new stability measure has been proposed using　the ｅχpected value of　the

quadratic performance index, and the　stability margin has also proposed by

the restriction of　the real parts　of　the eigenvalues　of the system｡

　　　　Inchapter 4, the optimal state feedback controller has been derived

in order to ･improve the･dynamic　stability of the system.　　The dynamics of

the system can be much stabilized by　the controller, but　the controller　is

represented by the linear function of all the state variables, namely the

controller usually requires　the complete measurements of　the system states.

so especially large-scale power　system It　is almost　impossible to have ａ１１１
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the　informations about　the system states.　With the reason above described

the　implementation of　the controller　to　the practical power system may be

difficult.　Furthermore, the selection of　the weighted matrices　in the

quadratic perfoirmance index is very :important in order to　improve the

system performance as　shown in this　chapter。

　　　　Inchapter 5, the procedures for utilizing the reduced model in

deriving the output feedback controller of　the system have been proposed,

and the possibility of the application of LyapunoV's direct method to the

control problem of　the linear system has also been explained.　The dynamic

stability of the model system can be much improved by　the obtained controller.

but　the　improvement　is ａ little smaller than that by the optimal　state

feedback controller.　The output　feedback controller　is　constructed　in terms

of directly measurable output variables ，so　the controller obtained may be

easily implemented to the practical power system。

　　　　Inchapter　6, the possibility of　the application of Lyapunov's direct

method has been explained, and　the controller has been determined using

the well known Lyapunov function, the energy function, of　the system under

several assumptions.　The transient　stability of　the model system can be

much　improved by the controller obtained。

　　　　Bythe numerical results　shown in chapter　７，１ｔ　isrecognized that the

optimal state feedback controller and the output　feedback controller obtained

from the linearized model is not always applicable ｔ０large disturbances

conditions.　In some cases, such controllers ，when applied　to the original

non-linear model, result　in undesirable system perfomnance, namely such

controllers make the original non-linear system unstable under large

disturbances　conditions.　Because, such contro:Lleでｓare obtained from the

linearized equations, the improvement　１Ｓ　local in nature, and under large

disturbances　conditions ， the system operation departs　considerab:ly from the
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steady state operating point, and consequently such controllers are

inadequate in　improving the system stability under　these circumstances。

　　　　Inorder　ｔ０　improve　theoverall stability, the stabilizing controller

has been proposed　in chapter　７．　The stabilizing controller is determined

using the Lyapunov'function proposed by Krasovskli under　consideration of

the theoretical results　of the control problem of linearized system described

in former chapters.　　The stabilizing　controller can much Improve the system

stability under　large and small disturbances　cond･itions, namely the overall １’

stability of　the　system can be much improved by the controller。

　　　　Furthermore,it　is possible　to　construct　the stab11:izing controlle「

using the only measurable states of　the system, consequently such stabilizing

controller can be easily　implemented to　the practical power system。

　　　　Thepossibility　of　the decentralized control ０ｆ　thelarge-scale power

system has a:Lso　shown in　this　chapter by the numerical results of　the model

multi-machine system.丿
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　　The absence of　the zero-sequence equations allows　the voltage vectors

and　the current vectors　to be denoted by the complex variables.　Choosing

the rotor-pole ａχis as the real axis, the transformation matrices　T(c

T (S'cx)and the admittance ｍａtﾆｒｉｘ局面u)together with its　derivative　χ≒）

are denoted with complex values T-^J　，T4　. Vj　and　Yj ,respectively

゛for　their
representation in the steady state.

　　In Table Ａ-1 (c) and (d).

　　　　Tcj =Jiつ（Ｐ（－μり・）　，T4＝かP（示亀，一晋））＝i≒

　　　　　乃べjj脳ci一面司）・万゜μ’/暖Lj’ ゛ ci）

　　　　　Ztに凧ド紳，↓ii , Zij - Ri} - iω。・Ｌり

and　in Table Ａ-1 (c). [･ 3゛denotes〔ffe.C･〕。p。｡〔･〕3　，

and　in Table Ａ-1 (d).〔・〕゛denotes Re.〔･〕，－j。｡［･］

J)m.〔･1, Ke.C-]

ト
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ts of the matrices　Ａ¶ Az , A3 IB and (C

ﾔ叫J

P‘ぶ1

rz'‰

Pべ

P外以

P°‘∫｀

pAU)

j^aEjj

pVs

P△Ｐ・

P△?t

　　　　(a) Matrix　Ａ¶

刈乱　４も　ａ聡J　4戮　ａ嘸S　aJ｀　ａ） AEiJ　V5　　４Ｒ，　ムPt

-t∂｡･ru ω｡･rtj

　ｽﾞaJズμ
－ω｡･y｀

aJ。 男．ズ｡９

-ω｡･rij

ズMI

－ω。
－ω｡･「

　ズal
こ褐。

－ω｡･r-^s

ズだμ

1.0

－il。

　M

　　ＩＪ。
-

-Pj

　M -Ｍ
－１ りくｆ

Ti T4

－K3
妙節Tf.Ts

-K3 －1
-
T11ω･･7i

１‥＿
石、

－１
-
Ｔｋ｡．

P叫J

Pa恥

P4‰

P唱

Ｐ°烏

Paぷ｀

P4ω

?AEi<)

pVs

Pふ

P眠

(b) Matrix Az

4瓶j　j恥Z　祠丿　幻忿　　a吻　ａ肖
a)･･りJ

XiJ

aj，・「
ω。

ズ41

a)｡･TkJ

XkJl
tJ｡･「

ω。
ズ4覆

t4}･･4S

ズkit

j巧9_

　Ｍ

病。
Ｍ

－Kf･1ゐ。 一陶･巧。

li･祷。 刄･びi。

－Ks･1ぐtVj, -KsKi･11i･

１一石･17r。 ls刄･防。

（ｃ）　Matrix　B

　　　　　U1　　U2

P嗚

P叱I

P心

Pべ

図KI

P4‘∫｀

P4ω

PAEμ

pVs

PA玲

PAPtr

ヱ

T+

ＫＳ･K+

T｡･Tf

2L
　T5
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●

a呪丿

叫

友J

A臨

八，

叫

●

(d) Matrixふ3

4も　刈QJ　　4Ｍ

１３８　－

゛甲fJ　　4恥　　祠沁　　411S　　4肌2　　　aぶ　　　AUi iEiJ V5　&?v Apr

１ １ １

1く,･ｽﾞfl K,・Xat K,･XitJi

｜ １

Kz･乙1 KZ･ズ･μ
１ １　　１ １

1く,･X:紬･,G9 K,･xjl　:Ci K,･χ。j9･石j

１　　１ １

Kz･X:，4 KI･で吋j･χ.1

(lr゙ ZeV)"!゛e に゙J　　　　ソ
(Iりre･Iff'

x Tif^｡)･y，

’
・
Ｑ
恥
　
ｉ
瓦
馬
ｈ

＜

■
＜
！

＜
　
Ｖ
　
Ｏ

＜

＜
３

（ｅ）　Matrix Ｃ

AViJ　八島　４Ψ;ｊ　ａΨｉ　ａ恥s　/1<P AlO ^Fij v. aPv Apt

μ）

1.0

1.0

1.0

1.0

1史.乞l･(IE･?fY)"'[?f･^L W,) V,･4り

ぽよ]･ら

Table Ａ－３　Components of tﾆhe matrices　Ai

‘Paぷ｀

？ａω

ﾔﾍﾞ

P鴫

?＆EfJ

pVj

？^Pv

P^?r

　(a) Matrix　柘

j1ぷ｀　　iud　’a4　iE/　　iiEfj　Vi　　apv　　ipt

1.0

-PVm
●

･/m

-'/t/o 1/榴

-'/Ti;

ヅT｝ 一緊

゛鴫･T，
’Kt･1ぐ!/r≫T,

　‘I/Ts

'K‰,両 ‘'/t.

Vt. '1ぺ
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（b）　Matrix　fkt

　　　　　°ぬ　　゜肖　　゜IJ　　衣Ｚ

p４‘S‘

μω

即E￥

?6Ea'

?嗚j

pVs

?&v^

?乙瓦

-iVm -iS｡/M '哨･か ｀辱か

■U'-Xi

な

脊
-Kf･びj。 -Kt･4･

Tf･L4. 刄･応。

沁･Ｋ,･応． ･Kf･K,･1&。

li･・･14， li･li･t4，

（d）　Matrix　A3

　　　　　/if　　　　ａω　　.e;

乙吠I

&u

祠J

Ａ１１

（ｃ）　Matrix　Ｓ

　　　u,　　　Ｕ２ ・

A Ej　託a Vs　aPv Ｊ)c

ｽﾞ;4･COS?。 ズe十art

:xr.'+ae+xt 7Z″･ｽﾞe゛:4

ズ;.V,･iinS, Xe*TCt

Xj″そ3Ce*5ft Zj･■XttXt

X4･SifnTo ｌ

Xj'+Xeかズｔ xj・Xt≫;ft

X4･COS (T. －1

ズ;･eXe+Xt ズZ゛･χeぼt

ts of the matrices A. A5･and　お

卜＆

？人ω1

PAω2

P乙<^3

μEぶ

P４陥

阿印，

Pム恥

(ａ) Matrix　Ai

ａ(ら3人ωf£ω２乙
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糾＆

μω，

p/itOj

?４ω3

?jlぶ

P4邨

?砺;

？両J，

?゛恥

r峨，

？飛ｚ
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(b) Matrix /Sz

AVj, AVi･4応1　a斑2 AV33 AV^i Aij, /iij, Aijz　4fμAU3 &iii

●

ｭ辿

　Ml

こ!310

　ri.

-■i;"^,｡

_

　Ml

一斑,･

　Ml

-tiza -tjJo －1力,。 一斑2.

M･ M2 M2 Hi
－iめ。 -lIJo －lｶJ。 一猿a。

哺 M3 M. M3
公一‘Hi

‘D;，

rji'-rj.

TjU

Xij-xjj

Ti≪
一陥･応。 -KftW。

Til一双1. li,･賃l。

-Kh･Uil。 一恥･埓･

゛恥応･ 1}l･玖la

　　　　　(c) Matrix　Ａ３

/≫U3, aVu　iVji fll^i A功j AVli A乱 　　●　　　●　　　●ili･ぶ-Jl ^tx2 Aij3
ｊ

“"≪!‘-'"11　“‘’ｄ２“｀１２“｀’ｄ３“゛ti "^＼“１１１　°tJl“l?2　βUi ^in

1.0 Yi
一石;

1.0 ｽﾞJ; y，

1.0 n -:硲

1､0 以 y;

1.0
ゝ 石 ぺX:1;

1.0 仙 TI，

｀W ・￥; y;

で ‰ y:

兄 X; X;
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　　（d）　Matrix　A千

心ら　八島3　正ぷ　Z Es;　^E/3a"i3 “哨“‘-f I *> <-Sl ａＬｐ

1.0

1.0

□

政1 痢

ら (へ

(≒ (式＆
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JI゛僕|;丸。゛慢

心’穏|。'lh^°

ぷ3゛慢ﾚ功｀゜

・吻,。

■･･-ll;ﾚ仙I°十指

屯゛ぞだしぬ'゜

|

,'玖12°

・功l。

?μl

ｱ橘丿

夕4tO,

f^lO,

?心)3

?･賜

1･4りJ;

?峨，

?Ａ－

　　　　（d）　Matrix　As-

μ,3　ム＆ljω,政いりja陥　Ａ略　A E/j /lEfJ･嗚JμRf４i

４ぷ｀,３

C
ｑ

Ｕ
Ｕ

Ｕ
Ｊ

I
J
l
J

＜
　
　
　
　
＜
　
　
　
　
＜
　
　
　
　
＜

1.0

1.0

1.0

1.0

1.0

(f) Matrix田
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nvector　Solution　of　Matriχ　Riccati

　　　　　　　　isty.anj.is:幻
Equation

　　　Consider　the following linear　system along with　its cost　function

given by the following equation.

　　　　　　-p&JC =　Ａ・ｊχ:十　Ｓ・収，　　　　　　　　　　　　　　　　　　　（Ｂ-1）

　/　　　　べr　° y//-で&.-A13C ゛ U^-IR- U) d七　　　　　　　　　　　（Ｂ－2）

Let　気　　be the costate vector of 乙Ｋ　.　Then　λ　obeys　the differential

equation:

μ　＝－＆･ａこ一系λ (Ｂ-3)

Then, it　is well known that　the optimal control, which minimizes　the　cost

function, is　given by:

叙　＝一沢T'. ざ'･λ

From eqn.(B-1), eqn.(B-3) and eqn.(B-4), it is obtained:

ヤ Ａ　，｀田・ｒl･

Ｑ/，　　－Ａ７

B
ﾀﾞ|
して

(Ｂ-4)

(B-5)

Iヤtﾆ11eｓごﾆem matrix of e:ご:しヤブｅ゛゜1ﾆed by /Ｍト　(B-6)∧

It has been shown that the eigenvalues of 刹　must be symmetric with respect

to　the　Imaginaryaxis of　the　complexp:Laneand there are no pure　imaginary

eigenvalues. It will be further assumed that the eigenvalues of /Ｍ are

distinct.

二二心(二言二二二言二二公二4

へ

ゝ
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which are the eigenvalues　of　theoptimally controlled system, where ｎ is

the order of　the state variables vector　Ａｊｘ:　Ｚ

1）　＝
Ｌ

一八，の

　<D , A＼

/

>

こ Ｗ
'･Ｍ・ちへ/

(Ｂ-7)

　　　Hencehere we can make use of　the eigenvalue grouping technique　to

arrive at ａ model

ヤ∠XX＝　Ａ゛･∠1χ (Ｂ-8)

by eliminating the eigenvalues ４　in eqn.(B-6).　This is justified because

Ｅ At

time.

　tends　to ｚｅでｏas　the Riccati equation is　to be ｓｏ:Lved backwards　in

If　the matrix　iへ/　is partitioned properly as　follows S

‾にくこ］

Then we get:

Defining

が＝Ａ － ｅ･ ｒ'･ Ｓ‘「･Ｗ２１･Wit"^

匿　＝　訊/２･・iへ/ｏ

(Ｂ-9)

(Ｂ-10)

(B-11)

it can easily seen that　the matrix　IK　is　thesolution of the following

matrix Riccati equation:

Als･IK f IK ･必 一昨１ ･ｒ'･ IBI:11く＋ａ＝の (Ｂ-12)

From eqn.(B-ll) it　follows　that　theeigenvectors of　the matrix　/M

corresponding to those eigenvalues with negative real part only are needed

to get　the required solution of　the matriχRiccati equation (B-12).
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APPEND工Ｘ　Ｃ　Eigenvector　Solution　of
-

　　Matrix　Equation

・Ｓ

　　　Bythe assumption that
ｒｌ＝!D ,

the matrix Riccati equation (B-12)

becomes　following Lyapunov's matrix equation.　　　　　　　　　　　　　　゛

　　　A7･ Ｋ 十Ｋ・A + 6L =の

In this　case, eqn.(B-6) becomes as　follows:

M　＝ ﾚ副

(C-1)

(Ｃ-2)

It has been shown that the eigenvalues of　the matrix　Ｍ　must be　symmetric

with respect　to　the imaginary axis of　the complex plane.　It will be further

assumed that　the eigenvalues　of　the matriχ　／Ｍ　are distinct　and　there are

no pure Imaginary eigenvalues。

　　　Ｌ&ｔ‘　１）　be(2n ｘ 2n) diagonal matrix of　the eigenvalues　of　Ｍ　arranged

so that ’－４　　１ｓthe (n X n) diagonal matrix of the left half plane eigen-

values of the matrix　／Ｍ　Ｚ

l）　＝ －Ａ，の

　(P , A

］
ｔＳ
帆/'!
/H ･ W (Ｃ-3)

where the matrix w　is constructed using the eigenvectors of the matrix 11゛ｌ

and　is properly partitioned｡ as:

十　　ｙて穴吹］‥‥‥　　　（c-4）

Then, the solution matrix　IK　of　the　aboveLyapunov's matrix equation

becomes：

Ｋ　＝　W2, ．W,i"* (C-5)
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APPENDIX　Ｄ　　Solution　of　Lyapunov's　Matrix　Equation
-

　　using　Companion　Matrix

　　　Consider the Lyapunov's matrix equation (C-1) shown in Appendix Ｃ.

Let　(C≪. be the (n H n) companion matrix of the matrix　糸　and Let Tft. be

the (n X n) transformation matrix, then the following relationship　１Ｓ

satisfied:

已「=(x:y- A"･I'
a. =

　
θ
１

１

の

０
１

１

川
～
勺

　
｀
　
　
　
　
　
’
　
一

(D-1)

where.　at　l　a.
I　・‥・　9　and　Q.K

are　the coefficients　of　the　following

characteristic polynomial:

　　　　　det＼^一入川＝　λ゛＋ａ,1λ゛‾’＋・・・・・・十　Ｑｚ・λ十　どIt　　　　　　　（Ｄ-２）

Eqn.(C-1) can be written using the matrices　くCo and　ｌ気　as　follows:

where.

１：Ｊ’･Ｔｆ　ｙ･ Ｃａ．十　択一1）

　IR.
　＝
(Ｔａ’ｆ-Ｃt､■Tj'

　ｙ＝（Ｗ７･ Ｋ･ ぢ’

(Ｄ-3)

(Ｄ-4)

(Ｄ-5)

Then the　solution　fK　of　the Lyapunov's matrix equation (B-1) can be　given

by the solution　ｙ　of eqn.(D-3) as follows:　　　　　　　　　　　　　　　　十

　　　　　　Ｋ　＝　tJ. yヽＴａ。

Here, it　is noted that　eqn.(D-3) can be easily solved.

(Ｄ-6)
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