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ON-LINE CONTROL OF VOLTAGE .AND REACTIVE 
POWER FLOW IN ELECTRIC PO\VER SYSTEMS 

Jun-ichi Baba., Shigeo Hayashi, Kaoru Ishida 

Mitaubishi Electric Corporation, Amagasaki, Japan 

1. Introduction 

During the past decade, Japan 

has made a remarkable progress 

in economic development and sup­

ply and demand of electric power 

have grown with that. As electric 

power becomes satisfactory in its 

quantity, " the quality of electricity" 

has been required. '~The quality 

of electricity" means chiefly 

frequency and voltage. 

A lot of :1ethods and appa­

ratuses have been developed for 

the automatic control of frequen­

cy and active power and today we 

can see large-scale computer 

control s~ H ems including AFC 

(Automatic Frequency Control) 

and ELD (Economic Load Dispatch). 

Automating system voltag 

contrl./var dispatch, however, 

have hardly been considered. 

Up to now voltage and reactive 

control have been done by using 

automatic voltage tegulators 

be ing located at various points 

and operated manually or with 

conventional automatic appa­

ratuses. Therefore, it wa s quite 

difficult to get a co-operative con­

trol of these devices in electric 

power systems. Automatic voltage­

reactive power controller (AQC) 

was developed to solve such diffi­

culty. Several AQC's have been 

installed by Japanese electric . 

utilities and now they are being 

operated with very satisfac.tory 

effects. 

2. Voltage control/var dispatch 

2.1 The purp<?ses of automatic 

control of vol tage and var 

The main purposes of voltage 

and var control (V-Q control) are: 

(1) to maintain reasonable system 

voltage 

(2) to reduce transmission losses 

by dispatching var ra.tionally 

(3) to operate automatically 

(AVR) of generator& and synchro- several kinds of devices under 

nous condensers, tap changers an unified logic 

under load (TCUL), shunatca- On the other hand voltage and 

pacitora (SC) and shunt reactors (SR) var"bave been controlled with 



se. SR, AVR and TeUL locally 

and with. unsophisticated methods. 

But as electric power systems 

grow,· it. has become difficult or 

even impol(s1ble t control system 

vol.ta.kc _,and var in such manner. 

In.-or.der .to control the variables 

with an unified logic automatic 

control systems have been re­

quire-d. 

voltage would be con­

trolled) 

Q controllt:d var flowing 

through transfor er1 

(1 X n vector) 

N : winding ratios of trans­

formers having TeUL 

(1 :Xn vector. 1 will be 

the entry when a trans­

former has no TeUL) 

Y admittances of Se· SR 's 

2. Z The problem formulation connected at the husses 

of V-Q control (1 X n vector) 

V -0 control problem could be 

broken down into two levels, that. 

is, optimbdng level and fced back 

levr-1. The control systems of the 

f t:c rl back lcvt: l an~ operate d with 

d cs in:d val•l<: 6(:ttings determined 

by optimizing lf.!'-cl. 

T he optimizing lf.!vel problem, 

n· fcrring to Fig 1, 'could b e dr:­

sr: ril~t · d as f•,lJows. 

Mi nimize lT<tnl>snission losses 

L under c~nstraints 

.Vmin$ v~vmax 

Osnin~ Q~Omax 

t':fmin ~ N ~ Nmax 

Ymin$. Y~Ymax 

f.rnin ~ E ~f~.m<> x 

• ( -1) 

(2) 

wh e n : V : c.~ntrollcd voltage at 

the 11e~-ondary busse• 

or' substations (1 X. n 

vector, where n i s the · 

numbc :..· of bu s ses; w}wse 

E : the voltage of gen~rators 

connected to the busses 

(1 X n vector) 

At the feed hack leve l, refcrrins 

to Fig 2, the problem is described 

as follows: 

y 

X 

.wlwrc · u 

G·x 

F•(u- y) . 
(3) 

(4) 

disturbances oC voltage 

and var (1 )( n vector) 

x : manipulated variables 

of se, SR, :. R and 

TeUL (lx n vector) 

y : deviations Crom ideal 

values (lX n vec:t?r) 

F transfer function matrix 

of the controllers 

Ci : characteristic constant 

matrix o{ the controlled 

system 

Nonlinear block:~ misht be inserted 

bc tW(' CJll F :md G be·causc se. SR and 



TCUL would be manipulated dis­

cretely while AYR would be con­

tinuously controlle d, If we -take 

y for small deviations from the 

ideal values o! V and 0, ~en the 

entries of the matrix G can be 

reduced to constants . 

Concreletely, 

.1Vk = .lj'AnktNj tXjAqkf\'j 

+ lAgkjEj (5) 

A Qk = JjBnk1Nj + ljBqk/fj 

. t:l:jBgkt£j (6) 

A and B in equations (5), (6) are 

the elements of G, and they are 

called "system characteristic 

constants". The suffix n, q, g 

m ean TCUL, SC· SR, and ge11erator 

r c specte :ily, also kj means a s<nall 

cha nge at point .k after manipulation 

of a device j. Approximate value s 

o{ system cha racteristic constants 

are determined by using only im­

pedances of the system. 01\e can 
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2, 3 Como.:.rbon o f centrali zed 

and decentra li z e d control 

systems 

There are two diffe r e nt a p~ ;- oaches 

to the automati c V-0 control problem; 

centralized and decentralized, 

Centralize d control syste m i s 

done by means of DDC wi th a lar ge ­

scale dig~t.a l comput~:: r, In this ca :~e 

feed ba c k c ontrol leve l I~ight be c u t 

out • 

By adopting it, one can cas il y 

control and supe rvise the to ta l con­

dition of the contr oll ed po we r s yste m, 

But for this system a high spee d 

di gital compute r with large me mori e s 

woul d b e n ee de d because of a. ple nty 

of on- line comput.1.tion. Even i f the 

computer is us ~:: d on a time - sha. ring 

basis, the compu tation for V-Q control 

must occupy a lot of time anrl me m o­

ries. Data communication s yste ms 

are essentia l to the centralized con-

comparatively easily calculate them trol and ·if the computer or communi-

with an AC board or a digital corn- cati.on system are out of order, V-Q 

pute~. control syste m will los e the v.holt! 

An example o{ the characteristics functions. 

of SC• SR, AVR and TCUL are shown The va lues of voitages va r y with 

in Fig 3. The slopesof the lines 

are identical to the syste m char­

acteristic constants. It is of im-

por~'nce that the slopes of SC· SR 

& AYR and the slop~ ol TCUL are 

opposite in signs •• 

places and var loss e s at trans n1 is s ion 

are big and the con t rol effe cts of 

devices arc .limikd to the n e ighbo r­

ing area. It is, tht!r c fore, no t o nly 

poss ihl c but e ve n de sirable to do 

V-Q control locally. This i s the 



basic philosophy of the ciecentral­

ized control system. A special 

purpose controller (AQC) takes 

care of local V -Q control and 

.a central computer could be added 

to the system to determine the 

ideal V and Q values and transmit 

them to the controllers at s ub-

stations. In this s ystem e ven if 

the computer, communication 

systems, or some of controllers 

would not work or would not exist, 

the est of the controller would not 

have to stop control function. The 

c omputation time for V-Q control 

in this eyste m is suppos ed o b e 

pre ~ty short in comparison with the 

centralized system. The central 
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of installation of each AQC are 

shown in Fig 4. It goes without 

saying that AQC system could be 

modified in accordance with the · 

variety of utility systeme. 

3.1 Unit AQC 

Unit AQC is the controller 

which controls the secondary 

voltage and reactive power flow 

through the transformer at a high 

voltage substation by operating 

SC· SR, TCUL at the substation and 

AVR at local power stations. The 

setting vahlee of V and Q are given 

by a higher level controller. 

The description on unit AQC 

in details will be found in Chapter 

computer, therefore, can be occu - 4, 

pied chiefly for othe r pourpose s 

such as ELD, AFC e tc . 

3. AQC syste 

v.Q control systef:1 proposed 

he r e is called AQC system. AQC 

system is a kind of t.'l.e decentral-· 

3. 2 Block AQC 

Block AQC determines sett:inge 

o f tmit AQC. 

The algorythm of the control 

is based up on La grange 1 s multiplier 

meth d. Block AQC is us ually a 

.zed,control system mentioned above. small size digital computer for 

he system is based upon the c on- process control but could be an 

ept of hierarchy of controller (AQC) analog t :;pe controller, and it is 

~ nd compute r. If. consists of Unit 

QC. Block AQC and Central AQC 

' .a digital computer ). The functions, 

,·ariables to be c ontrolled, devices 

o be manipdated, the location of 

installed at EHV substation. 

3. 3 Central AQC 

Central AQC is a digital com­

puter installed at Central Dispatching 



Center and the computer is shared 

by quite & few functions including 

V ·0 control. 

Central AOC determines the 

optimal voltage& and var dil!lpatch 

among EHV subsystems. 

The algorythm(3 ) used in it is 

based upon Lagrange's multiplier 

method and multi-level technique. 

4. Unit AQC 

Generally speaking two variables 

out of three, V 1' V 2 and Q (the 

primary and secondary voltage and 

var flow through transformer) are 

controllable by manipulating SC• SR 

8c AVR and TCUL. Aithough .us.ually 

it seems sufficient to control V 2 

and Q, AQC mentioned here could 

control three variables when possi­

ble. 

4.1 The role of devices 

As the fundamental principle of 

AQC system is based on local con• 

trol, AOC determines which device 

is to be operated according as the 

disturbance is brought in the sub­

system or not. 

Generator and SC• SR are re­

active power sources, while TCUL 

is regarded as an equipment for 

regulating the balance of reactive 

power between outs.ide and inside of 
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the subs ys tern. 

With this in mind we can easily 

decide how to distinguish between 

the devices in their usage. When 

the disturbance results from in­

side cause, AQC gives control 

signal to SC• SR and AYR to con• 

trol inside Va-riable and to prevent 

the influence from spreading to 

the outsid-e of the subsystem. For 

the disturbance due to outside 

cause, AQC would operate TCUL 

to prevent the var dispatch inside 

the subsystem from being dis­

turbed. 

On the other hand each device 

has its control characteristics 

shown as Fig 3 and Table l. A 

generator is considered just like 

SC• SR in i ts characteristics though 

it can generate var continuously. 

The co-oper~tive control scheme 

of SC•SR and AYR is shown as 

FigS. 

4. 2 Controlled vari:..bles and 

control patternb 

If a condition is satisiied, then 

three variable s are controllable. 

Let the dead band of the con-

trolled variables be 

~Vlmin~I~lmax 

.:1 V 2mingv 2 ~_-.; 2max 

J1 Omin ~Q 90max 

{7) 



V l mu at be a ' ·a )'& control] ed 6 J•d 

the concl;tion all the three variable s 

are controllable is shown a s fo llows: 

(See Appendix 2) . 

AV lmin • ~m in AV 1 + xfJ 

AV!max- + xfJrr.&.x (B j 

where> x1 ia the im;edance seen 

fror.-1 the high volta ge bus. 

It ia auumed in the cibcuu ion 

below that V 1 and V z a r e controlled 

variables and Q loo, i! ponible. 

The control pattern• are illustrated 

in F i g 6. 

5. An apphcation example o! AOC 

Seve ral AOC ' s have oeen in­

stalled · n ~ctual utility ay&tcma and 

they are: •upposed to be ir:.te gra.ted 

into total AOC 11y•tem in fut\l.re. 

Let U f! look a.t the rea ~lte or AQC 

installation. 

An AOC waa inatalled at Minarru• 

Osaka aubata.tion by Ka.naa.1 Electric 

Company, Ouka in December 1965. 

We have done a few experiments 

aa shown below. First of all AVR ia 

setting wa. s fixed. 

Cue 1 · Controlling V 2 with SC• SR 

automatically (TCUL was 

fixed) 

Cue 2 Controllin1 v 2 with TCUL 

automatically (SC• SR are 

manually "perated aa 

acheduled) 
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Case 3 Controlling V z• v1 and 

0 with AOC (A few 

different valura were 

given aa dead bands anrl 

t ime constants ) 

The resulta of the expe r i mer.u 

a rf; ahov.rn in Fig 7,8 and Tabl "i. 

From these v.e can aay: 

(1 ) There are little dif!erence 

among Case], 2 and 3 eo far aa 

V 2 co~trol ia concerned and in 

every ca&e Vz la remained nearly 

within the dead band except a small 

part in Caae 1. 

(Z) As for 0 control they are much 

d ifferent and AQC ahowed ita t:f-

fectivenea s for thb purpo5e. 

(3) V1 control h impouible by 

other ca.5el than Ca1e 3 and actually 

vl control a~e obtained effectively. 

(i) 'fbe more precise V-0 control 

ia needed, the more frequently 

the devicu are manipulated. No"' 

look at the AVR'• effect. ln thi1 

experiment the frequenciea of 

SC• SR wu re.3uced to 6o,-~ by 

operating AVR at .a ~ermal powe_r 

1ta.tion. 

6. Summary 

A V-0 control ayatem called 

AOC aystem is proposed. It 

consists of Central. Block and Unit 

AOC. ~ a first step the authors 



developed the Unit AQC a~d it was 

proved to be powerful for automatic 

V -0 control through series of field 

experiments. 

As a next step, high speed 

digital computer is considered to 

be introduced as Central and Block 

AQC. 
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Appendix 1 

Control characteristic11 of 

SC• SR and TCUL. 

Yf ,e .co_nsider V-Q control with 

SC• SR and TCUL at a substation 

shown in F i g 1. 

1) Control effect of SC or SR 

Let us define variable names as 

shown in the parantheses in 

Fig 1, where V, E mean voltage, 

0: reactive power and X: im­

pedance. 

Provide E 8 and Eg are constant, 

we obtain 

ol30 = ol30c + ~Og 

x1 ol3 Q + xz ~ Qg = 0 

wh~re, 

(9) 

(10) 

9 

(Z) 

(3) 

(Dec. 1967) & 21• Z (Feb. 

196 8) 

J. Baba, S. Hayashi, K. 

Ishida: "On line Control of 

Voltage& and Reactive 

Power Flows in Electric 

Utility Systems", Mitsubishi 

Denki Giho ~ 5 (May 196 7) 

J. Baba, s. Hayashi, K. 

Ishida: "Optim •:n Allocation 

of Reactive Power Source", 

Prepr i n ts, 1968 Joint 

Electrical Engineering 

Meeting, Tokyo 

L1Q: xz ~Q 
X_J + xz C 

2) Control effect of TCUL 

In the same manner as 1) 

j Q = AQg (12) 

{13) 

(14) " 

x1AO + xzAOg ~ 

L1Ya = AE ..x,.C:l 

where4E is voltage chanie 

by operating TCUL. 

Av xz z = X} + xz 
AE 

{15) 

Ao = 1 a E 
x1 + x2 

3) Determination roles of the 

• devices 
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or TCUL will do. From (11) and (15) we come to 

a concl~sion that it is the best 

to operate 

SC or SR if t1 V z X AQ < 0 

TCUL if t1 Vz )(AQ > 0 

If LIV z X LI.Q = O, either SC(SR) 

In actual operation there can 

be allowable errors {dead bands) 

and we can take A V z• A Q for 

the deviations from the errors, 

not from accurate ideal values. 

Appendix Z 

Relationship between v 1 and Q 

when vl, v2 and Q have their feasible 

solutions in allowable bands. 

Looking at Fig 1 we obtain 

.1o =- --1
-(ilE- xzdOc +LIEg- ~E8 ) 

xl + xz 

(16) 

Supposing V z must be control~ed at 

any time, we ~eed the relationship 

between vl and Q when all of three 

variables can be controlled at 'the 

same time. 
1 . 1 

LlQ · < (- -- ) (M: - x 2AQ ) + (- ) ( .4Eg • .d E 8 ) <AOmax 
mm xl + xz . c xl + xz 

AV . < l (~ E- Xz ~Qc) + --1- ( 4Eg +~ LIE 8 ) <~Vlmax 
lmm x1 + xz . ~ x1 + xz X} 

In order that a set of feasible 

solution exist, 
1 1 

d Omin <(----)(dE- x 2t10c> + (- - .-) (AE., • AE
8

) <40ma:x 
xl + xz xl +xz • . 

(17) 

(18) 
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Now we obtain 

AVlmin + xl LlOmin < ~Es < .dV lmax + xl.dQmax 

Since 

.& E
8 

=.1v1 + ~.da 

Thus, 

.dVlmin + xlLIOmin <AVl -r xl.da < .dvlmax + xlLIQmax 

{19) 

(20) 

(21) 

Table I The cause of disturbance and the device which shoul d be operat cl 

Cause of Device whi ch should 
Sign of LIV· .1 Q 

disturbance b e operated 

.av • .10 < 0 inside AVR, SC·SR 

= 0 ~~fetgJ>i~ed AVR, SC·SR or TC:.. 

> 0 outside TCUL 

Table II Numbers of ope rations 

times/day 

TCUL SC·SR 
Remark 

up down total SC(on ) SC(off) total 

Case 1 14 j 2. 5 26.5 V 2-sc 
Case 2 19 19. 3 38.3 11. 0 io. o 21.0 V 2-TCUL 

Case 3-{1) 19. 5 20.0 39. 5 21. 5 22.5 44.0 T=90S .1Q=+20MVAR 

Cas e 3-(2) 27.5 22. 5 50. 5 22. 5 24.0 46.5 T=30S .dQ=+20MVAR . 

Case 3-(3) 15. 5 16. 0 31. 5 10.0 10.5 20. 5 T=905 .d0=+43MVAR 

1) The numbers show average values 

2) Ideal value and dead band of V 2 were fixed and AV 2 = +0. ar. 
3) T is Time constant 
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(OQ;_Q-Oc) ( E ) (_Q_) 

Ek (Eg) ) 
(.)(z Vk(V,) (V1) 

Nk: I 
(XI) 

G ~------~~--~~------~---JOOO 
K 

(Oc) 

' 
lYic(Xc) 

Fig. 1. TJpical IIOdel •111t• for V-Q control (OptiaiziDs level) 

v-a controller 

u 'i (manipulated variables) 

F 

. G 
Y (controlled V<riables} 

ca1troUed system 

Fig. 2. mock diqr .. of V-Q control (Feedback lnel) 

TCUL 
down 

Fig. '· Control characteri•tic• of AYR, SC.SR and 'l'CUL 
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Hydraulic 
Power Stations 

Central 
Dispatching 

~--~---'Office 

VI 54 

EHV 
Substation 

Fig. lt. Bierarcb7 of A~ s7st .. 

to EHV Substation 
or in terconnect•on 

V27S 

+a 
V 4 



V2'S ALLOWABLE -------------

BAND 

CONTROL SIGNAL 
FOR AVR SETTING 

AVR LiM IT SIGNAL 

-TIME 

Fig. 5. Co-operatbe coDtrol b)' AVB ud SC.SR 

i
iN, min1- x~min 

\a <AVt+ x. &INt max t x.AQmax 
and 

41/t m in (41/• < &/1 max 

(411, + x.~. <4!1Vtmax + Xl~max 

{ 

4>/t min + x. 4)min 

4!1VImin •. (b) and 
SC on AH . .Ntmin or ~Vtmax~.dVt 

(SR off) 
AVR up 

{

AVt +x.4:10!.41/tmin + x.&:)mln 
(C) or 

4Vt max 1- x • .iQma~Vt + x • .dO 

Fig. 6. Coetrol pattaru 
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Cose3-(l) 

F ig• 1. 7/XV Yoltage chart 

- 50 t 

a: 
et 
> 
~ 

~ 

50 

1001 
I 

-501 
Case 2 

a: 
~ 
:E 
I • 

100 Fig. 8. Q n.:-i ation chax"t · 
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THE DESIGN WORKS TESTING AND INITIA·L SITE 
TESTING . OF TJ:-IE COMPUTER BASED CONTROL 

AND INSTRUMENTATION SYSTEM 
FOR A THERMAL GENERATING STATION 

by: • H. Osborn, P. R. Maddock, 
Southern Pro jc : : roup, Central Electricity enera ting Board, 
London, United K~.gdom. 

and: !>l. F. Delahunty, C, Ayers, 
Power and Marine Division, English Electric Co. Lt d., Kidsgrove, 
St oke-on-Trent, United Kingdom. 

The paper de ~ ~~ibes the application of a computer based control and 

in :> trumentation system to a 500 MW boiler/turbine generator unit. 

It appraises the f acilities offered by such a sys tem and discusses 

the des ign and programmin~ methods adopted for the integration of the 

1syctem with the main plant. In particular the paper discusses the sol­

Ution adopted for system interface and the ·.r ansfer of information bet­

ween t he Project Design Staff, the main plant suppliers and the contrcl 

sys t em suppliers and their programmers. 

The paper continues with a aescription of the Works Testing pro­

cedures, including program testing and plant simulations, and of the 

ini t ial s ite operation during plant commissioning. 

The paper concludes with a summary of the lessons learned and which 

are being a __ lied to the next project which is in an advanced stage of 

manufacture. 

TlON 

!n 1962 consent w~s received.from the Minister of Power to construct 

aonew powe~ ~tation on the west · ~~ .of Southampton Water to ~ pply the. 

ever-increasing load :~ the south of . England, 

It was decided that due to .its proximity to the local Esso refinery 

&t Fawley the power station should be oil-fired and accordingly arran ~­

ment s were made with the Esso Petroleum Company to supply oil by means 

of a pipeline. The station when completed will probably be one of the 

l argest oil fired power stations in Europe and probably in the World. 

It is designed to contain four 500 MW turbo-alternators of Parsons manu­

facture supplied with steam from four John Thompson/Clarke Chapman 
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boilers with s eam conditions of 2,400 psig at 540°c. 

The station will consume over 2 ~llion tons of oil _ ~~r from t he 

adjacent refinery. Also installed are four -- . 5 }a; capacity •gas turbo­

alterna tors for emergency and peak load use. 

The CEGB decided that the stat ion should incorporate unit computer 

con~rol of s t art-up and shut-down and on-load operation on each of t e 

500 M'tl machines. 

SYSTEM DESCRIPTION 

As initially conceived the system to be insta lled ~t Fawley was to 

be use.d for start-up and shut-down of each unit, s s it was thought this 

would be a relatively easy task and would assist ope~·lition as the fore­

cast load factor necessitated t wo shift operation from the time of comm­

issioning. 

The correction of plant faults and abnormalities was not really 

considered at this time but as soon as work commenced on the project it 

became immediately obvious that this would constitute the major portion 

of the work. As soon as lternative actions are considered the matter 

becomes extremely complicated by the number of permutations which are 

possible, as opposeQ t o the straight forward start-up and shut-down pro­

cedures. A decision on this aspect must therefore be made a t an early 

stage in order to allow work t o proceed. 

Due to these considerations the detailed investigation of the plant 

operat ing procedures which was necessary to es tablish the ir~ormation 

required by the progr~ers resulted in some quite ma jor changes to ~ . e 

plant systems to the bene~it of both erection and operation. In addi t ion 

the investigation has enabled comple t e integra tion of the control re­

quirements into the plant systems to t ake place from the initial stages. 

·In the majority of cases the required data is measured directly. Relat­

ively little inferred data is used, contrary to the situation when a 

control scheme is added to a plant at a later stage. 

Further, standardisation of the measuring units has been sought 

both from a mai~ten~ce and spares viewpoint and also to simplify the 

~~put to the analogue scanners where the large majority of inputs are in 

the ranges 1 - 5 mA or 0 - 100 mV. This also simplifies programmL~g as 

t he ~ount of scaling and linearising is greatly reduced. 
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The be~ i c ~esign of t he English Elec t ric system adopted for Fawley · 

has been described previously (1 ) and consi s ts of a data gathering system 

covering 1200 analo~~e and 1800 digital points feeding a KDF7 computer 

provided \dtb a drum backing store . This computer d:-ives t he cathode 

r ay tube displays for the operator and 900 plant output s plus several 

analogue outputs. 

CC: TROL t1 .. T:iOD 

~nitially t he ~e hod of pl ant control was based on t he time depend­

er.cy of· t he various operc~ions t o be performed with some ma jor plant 

dependencies in addi t i on . TPi s ~ean~ th&t t he start-u~ operations were 

ana ly ed on t he b!isis of t he tue at 'l:hich specific operations were to 

be perfo~ed wi th due at ten~ion to ma jor relationships i n the pattern 

of plant ope =~ t ions . 

For t hi s cethod. the plant was divi ded into 7 main plant operational 

groups ••hich co·uld operate independently of each other, time being the 

corr~on factor. ~uring dis cussions ~ith the design a~d operating staff 

and t he main plant manufacturers, it became evident t hat this concept 

should be modified in the interests of achieving a rapid start-up and 
\ 

t he safety and interlock requirements of the plant. 

~ne method finally adopted was to consider each main plant group 

separ~~ely. The various groups are tied together by pl~.t operational 

dependencies such that before a~y item is started, the necessary plant 

'for that i t en ' is in operation. By this method all ~he various plant 

conditions that could exist at any stage of operation were adequately 

a~d logically considered and the following operations determined by the· 

state of plant currently existing. 

This allowed all operations to take their natural time to complete 

.and the fact of their completi~n was the si~al for subsequent actions 

-to commence. Time was still retained as one of the checks on t he system 

such .. tbat each operation was given a limiting time. for completion. Com­

pleti9n within this time was accepted as correct, provided completion 

checks had been received. No plant response on the expiration of the 

limit time was taken as a plant ·railure and alternative plant confi~ 

urations were sought. If plant safety was jeopardised by such response 

failure shut-down routines were entered to safeguard the plant. 
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The method allowed each major plant item or group to be cons idered 

on its own merits by determination of the conditions to be f ulfilled 

prior to its start-up and the conditions requiring a tr i of the plant 

item. Further routines were necessarJ to ~tegrate several plant items 

or groups on the same basis until eventually the whole unit operation 

was specified. 

I NFOiOUTIOll TRANSFER 

To achieve the necessary degree of L~tegration of plant information 

it was necessary to consider each plant group independently. Cons i d-

. eration of the operational effect of the plant groups on t he entire ur~t 

operation was also necessary. To ensure -this a strict control of inform­

ation transfer between the various parties involved was necessary and of 

vital importance. 

At the outset of the pro j ec t joint working parties consisting of 

project design s ta.ff 

station opera tion st ff 

main plant manufact urers 

and control syste~ manufac~rrers and ro . ~nmers 

we~e set up to ensure all parties were cogr.iscru1t of the var i ous ~ro~lems 

and could bring their indi¥idual expertise t o bear on the solut iorr of 

the problems rai~ed. Similarly a t rict l y control~~d procedure of in­

formation presenta tion to all parties <:as es t abli.sr,ed. 

The strategy of plant control was first outlined on Mas~er Flow 

Sheets. Such sheets showed the plant items to be controlled, the de­

pe~dence of each operation on previous operation~ and the operations 

allowed to proceed following completion. Based on these Flow Sheets, 

the tactics of dealing with each plant item was shown on Detail Flow 

Sheets. ~nese sheets, which are numerous, l a id iown the method of op­

era tion of the plant item and detail alternative actions. A third set 

of sheets detailed the Remedial ActionD to be followed in the .case of 

f aults. 

This set of data detailed the procedures to be followed from a 

plant point or view. They :tere then ·integrated. plant group by pl ant 

group into comprehensive operational statements on Plant Control ogic 

Diagrams. ~nese sheets detail the 11hole o! the operations related to tt.e 

groups into which the plant has been divided under all conditior.s such 

as start-up, shut-down and fault conditions. The method 11lso allowed 
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the system designers to see the extent and implicatio 1s of control 

actions wit out complicating the program l ayout of overtaxing higher 

level· program • It 1-1as from these sheets tha t the operational program 

was 1·rri tten us ing a specia lly developed language lmown as Plant Auto 

Code which a llowed direct transla tion of the logic diagrams into program 

(2) . In certain instances it was necessary t o supplement the information 

gi ven on the Master and De tail Flow sheets by written information where 

particularly compl ex plant operations were being undertaken. 

Duri ng thi s development i t was realis ed that the individual oper­

a tic s to be performed on each pl ant i t em were s imple, involving such 

opera ~ions as clos ing a contac t or, openi ng or tripping a contactor etc. 

The majori ty of s uch opera t ions can be covered by 6 or 7 standard 

routines (i . e. clos e contactor , close contactor for given period of time 

or unti l cert in condi . ions had been fu l f i lled, trip contactor,etc. ) . 

The:o;e s t and :::-d routine s vrere t herefore used wherever poss ible, t he 

appro pria t e ~rameters being fit t ed i t o a blank stand rd program, • 

Thi ~ me hod of proer am de~ ign lead t o a flexible method of program 

oper a·ticn and al l m,.ed the sta t e of t he pl ant to dictate the operat ions 

t o be perfor med next , It also allo·.-1e·J i ndi vi dua l pl ant iteuw to be 

modified i 1 t eir opera tion HG foun neceasar on site without ma jor 

proc.,Tam re-or _- ni"a t ion or rc- a lloc tion , a " each i ndividua l pl ant item 

has its o1·m r o r m, 

';iORY.S 

During' m n f cture of t .e :;y .; em it <mn e t;.:;ent i a _ : il eo . ~ id ence 

.;?!'JUl [ , 13 built up in t he e quir, ·:ent , r:uch that t he va rious p· r t .:.es 

i nvolved ~1ere satisfied tha t t he equ !Jment wou l d perform the des ired 

f unc t ions in t.e es ired manner wi th t e reliability specified. To thi s 

e.d a compre .. ens ive testing procedure was adopted , Equipment for the 

system w,s ·s embled from.standar d modules using standard printed circuit 

boar ds , This a llowed custom buil t sys tems t o be des igned ~d manufactured 

for i ndivi dual power s t a tion requirements , whils t still retaining a 

f ·. ily resemblance between a ll equ ipment manufactured by English &lectric 

i. . th i n and other indus tries, 

Prior t o ~ .. oembly into modules each printed circuit board was test­

&d both .:; tatically and dynamically, As modules .were fabrica ted they were 

f urther tes t ed t o ensure compatahi lity with the manufacturing specific­

tion:J , An 'trhole un i t s ·,rere 1.1 m:: embled r1 eh a"' analogue and digital 
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scanners they \~ere functions l v t.e<n;ed to ensure complete O!Jera ':i.on and 

compliance wi th the various specifi at ions. Similarly ':he various peri­

pheral equipment and t he central process or were tested as standard pro­

duction units. 

Follor,;ing the sa tisfactory completion of t. e uni. t t es ts ;;he \·;hole 

system was connected up together using the interconnec t ing cab l e t o be 

ins talled at site and a further series of tests perforoed t o prove en i r e 

equipment . 

WORKS TESTI1i T (SOFTWARE ) 

From what has been stated previously it is evident that t he soft­

ware for t he project ~Y be segrega ed into two distinct por tions . The 

firs t of t : ese covers the sof~are necessary for the opera tion of the 

com uter system as a system, and includes such facilities as the eAecutive 

routine, the director programs , s canning progr~s , and other housekeep­

ing routines . The second covers that software which i s special to the 

?reject an includes such programs as the plant control logics , alaro 

analysis programs and other plant orientated "rogr ams . 

To test the fi::-st of these port ions a bures.u machine li s used in 

~~ off-line mode as is curr ent practice. ~e second port ion was . repared 

and coded and checked for obvious err ors of logics an' eo i ng by o f - line 

methods. Fuller testing coul not be carried out at c .is s e un il t .e 

system hardware was complete and operational. fiaving performed ull the 

poss ible off-line coding and taFe cnecks .the pro ram \ia t l:e:1 •se for a 

considerab le period in the works systems test . 

SYSTEf4S TESTIUG IN WOF.KS 

The purpose of these tests, ~aving comple t ed the · L~divi 'uel ·~it 

tests, is t o ensure that t he va rious sections of har<:il•are ooerate to­

gether as a sys t em and perform in accorda~ce wi th the relevant ~ ecif ic­

atl.ons and the required l evels of reliability . In t he sys erns t est ell 

individual inputs and out puts from the s c~11·1e rs and outp t strite of the 

system were cor~ected to the marvhalling cubicles which act a s the i nter ­

face between t he control system and the plan t , nd are provided with 

disconnec t ing type terminal blocks. 

Initially a series. of hardware te ts >>'as performed to e ::·re the 

~orrect functioning of the entire system. F'ir s tl,y , each in. ut was che .... ~ e 1 

to determine it :·:as correctly loca ted in t he sys em and th:. t the ba. ic 
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a ccuracy specification of the equipment was being met. Secondly, the 

sys.tem was operated using t he s tan_da r-' hous ekee_ i ng routines of t he 

computer system to e s t a blish t he correct performance of the whole. ~his 

involved checking t hat t he rou t ine facilitie for data a cquisition ~~d 

cont::-ol functions r1er~ correct and \~ere c ?able of routing the various 

inputs ar.d data t o t he correct periphera l device in the correct manner. 

In addi tion, limit checks were performed on power supplies etc.~ to 

aucerta in tha t opera tion ~~a within s pecification. Speed and timing 

che c.Jr...s were performed for the same pur pos e. il'hen a ll these tests had 

been s tisfactorily comple t ed t he system was in a sa tisfactory state to 

a ccept the operat iona l program for plant control. Prior to commencing 

t he testing of this fea ture a pl unt s imula tor was connected to the 

nar sha lling cubicles t o allow ~ imulation of the whole of the pl a t both 

from an input and an output poin t of view. Having proved t ha t the s imu­

l a tor had been corr ectly connectel and was func tional, the opera t ional 

pr ogran w., fed i n;;o the c ompu t er . 

The f ir- t ctage of prot.'T"= te~ ting co ::: i :1 ted of following throu h 

:-. tep by ., t e p t he pl <•n t lo~;;ic .:. ··r·.-r ·.1m· · . Thin was done by initiat ing a 

:::tart up from t he opc r t.tor :; co .trol 1-anel, observi n the output s i gna l s 

~e~.er:::. te :l by t he comp . .<ter in the output :::ec t ion of the s imul !ttor . The 

pl c.nt r e :.:ro:,r;e s t o t he· ·e reque .;t ::; ·,1ere then fed h'l.ck into the system by 

rn-nu: lly ::. ettinr~ tile a _ r, r-otJrir. te ir put::: on the s i mul:.tor, s o a c hieving 

h compl e t e OJ,e r •.t ion of t ~e pl an t t ep by s t ep. Obvious ly th i::J procedure 

•,: c.~ not pe::-formed on the ;.;;.ole ·program at one t i me i tests were performed 

pl<tn t cec tion by _plan t :.:ection. In hdd ition to checking the probl"am 

operr. tion L;,· thi o ne thoa. , the d i :.:pl.ay:1 of inform&.tion and print out of 

<i: ~ ta •,:er e !.: im\41 t aneou::; l y v~rified . 

EnvinP, ::; ho\m that t ' e p l (l..'1 t control logics were bas i-::a lly correct 

for :; t a::t up and shut dmJ? by t he aLo\·e JLethod, various fault conditions 

'4er& next i c:ul a ted by m·•n <~ 1 modi!'ic::;. tion of the s i mula ted input pattern 

ar.d the compu ter syc tem r · ~r. o~.se verif ied ·as jus t de cri bed. It i s 

obviou~ ly impo~~ ible to c hecY. every route tr.rougt the plant control 

lo~ics · y th i method. ifowever, the most likely rout~s were so checked. 

F'ur tr.er check::: ·,;ere c rried out on t he system by 1onte earlo methods a.."l.d 

t he i nitiht icn of the fault condi t i on and the computer system res~onse 

noted. T"ne Ho. t e Carlo methods were L'1tereating in that two types ot 
problems •rere shc·,:n up . It was e:r.pected t hat some of the situatio s 

:pres ented to t he logics were s o e . .r.otic t hat it ;r,Ave faulty answers . 
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It 1·1as found however t hat GJ ther simpler s~ tuations which we r e core · 

feasable ..,horred that errors exi sted in the logics ciue t o unexpec t ed 

linY..s between eve ts which had not been de t ec ed during prev i ous chec]~­

ing. These were subs equently anal ysed and dis zus se d ~~i th pl ant experts 

to deterruine their validity. By t he s e means it was possible to ens~e 

t hat as far as pr a ctica lly possible the sys t em be;;a.Ye d in a me.ru er ~.'n :.c:n 

was corr ect and npt likely to impose evere problems in the pl ru1 t nor 

caus e pl ant damage when the sys tem was installed at site. 

r ne procedure outlined above took s ome fm~ ffi onths of ful l t~e 

t~sting in the works by both engineers and programme:::-s , and in t he am; or ' 

opi~ion i s absolutely essential if a syste m such a s this is to e in­

sta lled and comuiss ioned at s i t e wi th any degree of confidence. It i s 

tLe authors' cons idered opinion t hat f or s uch a ~Jstem to have any cn~ce 

of success, it is essential tha t t ests such as ha.ve been outlined a ove 

are perf ormed and allo1r1ed for in the plan.ni.ng of a project and t. at t he 

evident lack of trouble subsequen t to installation has i n grea t measure 

been due to this thoroug;'l works testing p:rccedure. The me thod or" control 

program testing was aided by the struc t ure of the plant control prog:rares . 

Before despatch to site the whole equipment ~~s subjected o a 

stringe ~. "t 400 - hour s oak test to ascertain t hat the system 1>'as in a fi t 

s tate f or installation. 

I liSTALL.ATIO! A.l\D I JHTIAL PLANT COMNISSIONB.,.. 

Follo1dng the stririgent and length_y system testing des cribe above , 

t he system 11as dismantled, refurbished .and e s patche d t o site. Prior 

to de spatch t he initial ins tallation planning had been done at site to 

ensure t hat the site was in a satisfacto~ state to a ccept the eqtupme~t . 

?1ar shalling cubicles had been on si t e :f·or s ome t ime to enable pl ant 

cabling to proceed. On arrival at site the e q· . .::!JIIlent was i ns-talled in 

its permanent location and connec t ed up using the interconnecting cables 

utilised during the Works Test to mi.:n:imi:r;e interference and o-ther . rob­

lems. Cn completion of installation the Works hardware tests were re­

peated to ensure t he system was in em a eoe?table state and h~d not 

suffered damage dur~g transportation t o site. Ba,ring e sta: lished that 

the system was satisfactory it was J1%18pared ~or oper ation to assist t he 

commissioning of the main plant. 

Inputs were made available in groups to the marshalling cubicles 

Which were then checked from tra=>illoer through the computer sys t em to 
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output to dete~ne the cor rectness of connections , accuracy of 

measureme~t e t c •• iol l owing t hese chec~s the a pr opriate pl ant logic 

_rogram f or ~ -e particul ar plant item was f ed into the computer f or use 

during co~ssioning. Ini tial ly , t his program was used i n its 'shadow­

ing ' mode as t he ini t~al plant commiss ioning 111as performed. In such 

cases .actual plant Operations are perf rmed by the operator but the 

coaputer system, a l t hough not able t o perf orm the~e specific operations, 

sti ll shaaows ' he operator ac t ior.s • o pre' ent plant damage or dangerous 

cona itions ar i s ing. Subs equently t he pl ant was opera ted under t he full 

control of the computer pr ogram o pr ove f ul l L~tegration of t he system 

and pl :mt . 

At the time of wri t ing (Jul y 1968) t hi s phase of the commissioning 

is pr oceeding and severa l pl ant i tems have been successfully commissioned 

us ing t his _rocedure, excepting "urbine r~-up and boiler burner ignit ion, 

and it i s pl an . .>'le:i that the f i r s t machine ••i th its boi ler and auxiliaries 

¥ill be ful ly commi ss ioned by t~e end of 1968. I t i s hoped t hat this 

oper ation and the achievement of f ull commercial operation will be 

aescribed in t he next paper i r. t hi s ser :es , 

In bringing such a project to a sati sfac t ory conclusion it is in­

evitabl e that several of the problems solved could , wi t h hinds i ght have 

been dealt wi t h more effect~vely. I t i s a lso evi dent t hat some of the 

fe at ures which have proved uccessf ul woul d also benef i t from re­

appr a i sal. The object of t e following paragraphs is to hi ghlight s ome 

of these matte~s . 

Ini t i al l y i t was realised t ha t the control system should be an 

i ntegral art of the s t ation ces i gn philosophy and t hat it was necessary 

t o concent r ate on opera t i onal -problems a t an early stage which impose 

on al l parties a di scipline not previous ly found necessary. To achieve 

success i n a computer ir.s t allation of t hi s t ype i t is absolutely 

essent i al t ha t an expert t eam be se t up compris ing t he station designers, 

l aT-t contract ors , control sys t ems equipment suppl i er and programmer s 

cth f r om the user and t he suppl i er. This enables all parties to be 

fully i nvolved dur i ng all' phases of t he pro j ect from concept ion t hrough 

manufacturing and te s ting t o commi s ioning. 
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Another area requiring detailed at t e t i on is t hat of documentation 

r elating t o pl an t des i gn criteria and opera . i onal l imi tations to ensure 

t ha t ~his type of inf orma tion may be freely available t o the whole of 

the pro ject t eam . The method adopted in this project of preparing 

master and detailed flow c~arts supplemented by descriptive ~~t ter on 

peci al pl an t items and pr ocedures, whilst operating with success, 

r equi r es careful cons i der ati on and streamlining for future projects. 

T e sens ible ru1d sa tisfac t ory solution tha t emerged was th~ prepar a­

tion of logic diagrams y t he oper a t ing s taff of the Generating Board 

which are then checked by t he control sys t em programmers and trans l ated 

i nto computer l ogic diagrams . This ensures t hat nany missing items of 

i nfor mation are de t ected by the engineers preparing the data and t ese 

can be obtai ned before ha di ng over t o the programmers. Such a pro­

cedure gives the programmer s a clearer indi cati on of the pa ttern of plant 

operation and eliminates wasted ef fort in reworking logics and in 

de t ermi ning the operation of par ticular logics -..hich has not been check­

ed f or s ome t ime. I t i s also obvious that, as t he engi neers become 

more experienced in thi s type of work , the logic di agrams t hey produce 

a pr oxima te more closely to t he computer logic diagrams . Certain pl ant 

operat ions such as turbL~e run up and the burner p~ttern t o be used in 

pres sure r ais i ng cannot r easonably be wr itten in logic form. For these 

~ s ophi sticated program i s necessary , writ t en using a u~er code or 

nmemonics. 

By t hese pr ocedures i t is possible f or everr party t o be kept fully 

i nfor med of the operational pattern determined for each i t em of plant. 

It al so a llows t he logics to ' be checked by the main plant contractors to 

ensure hat no operational or design criterion has been violated in t he 

f ormul ations of the mode of ope~ations. Further this method of cpera tion 

a llows adequate cons i derat ion. t o be given at the appropria te time to t he 

ef.!'ect s of 'Pl ant f ailures end loss of information to the control system. 

The conception and de3i gn of t he control sys tem and l ts cons t i tuent 

electronic modules requires careful considera tion to ensure t hat standard, 

adequa t ely proven.modules can be used in t he formulation and fabrica tion 

t o reduce t he custom b~lt equipment necessary. Similarly the various 

i nterfaces between the plant and the control system, mainly in connection 

with transducers; control outputs ~or the operation of switchgear and 

contactors, require careful and de t ailed consideration. 
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T e se .f··cets o:::· s"'~ tem de s i ·,:ill e sur e that viable and economic 

· s :: em~; o ;Jroved reli - bility and per f ormance can be :nade ava i l a ble . 

l:l' . i l e the s e f ea t res ·.;ill red· ce o orue exte~t the time npent on unit 

t e s ts in •he ;·:ork::J , it i s no t S:1 'Jis .. g a d t at t ey will i gnificant ly 

ef:ect the t ime nccens -ry for '.{ori<'.s Sys t em t e st to prove the inte a tion 

of har ~1are .d s ft·, ar e prior t o in .• :.s. l l a tiou on s ite . In the next 

rew ye s , h ~ever , it i s fores een t . rogram development ;till take 

s.:.enifica nt v t e s •' oT\'i Olr d , bo th in he direction of me thods of proving 

01 - lin'e soft'irure and ir. he for: 11la tion of on- line c ontrol languages 

'n .. ich r e : roblem orien , ed to tha t of polfe r o ation control and r~ot 

~ere~y a l 6ori r~s for ~e:1era1ioe ' procleres . 

he t: thors •,; i o . to a cY.-nowled e t e perm.i s ion of C. E.G. B. and 

~: . z . Compnny o p b::!.ch Vcio pa_ er . They liou1d like t o p l a ce on record 

heir a~ ,r e c i _tion o: t l1e .elp a . ' asni· t ·.m ce receive' Irom their, 

.:: ollen,~e~ s ::;oci i:e 'h:!.th t!le pro i ect . Ttey a h :o ac.knor1ledge the elp 

t r.e ma in pl r. : contr· ctors a n their .J t ~ ffs . 

t L1 ev · de r. t the,. t 1:.. ; r o jec t of thi!J na t r e c ~ nr.o t be brought t o 

fr".li t ion wi thout the co- ordinateJ help nn ass i s t ance of a l a r ge number 

of . eople, and • o:~ a · thor l·rou1d like t o t k e hi s 'oppor tunity of 

t inn.k i ,~ e ver yone ~;ho ha3 ,,ken p r t 

,:;::; i ~> t nee nn cC - O!- er·, t _on it wo ld 

o ~ · c ~ e 3~f 1 co~~ le . ion . 

1. E l~c tric Power ·t· i on Start-uv · 1 Con r 1 • 

•.. • il . Jervis a d • • R. <iaddocr. . 

I. .!" •• P ./ r . ~· . ., .c. St ock.f.o re 1 ~ . 

2 . om,-• ·ter oper· : in~ ~;vs tem fo- _c.n t c :;rol • 

• E . ::o~an a nd R. : . Beh:h. 

r< nd without •::ho:;e 

tr.e pre s e . t ~tc. e 

Uni ed l.i Lgdcm Aut o~ation Cow cil, ~econd Cc~ve tion • 

• £,. . ril 1967. 
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Fig. 1 - Block schematic f computer based control and 
instrumentation s y stem 
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OIGTOOOOI IHTO JUNCOOOOI 1 
JUHCOOOOI INTO JUHC00002 , 
JUHCOOOOI INTO GATE 0 0004 1 
JUNCOOOOa IHTO I'IEEOOO 002 ; 
JU,.C0->002 INVT GAT£00002, 
GAT£00002 INTO RE£000001 ; 
O!G'00004 INTO GAT~OOOO I I 

DIGTOOOOS INVT GATt OO OOI 1 

OtGTOO 002 INTO GATE I." CO 03 1 

DIG TOO OOJ INVT GATt.OOO 03 , 
GAT(OOOOJ INTO GAT£00004 0 
GAT£0000• INTI,) JUNCOOOOJ . 
JUNCOOOOJ INTO RE£000003 ; 
JUNCOOOOJ INVT RE£000004 : 
GAT£00001 INTO GA!£00002 : 
ANALOOOOI INTO GATEOOOOJ , 

...... ( ..... 
L• .. a•HP C.l .... 

::::.:-= .... · · .... ., ... 
.... ,,_, ~ C..OO\eQ o,.. 
C:._.. AnlH-.c:-.t-

...,.00041 , .... 

"r.IDCOOO I --
GAT~OOOOt VAI.U 2 ; 
GAT£00002 VAI.U 2 1 

GATJ00003 VAI.U 3; 
GAT~00004 VAI.U 2; 

ANALOOOOI VAl.U I 2 3 4 1 

Fig. 2 - Example of plant control logic d iagram 
and plant auto code statement 
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Figure 2. HTLTR Control Room 
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AN APP LICATION PROGRAM FOR THE PROGRAM MED 
CO:t'\TROL AN D L STRUME :NT A TION SYSTEM OF A 

N'UCLEAR R~A.CTOR 

Dr. J. R. Kosorok 
Battelle l'femorial Institlite 

Pacific Northwest Laboratory 
Richland, Wash i ngton USA 

INTRODUCTION 

The High Temperature Lattice Test Reactor (HTLTR)* at Ri chland, 
Washington was designed to operate at temperatures up to 1000°C with 
nuclear power levels under 2000 watts. Fuel elements and control rods 
are di s persed in a lattice of parallel holes that are bored into the 
ten-foo t cube of moderating g~aphite. The low nuclear power requires 
an electrical hea t ing system, t hat suppl i es 384 kilowatt5 to attain 
the high temperature. There is a gas system for cooling ana prevent­
ing oxidation • . A digital control compu ter aids an operator for nuclear 
operation and direc~ly controls the gas and heating systems. HTLTR is 
one of the most highly automated r~~ctor facilities in the United States. 

rne remainder of the Intro9uction gives brief descriptions of ·the 
complete facility, the cc11trol room, and the system program for the pro­
graiiUlled measurement and control system. Development and evaluation of 
; he contr ol program for t he heating system are emphasized in the body 
of t he paper, since t he gas system control program was patterned after 
it. 

THE REACTOR FACILITY . 

Figure 1 is a cut-a-way drawing of the test react~r facility. In 
the center of the figure is the reactor, a ten-foot cube of graphite. 
The heaters, control rods, and f uel elements are in a horizontal posi­
tion, and the safety rods are in a vertical position. The horizontal 
heaters will raise the reactor tempe~ature to 1000°C. The reactor has 
an insulated steel enclosure that traps an envelope of ni~rogen (supp­
l ied by the gas system) to keep the graphite from burning at the high 
test temperatures. The gas system, which also supplies nitrogen to cool 
the reactor at the end of a particular test, is shown beneath the reactor 
floor. At the right is the control room, which houses the control com­
puter, independent analog safety circuits, data recording and display­
ing consoles, and the interface between the computer and t he process 
actuators and transducers. 

The reactor rests on insulation supported by the water-cooled ce­
ment floor of the reactor room. More insulation is placed around the 
top, sides, front and back of the reactor. A five foot square test 
core, which may be removed, runs the length of the reactor. 

*Operated for. the United States Atomic Energy Commission by Battelle 
Memorial Institute, Pacific Northwest Laboratory, Richland, Washington. 
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REACTOR CONTROL ROOM 

The computer system for the ~~TR fac i lity has the three functions 
of recording, indicating and controlling. One of the important reasons 
for computer control or processes la that the computer can el~te the 
drudgery of recording process information from i ndicating dials oto 
data sheets, and the task of examining and storing strip chart records. 
The computer in the HTLTR facility allows he operator to r equest type­
writer logs of selected process variables for i mmediate access records 
and magnetic tape logs for historica computer-retr ievable, records, 
The computet continuously displays oc a t hree-color cathode ray tube 
(CRT) the current values of process variables that are important for 
routine operation. 

All the analog instrumentation and digital equipment are in the 
control room, which is pictured ir. Figure 2. The third wall of cabi­
nets, which is not visible, contains the process-computer interface 
and a multichannel analyzer for time-of-flight measurements. Three 
devices in the control r oom particularly show the extent to which a com­
puter can be used to perform complex operations: (1) the three-color 
display unit; (2) two wide range flux measuring units; and (3) two wide 
range resistance measuring circuits. 

The three color (blue, green, red) alphanumeric display unit selects 
binary coded decimal data from a fixed computer core area by stealing 
memory cycles. It generates twenty-six alphabetic and ten numeric charac­
ters as well as the m.inus sign and the period in t:hree colors. Only 140 
core locations are. needed to display 420 characte s (including space and 
color change indicators) in a· 20 by 21 character matrix. 

Each flux measuring unit consists of a current-to-voltage amplifier 
and a voltage-to-frequency converter . Full scale ion chamber currents 
of l0-10 to 10-q amperes are converted with 2 g i n ranges that are com­
puter controlled . Also, two calibration inputs of 0% of full scale 3nd 
zero may be selected under programmed control. A computer program deter­
mines the zero offset for the units, calibrates th~ at 10%. finds the 
proper ranges, and then automatically keeps t em in the proper raogas. 

The identical resistance measuring circuits, which are in two ADC 
channels, provide precise temperature measurement to ft00°C in the rea­
ctor core. The computer is programmed to select the correct range from 
the ten ranges in each channel. A cali bration program periodically 
checks one channel and types the results on the logging typewriter. 

HTLTR S'YSTEM PROGRAM 

A complete program for a programmed measurement and control system 
consists of several smaller programs. of two general types: (1) the Mon­
itor is composed of those programs that operate the part of the system 
interfaced to the physical plant, and that schedule all programmable 
reactions to plant and operator actions; (2) a ppl i cation pc~grams are 
all those programs that satisf the measurement • d control needs for a 
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specific system. Every program making up the system program was coded 
in machine language to save memory. At HTLTR the programmed system per­
forms the following functions: 

(l) measures neutron flux and calculates reactor period and power; 

(2) controls the reactor heating system and maintains a desired 
temperature;· 

(3) controls the gas system; 

(4) detects the o ,-off or open-closed status of mechanical devices 
such as flow detec tors , valves, and doors (this status is in­
dicated by digital inputs called "watch channels" ); 

(5) measures the positions of all horizontal control rods every 
0. 1 second and completes the operator initiated-computer exe­
cuted movements (all movements must proteed according to oper­
ational safety requirements); monitors and displays the ver­
tical rod status ( a vertical rod may be completely out of the 
reactor , completely into the reactor, or somewhere between the 
two extr emes); 

(6) logs, displays, and stores analog and digital data in meaning­
fu l form that will be easy to read by the operations and phy­
sics personnel; 

(7 ) scrams the reactor under certain emergency conditions defined 
by the safety requirements; 

(8) services the command t ypewriter and performs actions in res­
ponse to the commands. 

HEAT SYSTEM CONTROL 

Although all the functions performed by the computer involved in­
ter esting problems, this paper will stress the designing, coding and 
evaluating of the routines to perform"function (2), control of the heat 
system. The first specification for the beat control program was: its 
completion had to coincide with t .e completion of the physical structure. 
This was a valid criterion, because we were trying to show that a program­
med control and measurement system could have the same characteristics 
as a conventional analog system, as well as, much greater flexibility. 
Since the purchase and installation of conventional instrumentation could 
coincide with completion of the plant, the programs had to meet the same 
deadl~nes. Design of the control program started before the reactor • 
heating system was completed, so the measured characteristics for the 
heating system were not initially available. The distributed nature 
of the heating system. its multitude of inputs and outputs, its mixture 
of different materials, and its . non-linearity over its operating range 
resulted in a process that could be completely described only With direct 

ementa. 
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Because of the lack ot a good mathematical model of the process, 
conven ~onal design methods were not used. Rather, the control program 
was des igned in two stages: first, when the system was incompletely 
specif .ed, a genera l algorithm was designed to meet the operating re­
quirements and then coded for the control computer; second, after con­
struction, measurements were made on the completed system in order to re­
fine the original general algorithm. 

FIRST DESIGK STAGE 

As part of the first stage of des igning the heater system control, 
it was necessary to determine the required system operation and to ob­
tain a preliminary description of its dynamic characterist~cs. Infor~ 
mation about the dynamic response of the system and the required oper­
ating charact eristics could then be used to formulate a general form 
of the control program. 

General System Characteristics 

Four separate ~lectrical circuits (identified as top, side, bottom 
and core) supply e l ectrical energy to heater elements in the graphite 
moderator of the nuclear reactor. Saturable reactors in each electri­
cal circuit control the power over a continuou8 range that is approxi­
mately lOO per cent of the total available power to a circuit. The 
saturable reactors are controlled from the computer by signals whose 
values are determined from readings of thermocouples, which are in the 
graphite moderator. 

Figure 3 depicts the locations of the heater elements and the 
thermocouples. The heaters are parallel graphite rods that extend from 
the front to the rear face of the reactor, and the thermocou~les (ns shown 
grouped with heater circuits in part (b) of Figure 3); are positioned 
in planes which are perpendicular to the lengths of the heater elements. 
Because the heater elements extend from the front to the rear faces, 
and there is .no control along ~ eir length, heater control can be con­
sidered in only two dimension : Although the bus bars for each heater 
circuit supplied four er eight beati ng elements in parallel, there was 
control of electrical energy only t o the bus bar. The electrical current 
divided equally among the elements if they had equal resistance. In an 
attempt to compensate for possible unequal temperatures measured from 
the heater elements, the averages of a set of thermocouples near each of 
the four heater circuits was taken as the output of the heater. circuit. 
For example, the temperatures measured by the thermocouples labeled "T" 
in part (b) of Figure 3 were averaged to produce one temperature that 
was taken as the output for the top heater circuit. Averaging also re­
duced the noise, since the variance of the random vs.riable could be divi­
ded by the number in the average to obtain the variance for the average. 

Because of the complexity of the heating system, an accurate des­
cription of its dynamic response could be determined only from direct 
measurements. Of ~ourse, these would have to wait until the construc­
tion was complete. An-~c:.ur t.e, but useful, description was obtained 
from basic ideas p-f ~ ... - '-~r. r~> . and s used to surmise the general 
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nature of the system. In other words, an exact solution to the control 
problem could not be found, but it ~as very likely that a class of solu­
tions could be found which con ta~ned the exact solutio . A common method 
of modeling distributed systems is by lumped circuit approximations. 1 

The reactor was considered a homogeneous mass of heat conducting mat­
erial, which could be modeled with an electrical network of resistors, 
which were analogous to resistance to heat flow, capacitors, ~hich were 
analogous to thermal capacity, and current sources, ~hich were analogous 
to heat energy inputs. The voltages would correspond to t emperatures. 
Ground would be the ambient temperature, so a resis t-·r to gr ound could 
simulate heat loss. No physical model of the heating system was made, 
but the transfer functions exhibit ed by ·such a model \•ere simulated on 
a hybrid computer in the second s t age in the design of t he control pro­
grar.~ . 

General Form·o f the Control Progra~ 

At the time the design for the control program was started, there 
were available report s about succe~sful applications of control computers 
in which the control algorit hm was a discrete approximation of a conven­
tional analog controller with proportional, derivative and integral modes .2•3 
This type of digital controller was used fo r the heat system, but with 
arithmecic and logic additions that would meet the spec ifications for 
the system. With the assumption tha t the sampling intervals could be 
made negligib l e compared to the sys t em time constants, the digital con­
troller's r es ponse would be equivalent to that of an analog controller.~ 
The resistor ~ nd capacitor model of t he heating system indicated tha t a 
proportional-plus-integral controller could be stable in a single loop 
even if the hea t i ng ~rocess was not self-regulating . The continuous 
controller equ>t ion, (1), and the discrete approximation equation, (2), 
are · shown below , 

m(t) Kp (e(t) + Kl I e(t) dt), 

where. m(t) '" tl;e manipulated variable, 

e(t) = the feedback error, 

K • the proportional constant , 
p 

KI '" the integral cons~ant. 

n 
M • K (e~-+ ~ i21 t i *T), 

n p 

where, M = the manip la t e:d variable at the th 
n 

n sampling in s tant, 

e -the feedbac ~rror at the th 
n 

n s ampling in ::ant, 

T • the sampling interval. 

(1) 

(2) 
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At every sampling interv&~, the summation indicat d in the latter equa­
tion was performed in the automatic control mode. 

It might have been possible to compensate for interactions between 
the heater circuits and their associated sets of thermocouples by pro­
viding 16 controllers, one for each possible transfer function relating 
the four inputs and four outputs. Besides being complex, a further dis­
advantage to this approach was the shortage of memory. Instead of 16 
controllers, one controller for each of the four main transfer functions 
was used. Interactio was compensated for by adjust ing the controller 
parameters K and ~ i n the actual heating system. Adjusting these para­
meters in th~ completed system will be discussed as the second design 
stage for the control program, after the control program is described in 
more detail. 

The general design of the control program continued with the deter­
mination of a set of criteria for the system and thro the modification 
of equation (2) to attempt to meet them. A problem in defining specifica­
tions for the system was caused by the initial lack of unders tanding of 
computer programming by physicists and operators. That is, the require­
ments for system operation that were discussed with the operators and 
physicists had to be cranslated into terms that were appropr iate for 
programming. These design features are discussed below. 

Because of the large number of application programs a~d the limited 
core memory, each program had to be as short as possible and still meet _ 
its essential requirements. The gas system control and alarm programs 
were to run simultaneously with the heat system control and alarm program 
because of their close dependency; cooling gas and cooling water flow 
throughout the reactor were monitored and loss of flow could cause the 
heat cont~ol program to shut off the heaters or request emergency gas 
cooling. 

Heat energy was supplied by the heater circuits so the electrical 
power to each of the four heater circuits was considered as the fou~ 
inputs to the heating system. The transformers for two heater circuits 
were rated at 64 Kilowatts and 128 Kilowatts for the other two. This 
problem of different ranges of inputs was solved by normalizing the 
feedback error to a range of -100 to +100 per cent and normalizing the 
control signal to a range of 0 to 100 per cent. (Normalizing the con­
trol calculations allowed the same basic controller form to be used in 
the gas system where the measured variables were pressure, flow and 
blower motor current.) 

To keep the reactor moderator blocks from cracking because of non­
uniform expansion during large temperature increases, an approximately 
uniform heating rate was required throughout the graphite. Once the 
average reactor temperature was near the setpoint, a temperature vari -
tion of a few degrees was allowed. The control program allowed the 
operator to set a maximwu output from each of the heater circuits. Thus, 
for large feedback . errors, where an uneven heating rate was likely, the 
operator could limit the outputs to provide uniform heating. The heater 
power was determined by the controller equation for values less than the 
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operator-set maximum. In th~ attempt to achieve a zero temperature 
gradient in the reactor core·, t'he program was designed to allow the 
operatpr to shut off the core heaters, while the control program re­
gulated the top, side and bottom heaters. (During evaluation tests 
on the completed reactor; it0 was discovered that he heat loss from 
the front and back faces co'u'ld not be supplied from the regulating 
heaters. This error is mentioned to show that 4 programmed system 
could be altered considerably, if necessary,, without requiring an 
additional capital investment. Room had been allowed in the pro­
gram for this possibility.) 

Several response criteria could be summarized by stating that a 
response similar to a deadbeat response6 was necessary. This was de­
cided because the heat-transfer analysis showed possible time constants 
on the order of hours. A control program like equation (2) would give 
zero steady-state error. However, when the process disturbance was a 
setpoint change, an overshoot would very likely result with this equa­
tion. 7 In an attempt to eliminate an overshoot because of integral 
action, provision was made for the operator to eliminate the integral 
action when he made a large setpoint change {"large" had to be de­
fined as experience was gained with the system). The subroutine for 
summing the increments of the integral term was designed to clamp any 
result s wi th a magnitude greater than 100 per cent at 100 per cent. , 
This elimi nated windup in the integral action. An additional clamp 
was made af ter the proportiona~ and integral terms were summed so that 
the control s ignal was in the range of 0 to 100 per cent. 

When the temperature of graphite is varied over a range of 1000°C, 
its electrical and heat-transfer properties change widely. {Preliminary 
calculations had shown a possible increase in the heat-transfer time 
constants by a factor of 7 over the temperature range of 1000°C.) Also, 
it was suspected that the mode of heat loss from the graphite surface, 
whether by convection cooling or rad i ation, might also affect the linearity 
of the system. It was realized that the nonlinear operation would require 
a compromise between response time and overshoot over the operating temp­
erature. This meant the control~er constants would probably have to be 
adjusted for no overshoot with the longest time constants, and then the 
heating system would respond much s~ower than it was capable of at the 
lower temperatures that gave shorter response times. Logic was intro­
duced that would select one of two sets of controller parameters 'depend­
ing on average reactor temperature. 

An additional feature of the cont\ol program allowed individual man­
ual control of the heater circuits. Also, during preliminary tests of 
the heater system, a delay ' of approximately 10 seconds vas found between 
the output of a zero control signal and the return of beater power to 
its lowest value. To prevent opening the heater breakers with a load, 
a programmed delay was introduced between a zero control eianal and a 
breaker-open command. 

A simplified flow chart of the heat control pro,raa ia •bawD in 
Figure 4. 
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SECOND DESIGN STAGE 

The second stage in the controller design consisted of refining and 
evaluating the control program with a model and the actual system. With 
eight control er parameters in an interacting system and estimated res­
ponse times of hours, adjusting the parameters would have taken an un­
reasonably ~ong time in real time. For this reason a hybrid computer 
model of the heating system and control computer was made and time-scaled 
for faster-than-real-time response. The dynamic response of the real 
system was measured to obtain transfer functions for the model. The con~ 
trollers on the model were then adjusted to compensate for i n teraction. 

System Model 

Step response tests in the heating system we e made, and the results 
were time-scaled 3000 times faster for m~eling on the hybrid computer. 
For the tests, the reactor was heated to a temperature above the desired 
operating point, and then all heaters were shut off until steady-state 
conditions were reached. Steady-state was an (approximate) ~~ponential 
decrease that was approximately the same for all four outputa of the 
heating system. At the particular temperature examined, the exponential 
decrease was approximated by a linear decrease. Once the system was at 
steady-state, a step input of power (approximately 25% of full scale) 
was applied to one of the heater circuits, and the temperature averages 
of the four parts of the heating system were recorded. This procedure 
was repeated for each of the four heater circuits until all 16 input­
output response curves were obtained. Since steady-state in this case 
was a linear temperature decrease, the original response data was modi­
fied by adding the negative o'f the decreasing temperature ramps to each 
response curve. Delays and slopes were fit to these curves and the dy­
namic response of the system was simulated with the digital delays and 
analog integrator$ of the hybrid computer. The response tests were ccn­
duc t ed and ana~yzed as if the system was linear, because small changes 
abou t an operat~ng p~int were made. The results of this step function 
test would be approximately correct only near one operating point. A 
more complete analysis of the system would require step response test 
at several temperatures over the whole operating range of the heating 
system. 

Control Program Refinement and Evaluation 

The use of a hybrid computer model was justified for two reasons: 
(l) there would be no chance of wrecking the heating system during the 
teata because of failure in the hardware or instability in the co11trol 
prograa; (2) considerable exper1ment~ time could be saved by r unning 
the .adel faater than real time. There were four parts to the hybrid 
computer .odel: (l) the control program, (2) the system model, {3) the 
evaluation prograa, aDd (4) the hybrid co.puter operating programs. 

Only the eaaential features of the control program were modeled. 
Al- rtns and the gaa system were not included. The system m deling was 
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just routine amplitude and t " e scaling. A nique f eature of the digital 
d _l ays -was the movement of 01 y two comput er "''ords at each sampling in­
Etan t . he memory for a del ay was organized as a circle wi t . an input 
and ar. output pointer . The length of the dela was determim·;! by the 
saopllng rate and by t he distance oetween t he i nput and output pointer s. 
The hybr id computer operat ·_ .g programs allowed control of both the digital 
and analog computers from t he analog cons vle; entry of progr -~ para­
meters •i a the digita computer operator's console; and typing or data 
f r otr t he e\Talua tion routines. Al though the above rnent" oned parts of 
the hybr i d computer model were rather complex, they were also routine 
fo r t:he most part. 

Time scaling the mode_ allowed experiments to run faster, but ad-
j • sting the four sets of control parameters to compensate for interactions 
was t ime consuming. Much of the djustment of t he control program "'as 
simplif ied with the use of an eval uation program in the hybrid operating 
system. The nature of the evaluation program can be explained by consid­
ering one of the four sets of control parameters (proportional and in­
tegral gains.) and an evaluation crit erion, the integral of the absolute 
value of the error multiplied by time (ITAE). During a computer run to 
cnoose the best set of param~ter s (the best set of parameters gave a mini­
mum ITAE value) several. evaluation intervals of equal duration were auto­
matically cycled on the computer. The orerator could set parameters in 
the evaluation routine that ef ined the number of steps and their size 
t hrough which the controllE<r gains automatically changed. At the start 
of er.ch evaluation interval a step input was automatically applied. After 
one gain of the pair was cycled through its range the other gain was 
cycled. The value of t he fixed gain was always chosen as the value that 
gave the best performance during the evaluation steps when it was the 
gain that was varied . Bekey6 calls this method of optimizing "hill 
climbing". 

Several programming features made this "hill climbing" program prac­
tical. It was made rather simple for the hybrid computer operator to 
intervene during the computation to change the number of evaluation steps, 
their size for each controller gain, and the starting gain values. The 
operator could thus perturb the gain values when a minimum ITAE value 
was found to determine if it was a local 9r a global minimum. When iden­
tical step inputs were applied for identical control rarameter values, 
the digital computer calculated ITAE values that differed by a few tenths 
of a per cent. An adjustable dead band was set around the ITAE value so 
that changes due to noise could be ignored . The method of determining 
the "best" response to a step input was more complex than a simple "hill 
climbing" problem because of the interaction among the four heater parts. 
Four lTAE values were calculated as if there was no interaction, and 
interaction was accounted for in the logic to determine an improved ITAE 
value. System response was considered improved if at least one ITAE 
value had decreased, and no ITAE values had increased. Even though the 
four proportional gains and then the four integral gains were stepped through 
their range of values simultaneously, the fact that each of the eight 
gains had individually adjustable step sizes and starting values made 
it possible to search a large part of the eight dimensional evaluation 
space. 
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CONCLUSIONS 

Evaluation tests on the hy~rid simulation and on the rea l hea ting 
sy tem showed that most design goal~, t hat were eval uated, were met . 
The effec t of' two sets of control parameters, which were to compensate 
for system non~linearity, was not evaluated, because t he system was not 
tested initially over a wide enough temperature range. It is hoped t ha t 
this can be done in the future. Tests on the rea l sys tem and the model 
showed that t he cor -heaters would ha e to be on to ma intain a desired 
operating temperature. This was a design error and i s mentioned to s how 
that a software change would be possibi e that cou'<l give different control 
charact~ristics without an addition to the capital investment. 

Hybrid simulation of control systems is a necessity where the sys t em 
response is too slow or too fast for testing the sy t em directly. An 
additional argument in favor of simulat ion is: there i s no pos s ibi ity 
of harming the real system if the control l er mode became unstable. 

Digital computers should be used f or contro l and data handling on 
systems that are not well defined or that will be cha nged to obtain 
dif fe rent experimen tal conditions. The most important f eature for he 
system program in such a facility is modularity, so t a t speci f ic func­
tions may be deleted or added without rewriting the re5 t of the program . 
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Figure 1. High Temperature Lattice Test Reactor (HTLTR) 
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ha~ to ccpo with con~tant or variablo workir~ &nd on the othor a 

lo3ica.l :.:rst.al:l puts t he -v~io~.:3 ite=c of equip:nent into operation 

or cuts t~~~ out. s~cn ~pcrationc re~ult either froQ the ~ple­

L-cntation o! t~e OFerat~on pro~~ or from incidents. C~plete 
· ~ . . 

~to~a.tion involves close lir~o . batween tbuse two ay:Jte~a. Thia 

.Pa~er. fro~o~ea · to explain t~a or~~~i:ation which was applied in 

order to achiovo tte nuto:atio control of a nuclear power p~Ant 

This organization is auitablo for any power production plant, even 

fer ar.y ir ... us trinl plant where lozical action .1& at least as import­

ant as reGUlation. 

'!'l'.e !.:ontc d 'Ar'roe- EL.4 pov;r.r pl:l:lt. ia the e xa.:::~ple deacri'bed. 

This powe;o.· pl:.r.t co~pr!.aes a 250 ;.:.'lt.h heavy W&tor moderated reao~or 

of the ~res~ure tube ty~o ~nd cooled by h1Bh prea~ure (60 bare) co
2

• 

'l"no co2 is oirculeted 'oy t i:ee va.~iable a~ed turbo-~lonra an4 tu 
t;.;.rbir.c~ c.re c!.rivon by hi0h prusura a~alll tr011 tt.e aaiD oarbon 

,dioxido/waoer vap~r exc~~ara ~hich alao teed the turb~ternator 

ur.it producir~ 80 ~N o! olectrio power. 
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The control o! this ~l~t poses a number of problem3 

owing to its <n.'ll intrin~ic charac teristica' 

1. The plant j.G;, to be ·opera.-;od 1s particularly larga. ?4 tual 

intara.ction cot wee:-. t~ various wircai ts &ro ::1a.ny &.."ld this 

faot ia increased by the aCO~tion Ol a dfagram U3ir~ ur.iv­

erDe,l equip~ent (as cppozod to tr.e bloe~ diag:-a::.). l;eil.I"ly 

-a.ll· the ancillaries uo duplic~tod or .tr!.plica~ed to· ensure 

that energy p;od~otion ~oes not oeaa~. 

11. !iO;:).inal. tacporatures CI" ti:.e C02 circuit {500 °C) a.pJ-.:."OXica te 

closely to the top values allowed for str~ctura.l 04tarials. 

iii. so~~ physical prccess~~ e~volve .rapidly and the op~rators have 

difficulty in cor.trcll!.!'l€ tho:1 even froc the lowest operation 

conditions. 

In view of tnis
1 

ti".a :::l.onftorL~.;-control dcsi£,-n corapri:Jes t he f ollo..,ing 

oha.ra.oteri:;tios' 

1. ~ne operating staff's ce~~s o£ action ar.d info~a.tion are central­

ized. 

2. T'ne ::I'.:.lt!plication· of'~a:.cilla.ries Wld t::e ir' u:-.iversa: usEI give s . 

spacial i=po~ta;.c e to autc~atic e=or~c;.cy taka-ovar ~ction by ~~ 

ancillary frco another o~o a:.d to tho n~oor or opora~ir~ case~. 
As a re::;·.ll t or t!lia t!-.are i::; a. signi!'icnnt tl:1C\..:nt of' lo ,;i~al 

autc::;ation . 

3. Rot;ult.~ion aystecs cope wi til all transient processes which ere 

difficult ~o conitor. 

4• 'l"ne combined lo5ica.l a..-.d reg-.1laticr. G.:lto~a.t.ion :;oyatoc c-usr; adap t. 

1 helf. to cvar7 :)ha:,a of t he "DC"Rt: ~ ple:.t ( st~-~.:p, sh:..t-;l(.·,.'ll) 

large amplituda cn~~oa WLuther oa.loulated or accidental); tho 

operator ~rel:r salect~ the o~rati:-~ r~t.o ir.::;;=uoti-;.s (po•er 

output, :.xi~~ te~~era.ture of the cco~ i~~ ~as). 

'l'o reaoh•e such a problec, the a.uto~r.atior. was divided into a everal 

41tterent technologica.l ayst•csa 

1. a. dicitu oo::~putar systedl Cor c ar.t::-al data :: rooas:;i n'{ buil t 

r~.d t•o po~putera, 

ii. £Olid sta.to codular ~irod logical circuits . (call~d ~oli~ 

~ .. . lo~t~) 



iii. .:!l ec t::-o::ic a:u,: c -. ,q rc~u a ~i on circ~it:~. 

Thos-;; unit& of equip::..:mt obvio;;.sly worr: in cl oo.: relc.tio:-.. ~· 

role asa:. (:,T.ed to e :.c..'l ona roe:~! ts fro:~ dec l oior.s which r:.a:J s ee:n e:'c i tra.r 

in sozJe cases '"':, r. t.!'.ey are exa~ine :! SO?a.:'&te l y f::c:::. tho ;;e .eral co~.text 

of ;;he dosign r... .·_ from tha ciato w=:e:t the optio:1s Woire ta.ken.. \7e ahall 

r:.e~ ti cn tne:n ·or i efly ~tor we have exp.l :Uned. t he pcnitoring-contro!' 

systo:n or the: lto:'lts d 11....-ree n:.c l ea: powc~ ;>l~t ...... d be~ore specially 

ar.d fully ~esc::-ibir.g t~e structurG of p::osr~~ed auto~atio control fed 

to the co:::.puter~. 

2. ; .:O: I I'J'C'!'~ I!;G-CC:; ; ;:wL Crtt;;,· :rz;.~:r : 

2.1 D~s.cn!P:>ro:;' o: 'i'r.z ~..;::cT:r c · : AL n:rvrsw:~ 

The QOr.itorinc control or b~ization ia based on a functional 

division of t h<: .':l-.:..:l t 
,: _::. C:::.';.lios 

of fu::~ tio:1s, f: 'i:/·:··:: &."ld 

':'·hi s ciivi oi on calls upon the ideu 
· :; ..:c.::.:.·l i c: s 

S".l'l, - ·_,· ,:..~r:g which :n.1:Jt bo dofinech 

starting with the ~!~~ 

isi or. ...:!. st&:;> is tl'.a :··: r:ctio:-: . ..Ul the equip::~er.t &.nd cir­

cuit~ which help to ~ai~tain a phyaical par~ter to ita 

inst~~ctio~al 'value or to co=plete & giYen "se~·ice" are 

grouped touether i n a tur.ct~cn. ~ case in point ia all 

the eq~1?=~nt nea~od to cocl the reacto:: and which ia 

tr.ercfore attached to t.he cooli:-.g now pa::ameter. .A.n 

exa::: ;?le .o~ sorvioe i..: ._!le ci!stribut!on of eleot.rio poftr 

to the ~otors, valves, etc. 

ii. with:.n a given :\::-.• :.:.o :-1 , th~ ~ivision is t~en a atep 

furt~er by dafir.ir~ •~• syste::1s which are t~e~selvea 

&tt&ehod t~ a pc~u:. ~: ·ar~etcr or to & •~=vice which 

now only concern th& oolc fur.ction under consideration. 
c.s::•::::lbly cu:::e=:oliea 

111. finally, wi thir. each &7::~, sub-::1~ are defineci which 

are a~tached to a phJsical par~eter or to a aerYice 

wr~ch only ooricorn the one ayctem to which they belong. 

Act~ators a:d mea~ure~ents of the ins~lation =aka up 

the aub-u~lics. 

At a given ~v=e~t each· of the divisional levels (ins~lati~n, 
fu:-.ctior. , ~ji~lyand. sub...i~~ly) . u clisUn«ubh.4 by iu atat. 
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(which vari~a discontinuously)~,d ~y t he Yal~a of the physical 

par~a ter attached to it (v~yin~ oon:inuously). T~a state ot 

each level ia defined in rela tion to the service achieved (i.e. 

~no poaaibility of mokir~ t~o corr~sponding phJsioal par~eter 

roach c. v1.il::J.a within the operating nolllinal range) and to the 

program o! opero.tio~ 

a} in r•lation to the se=vice ~ch1evad. the st~te c~~ only reach 

three or !'our dioaonti~uo\O!l vu' r.: :; 1 t~e r.on•l!'f"i : •vlo :~tata 

!or the auto:r.atcr.. (::a.r~cd. 00) 1 :~ ot · 1n · t: ::'3 ·nv't!l :.'Jla atata for 

tile auto~ton (:.a!-~~d Ol) ai:d t~e !.n :: ~ a :;ta.t'l (carked 11) which 

m~y ao~oti:a o bo cplit i~to two , t atc!l w~on actu~l puttinz !~to 

uso ti:e b long in ~~la'ti or. to thi) physical . para::~o to::- ooncerr.od . 

I n this ca~e thore are two state31 ~~£~Ej:_ {=~ked.lO) ~,d 

~ffa~ti v.:!iy b use. (al:Jo r.a.rkec! 11) w:. ich is disti:-;6\lished by 

act~al operation (!'or exa=ples o. ~low utartir~ p~p actuall7 

wo~ki~ bu: not deliverir~ !o~ ~tate 10 and p~p ~tuo.ll~ de­

liveri~g into the line for sta~e 11). 

b) in =elation to tt~ pr~~~1 o! o~~a~ion, fc~ Q&On level t~ere 

is the nre ~ant s t t e .(o:a.rkod EA) .• fea~i::lo s ~:l.te (co.rktld !:R -

potential op·:!J:.:.tion a.llo>dng for ~ras~:-.t state) ar.d r -: 'Jue .. te d 

~ (~kad ZD) either by t~a auto~~:o; or by ~r.e operator 

hims<.l!. 

c) likewise tr.~ present ~tnte of ~he pi~oical par~e t~r is t i ed 

;o the requeated state (ins~:uction) e~itted by tho operator 

or by the nuto=ato~r.d c~~parad to tr:eshol d values below 

or above which reoulation is no longer posai1ia. 

Having asreed on these definitions. it c~~ be s~atad t~at automatin6 

the i~atallation is tants:~~t to orz&ni:inJ t~e f~nc~ional links 

e4iating within each leval of ~he ~ivision (instal lation. fun=t ior.s. 
assc~l~ea ~sso•~liq3 
•1~~ and s1.lb--t.:-.;:: ~•:.s) O.."'ld be tween t hese levels. On t f:.l ono ha."ld 

there ia the r" . -~ :f. tion e.utoY· tio:'l t hat co.:t tinuously CO!Jes wi th .tho 

phy:dcal parameters and on tho other, tl".e c~:;n:-"! : :;: ':: ,t t c ~~ utc:::'l t io:'l 

Which p\Ot!l the .units of oq'.lipcer.t i~to use or cu;s tc~o out as end 

when required. Thv ~~ove concepts ara shown on ·t he cutli:.e di a.cram 

to which doto.:ils w·11 b~t adde d l ater ..-r.an t he actual structure· of 

the auto~~~ic ay3to~ is do;criQc~. 
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F=om t~i s ~~~~ i t will be s~e n tr~t the st~cture o~ ch~~ge 

of t~te a~~o~~tion clo~cly =~soz;.es t :.at o! tha regulation ~~tomation; 

E) ~v es t he in tructio~, ~~ ~h~ :.eas~o~~~ ~. etc. Wo s hall see late~ 

. on t .s t t ho a.:.a:o.;-.r ea.-. be s-.:-a t chad to i n~lt:.~e -:.he detercination of ED 

in ' c c ··~ <- loop'' sxd in "oper. oop", tr..kine; i !lto &.ccount t~e ER'$o!' the 

level c one :-ned a.r.d .'of t he otr.&r levels, as well a s .the valuea 

of t he phys i cal pe:a..roaters. 

The fiL~ctior.s or t C.o wired cq~ir:.e nt (solid stat' loiic circuit, 

~na:oc~e r eSU}ators ) ~c t~e pro0~ac~d e~uip~ent (central data 

prccosai~g c~?uter sy~te:.} · n the case of thu ~onts d 1~ee EL.4 

power .p~t - . r..re as fol_071'SI 

i. ce::tre.l. reeu:.:.ti on us wall es loJical auto::~a ·i.ion a't the 

eve::. of func .!.ona c.."ld ~nt~'J.10ire entrusted .. o the com-

7~ tcrs ~r~ch el so proce~s ~ost of the data, 

11. ~~o-~;~?~et ve: a\.:.tc~ ~10:1 ia carried out b7 aolid 

.-.ate :-e-ays. 

ns_c:: lies 
iii. :-e~lation of o~b-:~· ~ , ay~tews ar.d funotiona 1• en-

truat~d t c L"~vsue e~uipment. 

This c!lo~c e taic:e;;; tr..a fol o~ir.g l:!a.nciatory conditio:cs into account, 

&ho~ld t~e ccmpu~er2 bo e t pped or fa:l, 

1 . maintain the o~eratir~ ~.:.~e reacted 

i1. enable the plan~ to be s~oppaa in co~plete saf•t7 with 

the rc~aining controls ~d d~ta. 

The equ1~oer.t layowt is she~ on the block di£C:""&m of figure 2 

~hie~ also shows tea e~out O- controls and info~-ation on the oon­

&ole ·e.."J.ci t !Jc i.r.d.icato::- bot.t.:d (res¥eoti vely called the cain block 

a~d -suosidiary block) . Theae co~trols o~y occ~ at t he functional 

d: vision le·rel, exclud:..~ c.ll individual co.:1trol by a.ctuatcro· (except 

oi 'co-...rse the e;;:ergo:1cy so.fety,. actuators; co;;-;.rol :-ods, tu:'oine· 

~:artir~ electric v&.lvas). 

F=co thu main ' loc~ console, tr..a ope:::-~~or f ixes t~e oporating 

r11t.e 'oy the po'l':er and ter.perat·..:=e in:Jt::-uc tions. He also has acceca 
.:..5::e-:lle:! 

t o tr.~ co::.t:::-ols at ~\.:..-.ction a~c ,;·~~~.-5 level. · .Ul the5e ir.s1:ru~~-



ion3 ur.d controls arc 'acc~ptod b~ t~e co~~utdr which t~~n so~~s aut 

its lo!)ica.l orders to t:-.& solid state relays and. its i nstr1.0ct1or:s to 

.the .ar.nlosue re~~leti o~. F=om the auosidia:y blcck ,the oparatcr 
cAn &:so :!ei.4l oa.r.ua.lly wit:. ,the t:ain ret;Ulation loops ins tructions. 

Ha is p::-ov i ded. .,i th inforcation o:: printers ~d ttl.o printera, and by 

tbo oor.ven~ional indicators and recor~ers for the data aoce~~ed oy t~e 

a.nalogua reE"..ll a.tio_n loops. 

}. PROCR/.!.::.ZD A. .J':'C:.:A'::'IG:; n·.sc?.:PTI ·' 
}.1 CO:.:PON"~'iTS 

~:?C:f:f!~=:cd au~o::.ation lr.&."UUCOS the tLl'oe l'1Ln1o5 , Pllnction, 

and. S;-:.::-;:::::" lcv<Jls by assooiat ir.c; the "States" defined in tr.t~ preced­

ing section to anch of theoe levols. 

Tho automation ct~cture is shown on !i~~re }. Before des~ribir.g 

it in dotail, with ~ho holp of examples takGn froc the aut o=:atod sysiec 

used at th(t !.1onts d '.A.rr4 :::. .4 pOT.'el· :pl.r.nt . · • we aha.ll nview tho p:-e­

oiee de!1n1t1ona o! each atate represented. 

Re c-..:.o!: ted ::.tate of p'eT.t -Y o-ce-::-ato:- GO 

~his r~p=e~ar.ts the va~~e uelcetad by the operator to indicate on 

tl~& p:o~:,--: l!lll t h& deair•ll or~ratir.g :-ate.. for ~:u.ttple 1 t his re..:;ul ts in the 

coupl~r~ cf instructions f or the charaet&ri3tic parametora of the pl&n~a 

power PO and lllaXil3w:l ter.;porc. ~ure ·of the coolil'lg ge.a Oo. 

Fea sible sta t e of the ul~r.t CL 

For the m~~t,ttia ~ives a limit value CL for tt~ -characteristio 

pa.r&Z:~eters of the plant taldr.g into ac,cgunt the licitations Cl.i imposed 
,_ .!Qa~fole 
w~ t~•r~ia~e of each func~ion . 

Regucs~ot ot a te of .,,, TJrorra.'!l CD 

For each chcractoristio par~~te~ tAis rosulta frGQ 3ortir~ value• 

CO a.nd GL (for- ,- :,~~..:w• ·-~·l'Q·c v'ir.g :01-.e .l~sse:- ot thesa vr.luu. This sortint: 

rsoults in an i ndividual ins t ruction point ~or e~h loop o~ the gonera.l 
ref>Ulation. 
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'.!:~ o:.,:..r.:i.z..::.ti.o.:l of autc:::a~a C. r o0ulat1on which co:.prioes cascade 

lcops is o~~ ined for tte recor~ on fi~Jia 3. In order t~at the 

phys ical })ara::w t er s of tile :·pl.:.:l: , ~~y :each their instruction 

point, eac~ fa~=t ~ ~ w~s~ h~ve a pcr:ec~ly dotorcinod s~ate. 

).1.2 F~~ction level 

Tho jo~ o~ tte cr.on~e of s~ato auto~at.on is to meet the :cquire­

~cnts of regul~tio~ ~u~cr-~~ior. by brin~i~ i nto ~so or cutting out the 

Roe: 

fu :-:ct i on t o bo bro'.Jeht into 

u se so tha-w t he o;.eratint; in~t:-uc tion po:!.n t whi ch distint;.lishe s t h s 

fur.cticn io ~a.intained or ranched. 

Thi s :.~:. er of systc..::; is de :~ined by t~is=1~ J..i~; fro :n ceasureoents 

repre se::-. -:.ing t he t op pcss i b!.li ti oc of t he :n:- ~-;,.... i n operation which 

i:cricc., i:1 tho ct:.:;u of a t w-bo bl c·nor, w:::e. t r.e spcc.d of a mc..c h r:e 

i r. · ~so r c::.c : c:J ., Ci vo :1 level \er vihc :1 ::t vt.l ve O~ ·H:s ), a re<;1.0ost. i o~: nt 

out to brine 1.1. f~ :- t r. r: r =ch~no :nto uic . Tn~s ;:, "r.:an~ze c.e nt cri toria" ·~~ 

alJ~ intr i ~~ic~ ly t~j.a l~to acco~~~ ~~Y cc~sea oi fl~ct.uation (change 

i r. tnu o~~put in~truc~i o~ , al torat:on ~n t tc sto~ prossure conditions, 

ir. ~r.e. vel u.::;o of g a.:. ••• ) • 

It i s o. ~h is l vel tr.a t t i:o continuou:; a r.d yroGTassiv<~ ro~ue~ta 

from rv~u:at~on cive ri~o to i~tar~ittcnt auto~ated action. 

, 
For each .fur.ct!.cn a. "!'ea 2! o!. e stat{)" ~ !.s cocputed wnich represents• 

-=-~ce: .:.'Li lies 
i. t~e n~bor of :i;~~~~ actually in uao (ER ~ EA) associated with 

ii. 

tr.ic !'u:-.c tion 
.1.Soc=':.lie3 

or, tho ~~bar of ~~~~ &9aooiated with thia function which can 

ba br~tt into U3e ~n a. ver.y short time when !ace4 with the rap14 

.: :; .. r.e;o. in .the conitoroci ph,yliic&l parameter (EB> U)~ 
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·. 
T".r:e fea:; i .- le sta.tes •of t · .e :1\J.nc~ions for::1 as many :::ar.acement con­

strai :1 ts ,;n ic.h.enforoe C!-1 ... imit val •os on the c haracteris t i c para=.e ters 

7~~ ex~p:e, a ~~io~ ooolir.z li~it is set by the 

n~.:d'::er of t~.:: ;,o ";;lO\'ie r.s ir. opc:-a.ti.on; : : crofore, ~or & give:~ e o.a ":3.:::per­

a t....re t here i ~ !i.!1 opt: ra tior.al po>1er li:::. t. The li:ti t val'l:.e :iL !on:.ing 

t ho fea.s : ble sta te c~ t r.e ins:allation,rec\:.lts !ro~ tho sortin~ or all 

t he GLi's • 

.~~ser:.b ... i cs 
;.l.}. a·: ::-t ~:-. !3 GVe l 

Rec:: e s t P.d state · " ~=:c -o:ror r :l:. a ED Syste~ 
- - -c··· ly 

?ne .eqt: e s ted ~tat~ ED o: -,;;.e ~j~~••· is oo::.:p-.:ted f'ro::t the requested 

atate of tr.e functi on of wh:c~ it ~or~s par:, fro~ · r.o awareness of the 
as··cc';:Jli .. :; · 

order in w· i c a the va:-ious .:.;~:.&::.~ o! trois :'Ur.ction = st be brc-w&~t into 

use, a nd : .. e p:-escnt state of ea.ch s yste:J o~ the fl:.ncti on . 

In t h i way, ar: ovaral.l de:::ar.d 'BD ::'un::tior.) de!"i~inz ~i:e a=ount 

of equipreent to be brous~t into us e is tr~~:cr~ed at tt.is level into 
~ss :-.cl::~ 

A particular request !or eec h :;~~PP· 

':'his r e q-..:.est v1: 11 be act.ieved b;r oend.in~ succea:;ive orders to the 

actuator:.. 

Pref~ ~ : ste~ea ~ ~se=~ly 

~~a p~a ~c~t ~t~tc EA of the 
~ao::~l· 

::;--:~ : c :: ~ : e!iul -:a 

ar.alysis of tho various lo&ical or ar.alo&"Ue physio&.l c:i~er"~ o::J-.ica 

defino t :.i!l st.c..te (position of act\:.a.tors and .:.r.easurez::.ent values). 

In O!' d.-~r to d.e:;cribe r.ow ;:ro~.:.;;;::Gd a;.; to::~ation functions, •• 

a r.al.l e::.:n..-:ii:la on fic>lra 3 t:--:e c a :;c-.de of updati:lg o~ the . various com­

pcne-nt3 rmd the actions they ent:-~in, fro:r. sele~t.ir..g t ho req-..:.eot of the 

operator CO, up to sGnding olu::en tary ordora to ~ carried out. The 

dic.,.--ra.c s hows a 

i. for each fur.c:tiona 

11. for the .• a sin: ~ c can&;S"eonent loop. 

~.2.1. t~an o.:-er.:~nt of a :f\J.r.c~io:1 

The a.nalys 1s o't the ::ana.:;c::en t cri ten a o;1~:-:a function prod:uoes 
· · ~s~~J 1es 

the requestod ~tate ED function (m.:.:::ber o! f:-:..:'N.:.~ t o eo into operation)i 
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1. accordi '-g to t :o r~~=e~t :t~t~ ot oe~h :y:te~ forming the 

fur .... t.ion ~nd of t::o select i on of ~ sta.:t! ng UA> ord\l r, the 

ca:-. ,_;oc:.an~ o:: ~ :"le :!'·::..: t i on co::putea tho re uo \ ed •atatee. 

::er &ach zy::~a :ll o! ~r.e !unction , 

ii. tha axocuti on of t h !..s roqu<~s t. 1s enaurod. by t~e ef'faot1ve 

ordo:- to at.u-t. u;> ~ :-;.ese s;,r:.tec:s er to atop tr.em, 
.:u::::::::'cly 

iii~ t ho ordora thus t~~~~1t~od to a ~1:~. codif:f ita present 

e tato. Tho now o tate ia u~dat~d by ~ly~ing the meaoure­

monta a.nd by ait;no.l ..; . 
£1.., ~6L'blJ' 

iv.. the :-a.ndo:A v~iatior.a of the pro:ont sta" o~ a ;.&.:;J s.c:: atuh 

aotior.s or. ~wo levels & 

c.) CJ.t function levo'!., t =: is a.oticn co;.·e :J w· :.h fc.i! ~::-o~ by 
r. ~~ ::t.· :.:~ ~ ly · 

or.ourin,:: t hat a :;.; :. ;,:.::; wi l.l a '.o.:.a~ieu.ll y take over fro:~ 

ar.othor 0:1\.l ir. o:-;!ur tC ~intain ti:e rC. •l\lO:l ted sta", Of 

t ha fur. ~ti o:-, , 

o) o.t power 4>l::.::t '-ovv:, a. ::odifice.tion of U.o !<:a~i'ole 

o:u.ta J::n .. ~ c. io:-. U! C.atoo tl:o C.:.i li ::J it ~>.t or. assv~; iated 

po~ ~ ibl · o~ar~~c GL procco: d in t .u ~ar.as ~ uent pro~r~a 

o! tilo po•.1 r st11t!.un de lJcri"::l d abovo . 

}. 2. 2 • ~. : r~na . i u ; t :· ,.. -o;t_H:"t.!.. -- · __ _ 

The updatir~o of t he ·c~~~co:ont licitationo CLi a~c !r~ the 

alte:rati onG in t he fcaoible t;tU.~O:l ER ru.ction. T'Aey ca."Joe & pre-

d~ter~ined vuri~ticn in tho ~o~sibl u tatQ o~ t he plQr~ CL. 

'Ine sc.rtir.;: bet·~ c ... n t!:o c.pe:ato: GO re q\oea~ &r.d. t.hb new y&lue CI. 

poo~itl;,r c utleo ~~ ~turati~r..ir. t~e r~que;tu d ctate ~~ ~ . CD. 

::ew i::structior. point• fU"e trar.s ;;:i ttod to tl;.G roe-.ola.tion a.utomaUon ot, 

each !u:tc tic::. 

r: U.e new CL ·t~U'l ia CO::"':eotl;y pre-4aten:.1ned., the equipmezlt 

in each funct1or. ia lilcc y to 'wr!.ng ir.e p~ydcal pUeM~J'I M Ueu 

r.ow re voctiv~ inotr~ction poin\a. 
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3·~·'.; ,xuM lo 
Tne r~ao ~or can bo CQolcd by tn:ea :uroo-blo~o rs. :~t 

asau~o tha~ t r~ o~a =~~ir.~ r~ta, allo~:~g for t ~Q power, ta~p ~ ture, 

steam prosaur~ ~~d c~a vol~~e fib~os, ro~ · i:oa two t ·~bo-b~owers. 

Should a f4.:i..t.;re c c.u~e a t~.:.:"~c- .. c.·.rer to sto;, everythin~; a s being 

equal, two poooib~li tie3 oo~d occur• 

1. the t~irc! t ur'oc- b l ·~er ·::.:J c;; a-; .. 1;.7~ t!-.o c:ar.at;9 n t ro­

gro.:n o~ t l".e i': notion on~ r.e cou(l.ins ordors. ...r.e :fea:J­

ibla state of the function oa3 ~ot c~ange , nor does tha 

faaai le ~t~tc GL of t . ~ 

io not a;·foot~d. 

11. t ' e t !lird t r "':l o-blo·.r r i!:. ot !i.V::Ul~t.'cllt. Ti:o !"oaaible 

:;,::.J.if!.o s the operatir:.g powe: 

inctr~ction to maka it ~ c~~~t~olo a~ a giv n t~~por turo, 

wit. on9 tarbo-blc~or op~ratio~. 7~9 oor:.ti~an~y ~ves 

ri ss ho:;:-..:> ~o a n o..;. ~ra-.:.. l"l i:l the opera.tin ... rate (po~,ar 

rad.u : t 4 on) . 

'l"n.e cair.. f ~t;.Lr(;S o!' s eh a..'l 0.::' ,:;-'n i~t..i o:'\ a..::& t.he_e!'ore a .. fc _o;;:u 
C.c.· .. 'Il 

i. ;:; · rui't stt.r t!.n~, .ic.t.:.:~i CJ" • c" CJ.."'lge~ in ~he OptJ'ra.ti!"'-.~ r3. ta 

ot t r.e . plti.:.~ 

c! eo. 
11. brin.:; equip:r.a ;1 t ir.•.o se oru..r. nhtan. :eq,".lirad by tho phy311)al 

criteria ot c~.ago~u~; linked wi~c e~c~ !~~ction &r.d ne~ as 

fro= a risi~ oo;uent1al pro~T~. · 

111. po~ ta iink ~ ~~~~ant level to &.1otner excapt t~o~uh atcred 

"ata~os" aince &."\ analysis .s ilOly t:i&t:orac!. o!f 'lfhen t.hore io 

a 'change 1n · ~h3 value ot one o! tha~t~ sta:tes. 

1Ye enau:re that the rate io :::.:.inta.inad oy the se. n.rato ea: a,e:e:n~r~t. 

Ot each function &nU 00nversel7 to ensure t G Cafoty o! tt:.e 

'by titU..cc; tte rate· to tha cana.zocont. limHatio s .. 

F1gurq 4 showa how the progra=s ar.d s ·~-r~t.~ncs of tho o~putor 

a.ro o.rtioula.ted to achieve t~o auto::a.tad wo.:lci.r-6 ·uat doscribed. 
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Via no~ice t l:e f cn.1r -.ar: ri.t; o.! ::!ent l ove:;:; , i . e . Installa tion, 
c:. ~ :;n:.'· li - s~e " li 

F..<.::.ot.iO!lS I ~~.: ;; and Sub -:~-:;;:::,:::::, aa ~oll e.G t.bc variO>lG st&.to 

aszociate d to them . 

E&c~ s ~ to is :c:;;rc-cr. t<:li in t~.a C•l::.p-..:.te ::- by the content:J of a. 

store. 'l'he3e v<.:::.ous ~ t<:.to s tor s are av ::.~._o::.e for use 1-t. e..v time 

·oy r;.."'.y p: o.:;rc.::. ':'!'."po :;to=es act i:ar as :!. :'l to:-fnces; behoen tiH• 

a.utO.:la.'t icn rO(.Ta.':S .,.,. :,.,:eh· <U'G fileci i;. -. he. f :1 o·,7ing :.:a.nnera 

i. 

ii. 

iii: 

iv. 

v. 

analj~-c~l s~b-routina { 

: !lctio::l c:.ana(!oce:nt sllo-routii:a) 

CLi selection sub-routine { 

prog:ra.:?l .rG:D ) 

} 

4.1. ~;1-_L YTIC A!. Su'"3 - RC:J '~I ! :-::: 

cyclic 

.A.n ar.alytice.l su·c-::-o'C.tir.e ie. excc-.:. t.Jd when a siznal cha."lga~ 

of stato o::- ~nen a coasure::!ent or the re ~ult o! a comput ation is co~­

pared with e. th:es~old • . It u~d~tes the contents of the state stores 

by te~ting the val ues of ~1y one of the fo~ followir~ categories• 
Cl!:.CCC';-ly 

1. state of ~ :):~:r~~l~bl~~i on 

11. ccc~rer.ce of e ~~~~ ~riterion 

iii. :~r.ction c~G~=ent cr ~ terio~ 

iv. opera~or roquireoe~t. 

In so:ne c aze:;; the t c.:;; t o!" t!",ese values :s&.y r-e sult .i.n the eendirJ& 

of safety c:dora ~~ose c~ecution oe.nnot be deferred. 

P.oaso:-, ~or 
s t3.l'~~r..g 

Sto~ace •ctio~ re ~~! rud 
upc;.. ';.e C. 

Oy..,_,ra.<:or 
r£;q~ ::. rc:uent 

GO Def&r:ei ~~alysis o! storage CO by 
cyclic p:ozr~ D~A 

1: ..... ~af;,1:Jan-: 

cri -..er;.a 

Sta te 
crit.e:-ia 

Ir.oident 
c:ri~eria 

Op•ra.tor 
req'L.:.iret:ent 

~ !u~ctio~ ~~naJ&~ent s~b-rcutine 

·: -
E.!.. ~ ... r;. .:.!y :r:.:..z~.:;:::ont sub-routine 

U r.sz~:-1y ::~~:im~ sub-_ro tine - safety order · 

ZD ~~>o:..:.bly :Deferred ar.a.lysia of atora.ge ED ayete::~ 
by cycli c program RED 
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Like t!:c analytical sub-rc..utir.e that is only e~:ec ,.~.ted ·11 he n 1a cha."lb'a 

of 5 ;.<).:a of a.., ele::lant&.ry i nf .:>._ati o:; ap pears, th~ ::- :..nu.,ec;.en'; sub-routine i '"' 

wi1en there i.; u c r..:mc:,e i::1 tile con~er.';s of or:a of tile two 

a tor a ;:; .... ~_ : ..-:;:::.::~ or ED fun.;; tion. 
,\s~-=-bly 

s~ch a suJ-routir.e play3 a vi t al part in the orga~zat~cn of auto~a-

tion since. i'; a~:.ie v.Js tho 

a) f.J~~;;~~} .~i':: vtJ: 
asr.eo;, zy 

i. 

. 4•} CLi S 

ir:=.edia;e taka-0\ .. C:" r.:.o -t:.on fro~ a sy~tc:: , "oy ar.c:.har followin~ 
nz:;;e::.:.. lie :J 

an· i r.c:. ··(n: ; a;. s:;rst r.:: l uvel by di.:-ect ordor t.ra:w:::.i ttad ~o :~e 

s;J.b - so"-~.:ences, 

pr~pD..:"ation a.r:d up-da.ti:l.., c:· 't:~o :-.:~ c.siblo :::tate ~~ of. the 

f1.:.l1ctior.. 

lim:.tation c r . .m.:;a:; in v!J.l:;..>, it <ll<i ::> . e quo)sts t:.e exccu -:io.r: 

o! the GLi selection sub -routir.~ • 

It up-datas the fc~i~le 3ta~a c~ th~ ·yl~t 

ma.de or. the varioua GLi value3. 
. GL by coopute"'i ons 

When -;he uE>faty of the in3ta2.l d. ticn re q iros C (~e ·R GL val >.le . t o be 

Jtet which io lonr ~hnn preaeno; otat·o) this s~'J-routi~G i!:zl:ediately a1 tars 
the requested state GD. 

This c;olio proe;-:;;.::1 oo::paru:: ~ r.o prasEJnt sta te E;. a::d t.::-.o ::-e q_'.l~::<; d. 

otute ::o of oa.ch syste :=: at re:;ula..:- intc-:-va.ls ( bout e\·:a:::r ~we:l':./ seconds) 
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ar.d deducee !re~ it t he ~ucc ~si on f sub- e~Jence tables (or liata) 

w~ _ch ~G~ be exec~ted to ceet the requeut. 

T.h e ole of this pz:ot;r w:. i s twofolda 

- f i=st ta=t ., up t ho pcv:e;- h'o-..1se :;ys '.ecs 'tefc,.:-~ the reactor 1:~ 

to f •: : j:JO':i r • 'i".i 3 :' !:ul. t 1~ ob t&.i:lod. by open lopp up- cie. t i ng Of 

re uested state f £ ~o fur.ctio~' 

- oo:::p-..; te ·. t !HI in.s "truct ,;,on po~n"oa defini ng th<l r eactor's 

at :: t :.r~-up ,. :r-owc::r c t.a .. .; ana. sr.ut-dowr.., a.:lowins fora 

i. t~e r eques t o~ operator GO 

pre sent sta~e o!" t : c plant 

ii- ~ e ~ easible state .GL 

iY. rtain c or:s.tants dyr.at:.ic restriction, etc.) 

!t comp tea ~~e inct=ucti on point GD ar.d trans~its the instruotiona 

for each l o p to the auto~at~~ re~~ticn. 

: 1. t r. o au• .... a.t4od aystco c! t he l:onte d 1.Arr4e power platl~ &bcr.tt 
l:iJ:~ in ;; ·:, :s 

4 • 000 :;;ic 1co.la E .. na. l , OOO W:il.;.vc;.;r in ·;r.J.t.:s i~ ve to be sca.!mvd. Th.e auto-

mated roJr~~ ens~es ~r~t about ·140 bir~ . ordero ~e trnnacitted ~ 

tne s b-aysteJ!Ul a.nd a.::out ten i ~ t::'\!ctio:: s to t ho ana.lc(,)'Ue re~&tion 

l vops . It is daoi.~ed brCund two c~ 530 co~pwtera of 24,000 ~o=da 

coro-::e.:.o:-y . . eft.Ch. !n OO:'l ·u!IO'I. i on with two 200,000 wcr~! dr..lJil&·. The 

tT.·o s yste::J:; e.re linkec! fe-r c::r.crgency takc-ovor, witl-. o. e syst.ac O.oing 

1r.l1 tho proces!:in.:;. J..r,e.r t 1:.:-o:r ita &~to;;;a.tod func'tio:< ·, the ccrtpu"r 1n 

us a n~turally proc ~ ss es a.nalo~c &rul dici tal da. ta, monitor a b\4I'at ca.na 

a.nd does ao::le co::~p-Jt&tior.D. 

~ha ~:~air. !e&tures o!' a.U~c::~a;io:-. tlrc6-ra.:r.::Un~; aro1 

1) ;.!odul!l.:' wur;.:.i!'l'l 

£ach aub-routinG i s ~~ i:~~per.dent u~t, whrc ~ up-dates & atore 

ar.d le~s anott er s~eoialize d sub-ro~tir.o annly6c t:.& e~fect ot 

th~ c hance of state of that store. 
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F.er.ce it i.:; ttuito c sy to mod::.f;; t.!.e "ir. 'iJ.~e " sta te c:-itor.:.n o: 

Or.ly t: :: c orraspor.dinc s~b-rout::."o will be c:..~ ta::- a d, the oula..-.ce 

of t · .e !l t ::-1.:-.~ ra!!:aini.. .~ v::. id . 

2) ~cr-ec -~~ · li ty 

'lr.c icen tical s u· -ro'J.t::.r.c.:; or,;a . i~a.;ivr• is t o ·-e found at e..l 

evels of divia!on (analyt::.cal , ~ar.u~sr :~ ~-.d cyclic s'..lo-ro ~i~es) . 

~ i "1ravj.~y_ _ 

.t.t each .:;ub-rou t ir.c :.s civon a wc.l 'e!"i::cci. · ..trt, i<o in sho:::- .. 

c.';; out 30 to lOO \70::.-C.s o!" 1!3 t! i::;its pc:- sub-routine }. 

4) Le :: <ru [.g a 

5) 

6) 

Twar.ty S?ecial i r.s truct! :3 c.ra s"Jf: i cier.t ~o :.r ocra.::1 a ll t i'.e::;e 

· u·:J -:'Outinas. '.r:,e inctruc tio::s ti:I..S e:;,a·oor'-ted ae fino the 

or. · .. . .; o: u ~:::...-.~ u.:-.C. t i'.c c a :y w:-i tir:J of 

OFaru t ivn;;. b: oc t: di .:::::- ~ :. - on t:.o oth\: !", tt ~c it pos!l ible 

to :;-.: tcr. ovu:::- d.:.rccily :'::0::. -. :-.a b.o_. C. i &..;ra.::: to the pro-

?ro.:=-3.;: a.l'tor ntio:::; are :.~b/ c _F-os:;i la r.hilst p::-oc.:l:sint; in 

~·ea.l co::-.pu ter •i::~e and 't!-.u ::: e .. a·ole t r.e aut o. a~od syste;:J to 

·oo e.cjucted ra.pidly e.a t e ~'tir.c of ar.d. LU. te::::-&t~cr.s to cucl':an­

icnl eq~ip~ent p:::- vc ec d• 

For cost c irc uits llnd a~ o. t::.r.:. .:' . .,;. ·n ~ : e :- isa ir. ?O·.vor trials 

are not yet c o:nple~ed, the :.:onto C. 1A:-rco E:L . ~ . pov:er sta ti•m is 

o~erating , utilizino the poss ibi~itio G o~fere~ by the au .. o~atad syGte:n 

just liE:sc:ibed. 

For t~e record, t~iD systo= c~: be exten~ed wit~out difficulty 

to include adoitior.al levc_s of :na.r.nge::Jcnta . . 
i. dowm;tU"d:J J)y e:ltrusti r..J the co:Jpu .. e r v.i 't:, tile lt;>nage:r:en1. of 

sub-routines, a;. idoa wh!ch was not envisaded when EL.4 was 

developed, 
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ii. up~ards by a~tac!i~ t r.o r9ques~ad state GO to the c r~aoteriatioa 

of the nebork . 

~i:. i!J or~u.:-.iz u.-;ion i;; par-; i cu a.r:y int_erastint:t i n the case 'o.f univt~raal. 

oquip:::cnt.,. a. s tr.e !"t.<nctio~a.l l inks botween circui ts &.r.i the con!ig-..u-ationa 

a~o th~s r.~~~ous. In t~e case o~ the b l ock di~am (where l i~~s between 

tho equipmen t of ono sa::.e c::rcuit are rieid) ~his or0 f.l.."lizat1on could et~ 

st:e~l !r.cd to a conaideraole exte~t. 
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Instruction Requested state 

/ 
t 

Present fea.sible ... Regulation Change of ~tote ~ ,.. ~ state .state .. automation regulation ~ 

Measurement .. ~ EA fR level 

Orders '~ j 

to lower 
level 

'~ ~ ' 

I 

... ' ~ , 
Regulation Digital orders 

Actuators 

I 
I 

I 
i 

Measurements 

Fig. 1. Outline structure of automated system 
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AN EXPERIMENT IN TH.E . AUTO~~ATIC ·CONTROL OF 
PO J.! ER GENERATION ~N .A LIMITED ARE A OF THE 

C. ~.G · . B. 
by F. Moran and J. N. Prewett 

Central Electri city Research Laboratories 

Leatherhead 

Engl and 

1. Introduction 

In an earl ier paper1 the requirement for .the automat ic loading of the 

generating plant on the C.E.G.B. system was foreshadowed and it was indicated 

that the control system would probably be predictive in character. In order 

to clarify the technical and economic issues relevant to this development a 

l imited experimental scheme was designed and installed on part of the C.E.G.B. 

system~ 
In this paper the design aspects of the experimental installation will be 

discussed, t he physical system will be briefly described and "the ·results 

examined. The implications of the work in relation to future fully automatic 

control schemes will then be indicat ed. 

2. Control Objectives 

The design requirement was for the automatic loading of the generating 

plant in as economi cal a way as possible subject tol-

(a) the maintenance of a specified level of system security* and 

(b) the provision of specified spinning spare capacity. 

Control of reactive generation was specifically excluded from the scheme 

as was switch1ng2 and it was fUrther limited in only being required to load 

generators aftar they had been manually synchronised • . 

Load prediction was regarded as the key fa.ctor of t he loading operation 

and _the design called for the inclusion of automatic load prediction. 

Emphasis was placed on the faot that the scheme should b~ fully automatic 

and the operator's role (see Fig. 1) was tol-

(a) update the constraints defining permissible control action in the 

light of new information (regarding, for example, plant capability) 

and (b) to initiate action should the cont rol system fail to f ind a loading 

pattern satisf~~ng the specified constraints. 

3. Design Requirements for the Experimental Control_ Svs t em 

From a consideration of the control objectives, the following guide lines 

to the design were settled1-

.,. defined as the loss of e:ny ~ouble ci.!·cui t hi gh vol t age line or the l os s of 

the largest load being carr ied on an individual gener a tor 
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(1) the system would be pred_ctive in character requiring load predic­

tions to be made (see F·.ig. 2) ats-

1.1 2 hours ahead - for uee in the loading pr ogram 

1.2 ~0 minutes ehe&.d for advis ing stations of expectec loe.c 

changes and for the main reversienery control mode 

1.3 a few minutes ahead for use in the actual 1 ading operation 

(2) it would be a digital system to give the req~ired flexibility 

(3} it would execute load changes directly on the turbines 

( 4) it woulC. be a cyclic systetl_ i.e. · the requ:red lcadi:ngs of a 11 

t:~achines would be instructed at regular time intervals 

6..."1c! ( 5) the periodic time of the loading cycl es ehould be as long as possible 

consistent with the economic operation of the system. 

4. The Selected Syateo Design 

Tne system design finally selected for experimental assessment is shown 

schematically in Pig. 3. 
It comprised a central digital process control computer whose main functiOD 

was to generate the loading instructions, these being transmitted in digital fora 

at reguj,o.r time ~~~rvale of t~ mnutee to the power ste.tiona. The instruction. 

were acpepte~ at_ the stations by machine controllers vhioh loaded tbe tarbo­

generators ·in accordance with these instructions. 

4.1 Loading Calculations 

The loading cal~~la~i~ns 3 followed the C.E.G.B. practice of merit order 

loading; spinnir.g spare being allocated to the most uneconomic plant, generally 

by :running sufficient of this at 75% ~.C.R.+ to make ~P the requirement. 

Security checks based on group limits were incorporated into the loading cal­

culations. {The group limits defined the pel'lidssible power flows into, or out 

of, selected groups of stations and load points). 

A second loading calculation was made every :50 minutes in 'lfbioh security 

was more carefully examined by a set of d.c. lo&d flow oalculatione. The 

resulting 30 mnute target ou tputs were displayed at the stations and stored 

for use in the reversiOn&-'7 mode {see Section 6.5). 

4.2 Loadine of Pl8llt 

The machine controllers interpolated inearly between the digital instruc­

tions to give continuous desired values for the generator outputs, these being 

controlled by feedback loops as shown in Fig. 4. By this means control to 

within ~of the instructed values was achieved. 

The machine controllers also contained frequency loops wbioh could biu 

the desired value, in accordance with the deTiatioa. of frequency tro. 50 Hz. 

* variable from 1 to 10 + .ax1mwa oontizmoua ratinB 
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Two po~·er/frequency characteristics shown in Fig. 5 could be selected as 

required; i f t he fi r st were choeen t he set would regulate with a linear droop* 

whi . coul d be pre set bet ween 1 and 107~, ot herwise the second -characteristic 

gave no response for normal frequency deviations but a 4~~ characteristic 

should these become excessive. 

5. The Experimental Installation 

5.1 The Test Area 

The control scheme was ins tal l ed in part of the Boar d's s ·st-m covering 

t he South Wes t corr,er of England. 

The ins t alled generating capacity totalled some 1800 J,f\V and the bulk of 

thi s pl ant, i n three coal and three oil -fired stations was directl y controlled. 

In selecting the area the essential requirement was t hat i t could be 

electrically isolated from the main sys t em so as to enable t he par f oi'II!ance of 

the frequenc' ' cont rol system to be exami ned. This choice di d, however, result 

L~ the experi ment being carried out on old plant not typical of the large units 

currently be:!.ng installed. All t r.e controlled sets were within the 30 to 60 w:· 
range L~d t he boi ler plant was almost entirely manually controlled~ 

5.2 ~e Control Eardwei e 

The cont rol hardware installed for the experiment comprisedz­

{1) a Ferranti Arsue 200 computer 

(2) lill operators console 

\3) i nterposing equipment 

(4) & telecommand system and 

{5) ;1 machine controllers 

Thie was additional to the existing telemetry system which supplied the eo pu t er 

with data (linp-flows, switch positi ons, station outputs, etc.). 

The computer had a data store of 16,384 12 bit words and a program e tore 

with a capacity of 10,240 instructions. 

The operator's console (see Fig. 6) provided facilities for the operator 

to monitor the performance of the control system, the principal m~dium being 

two cathode-r~ tube displays~ 
Two typical machine controllers are shown in Fig. 7 and the oper t ors 

panel for insertion of constrai nts in Fig. S. The controllers contai~ed 

comprehensive protective systems to guard against all credible control system 

and associated plant failures? 

* defined as t he ratio of the percentage frequency change to the corresponding 

power change (expressed as a fractio~ of M.C.R.) 
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5.3 The Control Prog-rams 

The .Principal computer prograras v1ere those associated with the loading ot 

pla."l~ , the assessment of security and communication between the computer and 

operator through the control console and display equipment . 'l'he relative 

magnitude of each task is shown in Table 1 . 

Prop;rB.!ll 

Hetwork calculations 
Plant l oading 
Console 
Display interpreter 

'rable 1 

Princioal Pro.~ams 

Input (analogues and a paper tape) 
Supervisor 
lata logging 
Load prediction 
Teleco!lllllalld 
Minor special routines 

5.3.1 Loading 

No. of Instructions 

2400 
2300 
1700 
1350 

800 
500 
500 
300 
250 
100 

1 .e plant loading program followed the following steps:-

(i) it f irst calculated the required generation G(t) at the end of the 

(ii) 

(iii) 

next t - minute interval from the expression 

G(t) .. L(t) .. Kl A f(~) + K2 Loa f(r) dr .+ PT(t) 

•here L(t) is the pre icted load, 6£(r) is the frequency error at 

tice T, PT( t) is the required area export and K1 , K2 are program 

constants. 
• it then allocated to each g enerator the minimum load ai (t) found 

ft'om the ( t + 30) ca.lculation (see below)'. 

starting with the cheapest generator it increased each output 

xi(t) in turn as much as possible without violating 

~ x1(t) 'G(t) or any generator, station or group constraint. 

(iv) it t hen calculated tb~ tot~l spare capaoit,y. If it exceeded the 

req ired spare t he allocation found in (iii) was accepted as the 

set of generator targets, if not it proceeded t o step (v). 

(v) it then increaned the spare, generally by transforring load from 

on~ eenerator to a core expensive one L~d ~hen returned to step (iv). 

This p~ogram only minimised the cost at the instant ( t), whereas what 

was required was a minim~sation over ~11 time i.e., the problem can be expressed 

a aunicisir.g ;ne integrals-

/ [ I>ixi ( t)] d\ . 
0 
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where c1 is "he incremental cost of ~enerator i and the xi are subject to 

satisfying all the co~straints on the generating plant and transmission sys tem 

over the tice interval (0, T). 
Whilst this min~misa"ion was not practicable an approximate solution was 

found by constraining the calculation by one carri ed out for t i me (t + 30) , 

this again being cons t rained for one for t ime ( t + 60). 
5. 3. 2 Network calculations 

All network calcula.tions used t he d. c. appr oximation to the nodal 

equations of the ne t ork. The nodal equations are Tl s 1 

where Y i s the nodal admittance matrix 

V is a vector of nodal voltages 

and I is a vector of nodal currents 

All elements Y, V and I are real ~~d currents are taken to be numerically oq a l 

to real power f lows. The admittance matrix was fou_~d by inver t ing t he impe~~~ce 

matri x z, which was permanently stored. 

The matrix Z was built up initi l ly f=om a single node, by adding new 

nodes and branches. Changes in the network throughout the day were specifj ed 

to the comput er as actual changes in switch and isolator positions, automa·.i cally 

telemetered into it , as they occurred, or insert ed manually as projected c' .anges. 

Z was t hen updated by suitably adding or removing nodes and branches? 

5.3.3 Securi ty Checking 

The first step in predictive security checking was to allocate the 

predicted load to load pointsJ for this purpose 'load ratios' measured e ery 

15 minutes were used. 

The calculati on of the power flows r esulting from the loss of one or more 

branches was t hen calculated by leaving the branches in service but injecting 

into (or removing from) their terminal nodes suitable currents? 

6. Experimental Results 

The experimental reeul ts rill be discussed under the three topics of 

automatic prediction, load dispatching and frequency control. 

6.1 Automatic Load Prediction 
6 

Two methods of automatic load prediction ~ere developed, both tilising 

onl7 past and current load data. 

The first method7 depended on the spectral decomposition of the past load 

record into a long term trend and a residual component. It proved promising 

in off-line tests but was unacceptable on-line, as the prediction errors, 

P&rticu.l e.rly at the time of the peak evening ~emand, were excessive, due maihly 

to riYldom measurement errors. 

'l'he &eoond approaoh aou.gh~ to exp~oU 'direotl7 the e-neral similarity 
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t hat exists in the load p~files of successive days. lt therefore used the 

previous day ' s load curve, this being sca led by a factor depending only on 

~~~ent load (for weekends the previous week's data waa used) . Ita perforoanoe 

was superior to that of the correlation me thod and, in pru-ticular, it aigni­

fic~~tly reduced th~ errors a t the evening peak, as can be seen in Fig. 9. 
This shows t he r.m.s. errors for the two meth~ds for predictions 2 hours ahead. 

A corresponding improvement f or shorter prediction periods was achieved. 

A relati onship between the var iance var (t) of the prediction er~or (for 

the sca ling me thod) and the time t hours ahead of the event was establ i shed &al-

var ( t ) • a+ bt t > 0.1 

Numerical v:aluea of a and b for t he best fit of this model to the test area 

'lata were 57 r.r1f and 267. ?JYrf/hour respectively, taken over the daily load cyclt 

when the load Va!'ied between 700 and 1700 MW. 

6. 2 Load Dispatching 

The first questions to be answered8 stemmed from the emphasis on predic­

tion in t e control system desien and related to the eff ectiveness of the 

Sln te .. !>ecuri ty c!1'3cks ar.d the usefulness of t he predicted station loadi:l.~. 

6 . 2.1 'ecuri ty Checking 

1ne security ~r the system was predictively checked half 'hourly. In the 

ev m1 t th"l s:rs tem could e insecure, as a resul t of two factors, 

( a ) errors i n t t e predicted line flows 

and {bj erroro in ~he estimated changes in the line flows 

r e l tin from all line f aults included in t he security requirement. 

I '-·'' s sho ·1~?at errors of the_ first 'kind would be of major significance 

and thei r ag:ni tudea 11ere therefore experimentally d~termined. The data, for 

a typi cal ay'' . o;>er a t .ion in parallel ri th the main system, .is shown as a 

is to~ar. in ·g ~ lOb and gave errors in predicted line flows, of ,8.3 MW 

r.m. s . f or linea ins ide the area and l5~·b L.'V/ r.m.s. for those crossing the 

bo d!lr'.f . ?or an insecurity t o . have ari sen the error in the prediction would 

have had .to exceed the margin Gf. e.bout 50 1~.1 between the overload trip aettiD8 

and the r.~.xi.mwn permi !:. ted post f ault line ·flow adopt ed in the security cal­

culation. ' ) '! e ratio of abou t 6 :1 between this margin and the internal line 

;' ov1 r . • .a·. enar· showed a neg ligible risk of..:anknown 1nsecurit7. 

:· b. 2. 2 Pr erli c tion of , tation Loads 

A .t pi cal histoe;ran of the departures of station output f rom the 30 -
mi~u ~ tar~ets i s shown i n · Fig. lOa. Tne r.m.s. error was 13 KW, i.e. about 

4~ of ., the .avera.ge stati.on capacity and this was found quite acceptable both 

wh n t he stat i ons were follorl g these targe ts under the. reversiona.ey mode o! 

opera~i on and for broad gui ance when following the t-mir.ute targets. 
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However, the variati ons in out~~t cal ed for oetween successive t-uinute 

targ~ts did present operational problems . The corresponding t-min •te t arget 

erro!"s were about ~, r.m.s. for 5 minute dispatching and again this was 

considered very satisfactory. 

6. 2. 3 Control Ratio 

It became clear early in the exper~ent that t he total amoun~ ~ : l oad­

changing was considerably in excess of t hat normal ly experienced un er ma~ual 

control. This was quantified as a control ratio defined as:-

Control ra t · o ·uo of changes i n genera or out~u ts (regardless of si~) 
ne t c~ange in generat~on being i nstructed 

Under manual control this ratio is nearly uni ty whereas under automatic control 

it varied lfidely during the day. For exMple , du:ring a typical coming l oad 

rise, it was ~bout 1.4 but l ater rose in t wo half hour periods t o 5. 8 and 3.4. 

These high val ues arose from the assiduous attempts of the computer to 

maintain spare on the system precisely at the mini!!!Wll specifad level in the 

most economical ~ay and relat i vely small ch-nges in the dispa tched loaa were 

accompanied by considerab_e real locationa o~ generation. 

The apparent economic gains thus achieved were, in pract.!.c~ , -re ':> h y 

offset by increased . ope~ating costs a t t he stations. An upper limi. to this 

ratio of 2 would appear reasonabla ~~d some modification to the rules de1ining 

the loading procedure are needed to achieve this. 

6.2.4 Constraints 

In th~ desi.gn. stage the cor.stt:aints thought adequa : e to de f ine plant 

capability·.we.I_"e ·. ca.umum ·~a miriinr..;:c. generatidn, ~ii!IWll atep change i n output 

and- III8.Jd..mUm rate· <it change of output~ the~e being defined f or ea:ch set. 

· These were .iaund to be insuf!i.cient · ~. ·ll~cti~e • .. !Jnder range operation 

the station capablli t;y was often ii!:rl. t~~ ·.to. 1;he- regU.latil>n tha~ could. be made 

·b;y only one boi~er. 

therefore included. 

Station constraints, siudlar .to the set cons trai.n~;s were 
. . . : . 

Forbidden l oading z~es ~ whefB the 'governing syste~s unted 

were also f0UD4 .essential • 

. The loading rates were found to be critically deJ=e·ndent : on the warning . 

received at t he stations. At the start of the experiment no warni ng or t­

!Unute loading was given and load111~ .rates -mtich below those ·us.~<i unde~ ll)8.n •al 

COntrol had· to be adopted. ·· It was ~bseque~tly shown that oetween one .and two 

llinute.s •arnina- was adequate to restore t.~e ori~ . rates and this wa!l incor­

.>orated. This need for warning is not · primarily asa~ciated with phy,~ical 
Plant lags but with the necessary communication, under range operat.~~ •. be tween 

the several boile; ~perators before any action is initiated. 
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6.2.5 Cost Savings 

The cost savi.l'J.Bs arising from the increased frequency of load dispatchiDc 

possible under automatic control, was asseso d from an off-line simulation 

exercise, as sufficient time was not availebl~ to e~able a s tatistically 

significant comparison wit. manur : ontrol to be made by a prolonged, direct 

experiment in the fi el d. The necessary cost data was, of course, obtained 
• .. 
~Q1Jgh the experil:!ent. 

Using the simulation the optimum dispat ch* was found for a typical ~'• 

operation and also ~he incremental costs for meeting load changes at each level 

~f demand t:t>.rough regulation I o:r~ the sets free to respond) 'tlere established. 

Tr.e cost penalty fo:r dispatching only at t-minute intervals was then calculated. 

from the product of the prediction error for time t-minutes ahead and the 

diff ETentie.l cost bG tween regulation and optimum dispatch. Tt~s calculation 

showed "hat a dispatch period less than 15 minutes (corresponding to a predicti 

er:::-or of 2i5-~) must be used· if the cos t penalty was not to exceed o.2%. If the 

predi ction errors under manual dispatching, as deduced from the observed 

fre uency fluctuati ons, are taken as about twice this value, i.e. ~ the direct 

cost savings a t tributable to automatic control are about 0.2'}~ of operating ooatll 

1. very significant observation supporting t r. e view that real cost savinaa 

are likely Wld.er automati c control is sllcwn in Fig. 11. The outer boundariee 

,a, and 'b' show the range of coste, against total generation, averaged for a 

few days r.mning under nor:nal au tomat c control. The narrowing of the range, 

shown i n the shaded area was achieved by displaying additi~nal information to 

t he control engineer, notably which constraints were being invoked. 

Coupled with &."'JY cos t savings credited to the automatic system, were, 

of course,· other benefits ~~eh as more consistent a.~d improved security and 

better allocation of ~~ng spare capac~ty. 

6.3 The Performance of the Frequency Control System 

In ~~e system design provision. ~ made for the control or frequency b~ 

the inclusion of frequency terms in the digital algori t.luns to rE::t.ove the slower 

fluctuation _(see Section 5.3.1), leaving the faster fluctuations to be reiiiOftd 

by the analogue frequency loops. 

Several top~cs for investigation were thus raiseda-

(1) the possibility of interaction between these two mech&nisma 

(2) the stability and performance of the analogue frequency loops 

( 3) the extent to which th& number or machines chosen to regulate could be 

reduced and 

{4) the rules governing the selection of machines to regulate. 

* this assumes oontinnou l!l&tch:ing of the diepa'tcbed load to 4.-nd 
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6. 3.1 Interaction between the Digjl. tal and f,zral. OB'.l9" Systems 

This topic was studied analyticalLy by Jer.kin9 and Farmer10 who. concluded 

that a fairly simple stability criterion existed provided ~aat the load dis­

patching cycle was not repeated more frequently than about every thi.~y 

aecondsJ this being 

KT 
~ -IS.< Kr' 

2 

where ~ and K2 are effectively tr.At • gains' of the digi.tal frequency and time 

error co~trol loops (see Section 5.~.1 and Kr is the ~n G( the analogue 

control system. 

It is clear from t hese conditions· tha t if improvements in !rtrG,ue. cy contro! 

are required these must be acr~eved br increasing the gain or the analo~e systemJ 

(possibly followed by increasing the· digital gain)J any attempt to achieve it 

purely by stiffening the digital system will only lead t ·o ins ~bili ty. 

6•3.2 The Stability and Performance of the knalogue Loops 

In view of thi <J the stability limits of the analogue loops were 1nves­

tigated:1 Preliminary studies showed: these· to depend in s nor--Unear manner 

onr-

(1) 

(2) 

th., net gN.n settings or the frequency and power loo~s o!' a-1 '1:!-A 

regulating sets 

the total inertia of a.ll generators 

and (3) the net gain of the primar,r governors of all the generators. 

The predicted stability boundary is- sh\)wn in Fig. 12, and this was 

confirmed experimentally by increasing· the loop gains until the instabilit.T 

waa reached. 

The consequences of exceeding the stabilit,y limit were minimised by t he 

inclusion ;)f ra'te limits on the analogue· loops. . The ~esulting bounded frequency 

oscillations were then typi~ally aa shown in Fig. 13. 

6.3.3 The Quality of FrequencY Co:ttrol 

The quality of trequenc7 control was assessed trom frequency recordings 

made during isolated operation ot the test area!1 

The effectiveness of the analogue loops in controlling the random 

fluctuations ot frequency was measured during periods of steady load, the 

r.m.s. deviation being atout 5 x 10-} Hz compared with six times this value 

under manual control. Thir corresponds to a range of variation under automatic 

control or about 0.02 Hz. 

The S!dn of the analogue loops d~r.l....':..J the morning load rise, when the· 

digital system was calling for high rates of loading sirultaneously on a number 

ot sets, was reduced to about ,halt the expected value. This was no doubt 
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because mar~ eets were being hel d a t their rate limits by the dispatching 

system and were thus unable t regu_ate, at any rate in the uvRard direction. 

Gener ally t he response was cor.si s "e~t with that to be expected only from the 

sets part loaded a t a steady value. 

6.4 Grid Control Faci! i ti s 

Tne data flow throu~ "he operat or's console, at t le Grid Control Centre 

was examined for two y~poses : -

a) to ehow up ~v shortcomi ngs in the facili t ies 

b) to clarify the operator 1 s taslt under autoll":F.i.t io control, this being 

(1 ) to enter oh&~ea in plant oor~traints 

( ) to apply constreL~te for ~~insecurities not covered by the group 

limi te 

(3) and to enter estimated load or generator values wnen the telemetering 

system or autQQ&tic l oad prediction were suspected of being in error. 

This data was entered i nto the computer thr~~ • a keyboard containing a 

emall dis l ay unit~ The principal usage of the keyboard was found to be 

inf or ming the computer of (a) generator states (on average ~ times per hour) 

(b ) actual outputs or maxi= load (4 ti~:~es per hour) and (c) asking for the 

are~;. lload ( ttri ce per tour ) . 

T:1e main display system was able to draw any one of the 50 different 

·characte~s (up to a total of ~900 characters) ~here on either of two CRT 

screens rithin a matriX Of 80 X 64. The data formats "'ere stored in the 

computer as a special display language (Diec);2 the three most used displays 

being \a ) the ~0-minute targets (8 times per hour), (b ) the t-mi~~te tar~ta 

(~ times per h~~) and (o) computer anomalies (5 times per hour). Comparatively 

l ittl e attention was focussed on the aeeurity of the network. 

6. 5 enrsionar;y Modes and EQuieent Reliability 

The equipment instal l ed was designed to be highly reliable but automatic 

revereionary modes were provided to cater for puch failures of control or 

tel ecoc::nmieations e9uipment as might. occur. The main facilit)" to help il'l 

reversion consisted of a eet of manual setters on the control console which 

could be used to send 30-minute target. when the computer was out of commission. 

7he expected patterns of reversion for the principal faults, in increasing 

order of severity, are sbown in Table .2 .. 

lllring the experi.cent all these types of reversion were tested. They 

were found to be very eff ective in dealing with these si tuatiOn&J in particular . 

the operators found tr~t they could control the system very conveniently 

through the manual setters for prolonged periods. 



73 

The reliability of tne equi a ent generally proved to be ver,y high!' 

Faul t rates for the total instal atione at the Grid Control Centre showed an 

expectancy of one fault every 7 dqe, whilst the i'.igure for the machine 

controllers waa about one fault every year. 

One machine 
con"'roller 

One telecolllllUllld 
ll:.k 

Interposing 
equipment 

llinor oompt1 ter 
defect 

Major compt1ter 
defect 

Telemetering 
equipment 

ro!U. 
Principal Revereionarz ~ 

Items Affected ReversionarY Mode 

One set 

All eete in one 
station 

Manual control of the set to the 
stored ~min. target, thereafter 
to ~elephone instructions. 

~utomatic reversion to stored 
}0-min. targets, thereafter mannal 
control. 

Possibly more than one Automa~ic reversion to stored ~ 
station min. targe·te . Thereafter 30-min. 

targets cOlllpllUd automatically and 
set ~ly on the consoleA 

All stationa 

All stat:!.ona 

Some 4ata 

Automatic reversion to stored 
}0-'lli.n. targeb. 

?or about .aura }0-min. tarpts 
already computed and printed out 
set lll8mlally on the ooneol-e. 
Thereafter N'ftrsion to tu.ll 
mmmal control. 

Va1ues ineened manu!Llly. obtained 
b7 'telephone or estimated. 

7. F'tlt".u-e Possible Dev-elopmente 

Experience with the control system has indicated I80JII8 areas where uae.1'ul 

technical ohanges or denlopmer ta could be ~· particularly in a-

{l) reducing the work load on the oper.atar at 'the Grid Control CeDU..• 

(~) reducing the control activity at~ rlati.oml (i.e. the control ~1)), 

and {.~) reducing the -coutrainta on generator load .changes {mainl;y i'mpoeed _ .. 

by boiler plant) by ~i table control .aotion. 

The first would be considerably helped 1!7 the Cl"tomatic tranamiuion or 
data relating to plant capability directly "from the •taHon into tbe oeatraJ. 

comp-.:ter. Thie would halve th.l operator'e -.urlt l.od :immediately. Si.gni­

ficant improvements could also be made in the -console facilities, e.,g. 

(a) the eimplification of the operatl:on or ~ ikeybo&Td. 

(p) the remOval fro• th-. dieplaye ll£ :1rre.lnmrt -data {e.s. fizd i1a-ta), 

{c) the eeleotive urldng of 4ata to ~ U -to the operotox'!h a-ttetion, 

(") the automatic estimation ot da1"& duri.lv ~E.l:emeter fault.. 
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using in the loading program dynamic increoental generating costs t hat more 

t~~ly reflect the implications o : :arrying out load changes t han do the 

present statio costs. The development of methods for ganerati~~ ~-namic costs 

is, in itself, a major programme of work as these should proper y t&ke in~o 

account, both the reduction of efficiency duri g load cha:'lgfls and the 

cumulative effect of l oad cycling on plant life and availability. This aspect 

becomes more important as incr eas ing amour.ts of . uclear pl~~t are installed 

characterised by high capital and low fuel -cos:s. 

Some expedients such as ~educing the f=equency of instr~ction or 

elaborating t~e rules incorporated in the load program could help in reducing 

the cont roi ratio~ 
At the sta tions ~l l uee was no t maue in the manipulat!on or the boilers 

of the predi cted information available. 1bi e teoned , no doubt, from the 

difficul t: es of r ange oper t l on, the gen~r~ l acK of au tomatic boiler control 

and th~ i nadequa te di splay or t hi s info~1a tion. 

1~e direct injection of the prs'ictions into t he au tomatic boiler contro. 

sys t~m of a modern unit and the anslys · s of the di splay problem in this o'ontext 

are the 1 . eo or a ttack propose here. Some work haa already been sta: ted on 

t he i~proveoent in reRUlating capabi li ~y r ea iting fro~ the optimised feed­

forwar control of the boiler. 

The other major ch~~5e vi sualised in the stations is a s! ift f=om indi­

vidual machine control lers to sta t i on con·rol~ers , these b~ing f.e~ib!e 

digital •yste~s ~ capabl e of takinl acco~~t of both unit a~d station constraints 

and able to update :.he central corapu'ter directly, e.e cention~ .. aboYe. 

8 . Co:~clu~ ion 

~ne con trol eyatem that has be9n described r.aa found to have operational 

potentialities which qualify it as a satisfactory basis !or ~he application of 

fully autorr~tic control on the c. ~ .G.B. system, as and when ttis should p~~ e 

desirable and necessary. 

The l!mphasis on prediction was sho·.m to have been justified and thie 

f eature should be retained in ans ru~~· deeigna &8 it enabled the deaired 

level of security to be achieved at minimug coat, taking tull account ot the 

'1-..r.own plant constraints. It also er.abled a his:hJ.¥ ne:d.ble loadin& prograa 

to be developed. 

Tr.e major shortcordng waa a lack c! appreciation ot the operational 

~roble:n that ;rculd arise at. the atatiou in ~~atchi.Dg eteaa production to the 

oad changes icposed on the twoboseneratore. Aa hu been aaid thia aapeot 

~Jat receive proper atten~1 n 1n the tuture, bearing 1n mind the difference• 

betwe~n modern sta ti ons and those used in the expericent. 



75 

Finally, ~he lQOk of a clear demonstration in t he experiment Of the 

expectation of substantial economic benefits from the application of full 

autow~ti c control shoul c not be taken &s too discouraging. This is to be 

expected when an automatic system is compared ~ith a ~ighly developed manual 

control technique carried out by skilled operat ors. That the automat ic system 

was more consistent in disch&rSing its task and that it f~eed the men from 

routine work to concentrate on future problems is not in doubt. 
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Fig. 6. The operators console at the Grid Control Centre 

·.:· ·. 
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. Fig. 7. Two controllers and the telecommunications cubicle 
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Fig. 8. The remote control panel for a machine controller 
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At first glance, electric utility systems do not seem t<> suggest 

challenging systems engineering problems. They operate with a high 

degree of reliability and economy and moat users assume that the output 

is at a constant voltage and frequency. Power engineers ha e long bten 

aware of the complexities of large-scale power systems. The adven~ 

of matrix methods and digital omputere has enabled them to attack 

difficult problems in generation, tranemiuion, and distribution. 1 The 

availability of these tools and the popularity of control theory hae also 

stimulated control engineers to look at power system problems - a.nd 

there are enough probl~ms remaining to go around. 

At present, electrical stability and steady- state economic d1s­

patch problems have been w.ll-posed and essentially solved. Computer 

analyses 1• l, 3• 4 have been publiebed in both areas and only ref:nements 

remain. However, the problems of _ contro~ of large power systems under 

large and long load disturbances and of ~dentification of interconnected 

•ystema !rom on-line meaeurements still require attention. 

It is the purpoee of this paper to describe a block-diagram llmu­

lation appro.ach to the study of dynamic · etability of large steam-drtven 

electric utility eyeteme. First, we define etability in terms of the opera­

ting conditione uf a power eyetem under varioue disturbances. 

There iS the ·case of severe tranemie eion network fault• which 

· c~nae the ele-ctrical confipration of the network and the load. Durina 

aRd Uter the fault,_ all the aeneratorl muet be kept lyncbroni&ed Or be 

l'emoved by protective relaye. Tbi 1 can be called the electrical traneient 

stability problem where the anaJea 8i(t) of a~l machine abaft• muet return 



90 

to values determined by the post-fault load. This problem in Lagrange 

stability has been effectively solved 1 and the programs have been availa­

ble for· some hme and are in daily use. 4• 5 

Another case of importance is when a large load disturbance does 

not. cause a network change and does not exceed the spinning reserve of 

the system. Such a load change is distributed among the generators of 

the system as follows: 

(1) Load distribution which is directly proportional to the 

synchronizing torques of the turbogenerators, according 

to the location of the changes occurring within the system. 

Tb1s distriktion is associated with electro-magnetic 

transients occurring over relatively short time intervals 

in synchr.onous machines . 

(2) Load distribution w~ich is directly proportional to the 

kinehc energy of the rotating masses of the turbogenerators 

of the sys tern and the rotating maases of the consumers' 

drives. Coverage of the load increase derived from this 

kinetic energy results in frequency changes. 

(3) Load distribution which is due to the action of the indlVidual 

speed governors of the generating units. 

(4) Load distribution which is due to the action of centralized 

frequency and tie line control. 

(5) Load distribution which is due to the steam-generahon 

behavior (boilers) and which is of extreme importance 1n 

the case of very large load changes. 

In this sfudy, the model used includes only the physical phenom"!na 

de se r ibed in (2) and (3) and not of ( 1 ). The inclusion of (4) and (~) would 

would be straightlor~ard if simple input-output dynamic models were 

available Cor the dispatch computer and the boilers. Boiler models have 

been developei'• 
7 

but as ~et they do not reduce to tractable block equiv­

alents. The electromagnetic- transient state (1) is accounted for in fault 

stability studies. The torque changes due to load disturbances are usually 

less than those due to faults so we make the asswnption, which must be 

verified in every case, that the system is etable during the epoch of 

.electromagnetic traneiente (about 1 eecor.d). Until boiler .and load· 

frequency controller modell are included, the effects of a continued load 

disturbance are not accurately modeled eince we asswne constant eteam 

pressure anrl no action from supplementary generation controls. 
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Thus the main goal of thh study is to obtain an adequate and 

relatively simple mathematical model for predicting frequency and active 

load transients which accompany sudden load or gene ration changes. With 

the auumption of constant boiler pressure the time interval of relevance 

is from about 1 to 30 seconds after the load impact. These time periods 

of load d istribution are illustrated in Fig. 1. We diacu .. the behavior of 

the fre q uency and power during the 1 to 30 ae·cond interval using the term 

"dynamic stability." 

The tranafer-function block diagram model has proven very useful 

in control system analysis and simulation where some of the system 

. components are in cascade. This is the case in power systems where the 

governor controls the steam valve to the turbine which in turn drives the . . . 

alternator. The electrical loa41 cube ·accounted £or in terms o£ torques 
t on the alternat.or shaft. Ktrcbmayer successfully utthz.ed thu approach 

for the study of several macta ne systems so the authors have extended 

his appr oach to a ten machine system. The models are derlVed 1n Sections 

nand HI and are vahd under the assumptions hsted above and m those 

sect.lons . 

Once the block model is dertved !or & ten-machtne system, 1t is 

simulated ustng the COBLOC langu&ge for the CDC 3600 computer. The 

1imulahon re suits tnc lude time plots of active power and frequency 

deviation• at the vanous plants and on the equivalent tie-lines. The 

behavior of the se ·variables roughly agrees with typical measured system 

behavior except for damping. A similar simulation program written for 

the IBM 360-40 computer is in regular use at Consumers Power Company 

Jac.kson, Michigan, for studying dynamic stabiht.y of future ayat.ems 

configurattons of the Michipn Power Pool. 

11. Derivation of Block Model for One Equivalent Plant 

The model we have chosen, esser.bally as desc:!'tbed by Kirchmayer~ 
includes the significant time constants of the turbines and governor system 

Uwell as a nonlinearity to account for unit ~aturation. The model is 

euentially a mec~anical one where ehaf~ torque and anaie are the funda­

mental variables so. that the loads ar~ represented in terms of torques. 

The stator reactance• are included ~~the tranami•sion and diatnbuhon 

Qetwork equivalent. The volta1e tephitor i• ignored •ince a well-designed 

(eedback regulator· keepa the atator v~ltage nearl r c-onstant in the fac.e of 

non-catastropluc lQ&d chan1es and uaually does not dearade dynamtc 
Uability. 8 ·. · · 



The Laplace trandorm operator s appears 1n the trander function 

used 1n this model but an equivalent model using a set of first-order 

dilferentia.l equatiana (so cal!e " state" equations) could be u3ed and in 

fact were used by the inves~tgators to verliy the results of the transfer­

funct ~on model. The complete block model for one equlValent plant ts 

showtt in Fig. z. The concept of equivalent plants is used because several 

gene r ator units, feeding the station bus in parallel, w1th tdentic&l 

para neters can be combined into one equivalent generator . 

The s1mplicity of t.he transfer-function model is both a blessing 

and a disadvantage. It admtts a measurable input-output descr1ption of 

the dominant dynamics of a complex subsystem but the detatled inter­

action of the components m the subsystem is obscured. 

Governor St:eam- Valve Block 

For example, the governor, hydraulic ampltfter, and mot.or-dnven 

sf.eam valve fonns a romplex subsystem requiring many mte rcoupled non-
. . 

linear di!ferenttal equations for an accurate mathemattcal model. Never-

theless, an adequate mput-output descrtption can be developed usmg a . 

two-term transfer func':ion, represenllng t!le governor and valve response 

as fint-order lags, cascaded into a lim1ter whtch limits at the power 

cor responding to the maxunwn steam flow. Tbts model is adequate tn the 

. sense that the response char~ct!: -i st.ics of this model and of the real system 

are close . 

The transfer function, where xis the relaflve valve posJtJoh before 

ltmillng, is 

Here the a tn constant K
1 

is the rectproca.l of the regulatton coeffi'c1ent 

or speed droop (change in shaft velocity per unit change in load) and T 1 
and T 

3 
are the time constants ' which represent the dominant dynamics of 

the governor and the steam valve and its drivmg hydraulic servo. Typical 

values for T 
1 

and T 
3 

are ZSO and ZOOms. T 
3 

in recent plants with high­

speed valves may be on the order of SO ms. 

Turb ine S~eam-Dynamics Block 

Changes tn shaft torque produced by changes in steam flow acting 
on the turbine can be approximated by the transfer function 

L "'X" (s) 
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where T 5 it a tlme constant (about 10 seconds) used to approx1mate the 

pure time delay for steam to charge the reheater sec;tion of the 

boiler and the connecting piping. Kz is the reheat coeffictent which equals 

the proport1on of torque developed in the high-pressure section of the 

turbtne which is approx1mately equal to one minus the frachon of steam 

reheated. Thus when there is no reheat, T 5 = 0 and ihe transfer function 

reduces to a single lag 

l; (9) = 
X + sf4 

where T 4 (about 300 ms) represents the first-order re spcnse of shaft 

torque to a change in steam valve relative position x•. 

In this block, the transfer fur.ction description represents the 

furthest departure from reality. A realistic; model includes energy and 

momentwn equations, the effect of propagation of disturbances in the 

steam flow between boiler and condenser, pure time delays, and the effect 

of limited steam supply when the steam valve is suddenly opened and kept 

open. The se factors lim it the approximate model above to describing 

small (about 2.0 1o) load changes lasting less than 30 seconds. 

Instead of adding more linear terns, a better model requires a 

fresh start including these effects as we ll as boiler and auxilary behavior. 

Attempts tow rds such a description f:.avc been p uolished 6' 7 but much 

work remains and the complete pla:1t mod<!! wlll. then be much more 

complex. 

Alternator Dynanucs 

Here the effective rr.oment of i nertia oi the t.; -rb ine-alternator as 

well as the dampi ng, primarily due t~ the connected load-frequency 

characteristic, are easily described i n terms of torq~es on the turbine 

shaft. Since torque is proportional to power t imes frequency and since 

frequency char1ges are small, we assume torque proportional to active 

poower (the system power factor is hi gh). The torque equation ia 

Where LT is the torque produced by the turbine and LL represents the 

loa.d and synchronizing torques of other machines in the system. This 

equation leads to the summer followed by the transfer function 

1 
Jl'I'+'"D 
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shown in Fig. z. 
Thus the single-loop block d i agram (the top half of Fig. Z) is a 

simple representation of the dominant dynamics of a steam-driven 

generati ng pl ant on an increme nt al basis. The effects of load and i nter­

connections wi t h other plants are considered in t he next section. 

ill. !solateri Systems · Model 

A number of single plant models are interconnected to represent 

a large isolated power system. The additional work required involves 

rep re se ntmg t he synchronizing torques between generators and the load. 

The bl ock d iagram ~or the interconnection reduces to an inte grator after 

each frequency ""i to get relative machine angle ei and a subtractor and 

coefficient Tij'which is proportional to the synchronizing torque between 

e q uivalent generators. The load configuration is accounted for in the T . . 
1J 

and the existing load- flow and network reduction programs are used to 

hnd the se coe!!ic1ents. A load-flow program which re!lects estimated 

peak lo~d CC?,~~itions in 1970, is used with a network reduction progra m 

which yields an equivalent interconnection network between generator 

busses. The resulting bus loads are converted to shunt impedances 

usihg the exp!'easions 
\ 

(MV AR1)(Ei 
2

) 

+ . ---..-----.... 
J (MW. )l + (MVAR.)Z 

1 1 

where E . is the per unit bus voltage, MW. the active load of the ith unit 
1 1 

in per unit, and MVAR1 the reactive load in per unit. Now the synchronizing 

torque coefficients can be calculated as 

(Ei)(Ej) 
T.. ., 

1J zij 

wbe re Z .. is the equiv&lent per unit impedance between the ith and jth 
. lJ 

equivalent generators and E. and E. are the per unit volages behind 
1 J 

synchronous reactance at the corresponding plauts. Note that in this 

calculation the relative machine a~gle11o are aaawned small since the 

synchronizing torque ia, in general, 

(E. )(E . ) 
L . = 1 J 

iJ ziJ 
sin (9. - 9 .) • 

1 J 

Furthermore. we asswne the load is as described by the load-flow program 



and load changes are represented by torque cha.nges AL at one or ,everal 

generators. 

There is ·no accurate method included to represent oth~tr systems 

interconnected with the system under study other than to reduce all their 

dominant generators into the model. Attempts were made to terminate 

the system at the interties with an equivalent machine with a very large 

M. Further work on repre aenting interconnections between large system_s 

has begun and will be di scussed in Section VI. 

IV. Simulation Technique and .Results 

The system chosen for study included the ten domi nant e1uivalent 

machines of the Consumers Power Company system. The synchronizing 

torque coefficients were calculated using the Weatingho1,1se Engineering 

Service Programs for the load-flow and network reduction based upon esti­

mated 1970 peak load condi tions. From these, a table of per unit syn­

chronizing torque coefficients and equivalent tie-line impedances was 

collected. The approximate per unit time constants, inertias, damping 

constants, maximum po""' rs, and regulation coefficif'nts were obtained 

from the Governor Representation sheets in the technical file for each unit. 

A load disturbance was simulate-d by introducing a ZOO MW (two pei unit) 

change in generation at one · unit and readout was desired for 

(a) The angul~r velocity (and thus frequency) deviations on the 

equivalent turbogenerator shafts. 

· (b) The c!eviations of the active power generation on the equiv­

alent turbogenerator shafts. 

(c) The deviations of _the equivalent tie-line active power flow. 

This block model (obtained for an isolated operati~n of the Consume ra 

Powe-r system), althoUgh extensive , could still be simulated uaing a large 

analog computer facility. On the other hand, in future studies this model 

will be extended by adding the neighboring power systems, thereby in­

creasing the dimeruionality, so that even the largest of analog computers 

can not handle it. Becauae of this the ~nalog computer solution was not 

attempted. Instead, a digital simulation based on the analog computer 

approach wai cbo sen. 

There are a nwt.ber of simul~tion programs available for obtaining 

lolutions for sy.tema repre s e n ted as a block diagram or analog computer 

~iagram, each of them written for a particular manufacturer's ~omputer. 

The Michigan State University CDC 3600 uses such a program called 

COBLOC, which is an easily pro~~med and p~werful hybrid simulator. 
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The uae of COBLOC ia described elaewhere9 and ita application to thia 

problem ia described in detail in a research report lO which aho includea 

the patching program, the per unit conetanta, and plots for each eqw.valent 

generator. We note only that the program requires about 250 pun ched 

cards and is easily extended to more than 30 machines ~-hen a suffi ciently 

large computer is ava~able. T'ne patching diagram for one plant h ahown 

in Fig. 3 - the relation of thia diagram to Fig. 2 is immediate. 

Obviously a complex simulation generates m u ch data sp only a few 

typical outputs are shown. The ten generators are h sted in Table 1 with 

some parameters obtained from the plots . The ZOO MW load increase waa 

introduced at Campbell 1 and the effects t h ere and at Karn 1 are 1hown in 

Figs. 4-7. __ The complete . results wete studied b)• Cons~r• Power 

Company engineers who felt that, except for the highly oscillatory behavior 

in frequency and tie-line power, the data described expected syatem be­

havior. 

The reason for the unclerdamped o•cillationa i1 being inve atigated -

the real system _ u more heavily damped (aee Section IV).. One factor ia 

that the dampine. gLVen in the machine file doea not include dynamic load 
i 

da\ping and alip damping. Sample rune including alip damping ahow 

tnuch l eaa oscillation. In any case, the model ia now in use by Consumers 

Power Company engineers for planning future system expansion. 

V. Measurement Techniques for Verification of Response Data 

The power and frequency recordera used in moat control centera 

are too slow to record in detail dynamic transients and o•cilloarapba for 

ttudying voltage transients cycle by cycle generate too much paper. What 

i s needed to observe frequency and active power transients over the rele­

vant time period is a device measuring frequency, to an accuracy of 

+ • 005 Hz and precision of. 001 Hz, averaged over several cycles. Alao 

; eeded ia active power averaged ~ver the same number of cycles to! 1" 
ccuracy. Finally, portability and a digital readout format were deemed 

important. An instrumentation ayetem, see Fia. 8, meetina these require­

menta was desianed by Karl Andrews of Consumers Power C.xnpany. The 

apparatus, mounted on a lab cart, averages active wwer from a Hall-effect 

watuneter, and f!'equency, measured by gating a precision high-frequency 

oscillator to a counter, over aixcyclea (about 100 ma) and prints out · 

decimal numbers on a paper tape. The power number ia related to ~ctive 

.,awer by a constant, and the frequency number divirled into 6 x 10
6 

yields 

the frequency. Thia proceaa ia repeated automatically every 200 ma. 
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Thus the printed record of power and frequency has five entries every 

second. 

Sample measurements on the Michigan Power Pool system yield time 

plots that look much like the simulation output except that the :r:eal system 

oscillates at 2 Hz and the damping is greater. However, the data reveal 

that the system is always nswinging" about the center values indicated on 

the contro! center meters - in fact, swings as much as 20«7o are regularly 

observed. This phenomena was anticipated and is discussed in Section VI. 

VI. Extensions to Pumped Storage and InterconnecHon Mocleling 

Once the basic block model is fonnulated, several useful exten­

s ions are possible and are under investigation: 

(1) The Michigan Pool will operate a pumped storage plant on Lake 

Michigan whic~ will provide about 1800 MW of peaking powe~ by the early 

1970 1s. Water will be p\unped \JP to a reservoir at mght and wtli flow back 

to the lake through the generators at peak hours. The six 375 MW syn­

chronous motor- generators will be the dominant load during the night so 

a block model for these pumps and their transmission system has been 

introduced into the COBLOC model of the system to study the dynamic 

stability after short. duration line faults occur. The model includes iner­

tia of the wheel, shafts and rotor, and water as well a& the dominant 

electrical parameters. 

( 2) At present; the number of plants included is limited by the 

memory capability of the 36~0 computer used. A fourteen-plant model 

of the Michigan Power Pool is the largest simulation presently possible 

with this computer. 

(3) Measurements with the apparatus described in Section V reveals 

as expected that the load on a power system is random and can be described 

with a stochastic time series. Considerable effort has been devoted to 

modeling the eHect of interconnections by utilizing the statistical correla­

tion between measured power and frequency to give an equivalent plant 

with varying parameters. This approach has been used to model individual 

machines 11 and sh~uld result in a more realistic simulation. Furthermore, 

the COBLOC model noN developed can b" excited with a random lo.ad signal 

with statistical properties similar to the real load yieldi.ng response data 

closer to reality~ 
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Vll. Conclusions 

The transfer-function block model is shown to be a compatible model 

for the study of dynamic s tabilit y in large power systems. The assumption• 

needed to obtain this ~del, while too loose for electrical stability studies, 

do not seriously affect the model for electrically stable systems of fixed 

configuration until ~e time that boiler response affects the steam flow . 

Existing load-flow and network reduction programs are utilized to charac­

terize the electrical load and interconnections. The COBLOC model is 

programmed directly from the block model and extensions to random load 

and pumped storage are direct. The lack of adequate recorders forced the 

development of an accurafe portable power and frequency meter which 

is useful for other system measurements. 
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ADAPTIVE CONTROL OF INTERCONNECTED POWER 
SYSTEMS 

M~ Cuenod, A.. Durling, P. Valisalo 

1) Introduction 

The opt imal characteristics of the control system of intercon­

nected networks are different for normal operations than for 

emergency cas es. 

In normal c nes, unnecessary control actions are to be minimi­

zed in the limit given by the risk of over oad of the connec­

ting devices, es pecially the tie-line , because th0 continuous 

variat·ons of the generation of the regulatine plants cause an 

increas~ of their production coct . It io des ira~le to redude 

the control work consistent with the risk of overload. 

When he tie-line::J are l oad ed at their limiting c pacity, or in 

case of emergency after a disturbance affectin the power sys­

t em, a quick react"on of the control s ys tem is required to a­

void overloads and disconnection. of the tie-lines. 

It hao heen SU P. ested to i traduce an adaptive element in the 

control oystcm 'taking into account the optimal conditions of 

cont rol in the caae of normal operation and emergency. Many 

cri teria can be taken into consideration for emergency case and 

for the operati on of the adaptive element. 

The "error adaptive cont~ol computer" (EACC) described by Roas 1 

basea its logic decisions on the joint probability characteris­

tics of the error ni&~al : standard deviation. mear.time between 

?.ero crosf.:ing and the slope and direction of change. The control 

actions a re adjusted according to these characteristics. 

The "logic adaptive process for control and security in inter­

cormected power syate~s" described b;y Couvreur 2 takes as the 

criter ion the slope and the magnitude of the contro!. signal, 

the power exchane e and the frequency deviation. These charac-
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t eris t ics are used to provide safe actions by bringing into o­

peration quick starting units, load shedding, or changing the 

bias of tie-line control. 

It has also been suggested3,4 -to introduce optimal filters in 

the control loop, taking into account the ability to controlof 

the regulating plants an4 reducing the control work of the 

plants which are well fitted to contL~uous and quick variations 

of load. In case of emergency, the dynamic characteristic of 

.these filters are to be changed to obtain a quick response of 

the control plants. 

The purpose of this paper is to describe an adaptive control 

which is impiemented by adjusting the dynamic characteristic of 

the controller with an adaptive device such that the temperatu­

re of the most expensive element connecting the different power 

systems, namely the tie-line, is kept with admissible limits • . 

Different approximations are given for the statistical dynamic 

relationship between the fluctuations of the load of the system 

and the various control variables. The principle of the adapti­

ve control is described ~~d some experimental result~ are ob­

tained through hy~rid computation of the control. 

2) Determination of the statistical dynamic relationships be­
tween the fluctuations of the load of the system and the 
various contro~ variables 

a) Short description ~f the control system 

Fig. 1 gives the scheme of a small power system connec­

ted to a larger one and fig. 2 the block diagram of the control 

of the smaller system. 

It is assumed f or a first approach that the frequency is kept 

constant by the lar~e system and the statistical characteris­

tics of the -bml ·:rluc tu1rt'i~ns Q of the smaJ.l system, with re·­

gard to the mean load of the power system, for a given time 

interval of observation can be described by the autocorrela-

.. tion 
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where ()""Q 
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---

mean square value of the load fluctuation Q 

time constant of t he 11variability" of the load 
fluctuation 

It is also assumed that the response curve ( fi L of the tem­

perature ~of the cable after a change of the exchaneed power 

Pi is exponential with time constant ~ : 

( 
-tiT.) k \-e__ -z: 

m 

where Km the steady state tcmpe:ratu.re variation. 

The trannfer functions of the vartous control variables with 

reeE:rd to a ·1ariation of the lo· < Q cf the system are : 

·G \~J 
Qli 

G: {~J :=. 1 

Q? t--rr~ + ~Tr- + , 

interchaneed power 
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P power of the regulating plant 

Tr time co nstant of the control system 

Ta time constant of the regulating plant 

b) Analytical determination of the autocorrelation of the 
control variables 

The auto -correlations of the control variable were evaluated 
by the rel!ltion _ 

Arl6J = 1 A Q. ( tt+ B) A8 (u.JcL.... 
0 c:.o 

~ j AQ ( l.l- e J Ad ( u..) dv.._ 
0 . 

where Ag (~) is the auto-correlation of the syateme imp1lse 

response 

the autocorrelation functions are normalized with re 3pect to 

the ticie constant TQ· 

In annex the analytic expression of the autocorrelation func­

tion and the meansquare value of the various control variable3 

are given in a special case where Ta = 0. 

Figures 3a, b and c give these autocorrelation fu '.1ctions as a 

function of the relative value of the system time constant 
... ... ~ ,t 

Tr/TQ and f,igur~ 4 gives the mean square values . lJ"(f / b 0. , (,P.-/ b 0... 
and B'l: / l) G. versus Tr/TQ. These curves allow the selec-

' tion of the control time constant Tr to obta in desirable per-
~ ~ 

·formance and a prescribed ~1:' for given value s of E>~ an..: TQ· 
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3) 
.. 

Principle of the adaptive control" 

Many criteria can be formulated for th e adaptive control of 

exchange, taking i .• to consideration the control signal, the 

temperature of the tie-line, the exchange power variations 

and the frequency: The ad.'iptive control discussed in thi s pa­

per consists of adjusting the t ime constant of the integral 

element of the controller, accordi~g to these criteria. The 

ad justment can be made either continuously or in discrete 

steps. 

a) Adaptive control according to the magni ~ude cf the 
contr ol signal . c · 

The time constant of the controller Tr can be . modified in di~­

crete steps, according to the magnitude of the control signal. 

Fig. 5 shows a control signal and three regions corre3ponding 

·to different magnitude2 of the signal. 

Region A is the total range of the regulating power fluc­

tuations. 

Region B corresponds to the effective regulating region gi­

ven by the capacity of the controller or by the limitations of 

the telemetering device~. 

Region C is a narrow regio around the meanvalue of the 

region A. 

The limits of this band will be &pecifically defined ·in each 

case. 

In interval l , the control signal is kept within the narrow 

ba.nd C, for which a large value of Tr :;,.s chosen, exerting mini­

mal control work. This corresponds to a slow re~\lating effect 

which reduces the control work. In interva1 2, the control sig­

nal y is in region D and Tr is set at an intermediate value. In 

interva. 3, y is in the upper limit of the admissible region 

and the JI:~ ~imum value ·of Tr must be used to maintain the cont.rol 

signal in 1;1. ::: ' "' ~J.l.ating band, thus insuring that the cable tem- · 

nerature does no: ~ecome excessive. 
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b) Adapt ive control according to the tern~erature 

Under normal conditions, with relatively quick variations of the 

power exch~~ge Pi, the temperature of the cable is ~pproximately 

proportional to the square of the mean value of Pi, over a given 

i nterval if cons tant voltage is assumed. The a~lowable standard 

deviation of the cable temperature· fluctuation is approx~mately 

where P1max is the steady state value of the power exchange cor­

re sponding to the maximum allowable temperat rei;max• Fig. 6a 
shows the relationship between the temperature 1; and the inter-

~:-'­
cf:.ange power Pi, and fig. 6b shows the relationship between u"t:'" 

and Pi : when the mean value of the power interchange is small, 

the control can be slow, because larg~ fluctuations of the tem­

perature are ad missible. ~nen the mean value of Pi is near 

Pimax, the control mu t res pond quickly (small Tr) to reduce 

the temperature fluctuations .• 

c) Adaptive control according to the uower exc~ange va­
riations 

Computation of t he power density spectrum or autocorrelation of 

t.he exchanged power fluctuationsover a specific period can be 

used to institute a control action. 

It is necessary to identify the difference between normal fluc­

tuations and variations due to perturbations on the .system. The 

derivative of the exchanged power fluctuation over an interval 

proceeding control action as a criterion for adjusting the con­

troller time constant. In normal operation, the mean value of 

the derivative is small, 'and in cases of em~rgency, the :ne an value 

increases to initiate a change in the time constant. 

d) Adantive control as a function of freguehcv dev iation 

Under actual conditions, the frequency of the i nterconnected 

system is not constant. Frequency perturbation can be considered 
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as an emerger. (., :· -:,:v:li ti.:>n and compensated for by reducing the 

bias of the t~ c -· ~~e contro:, o prevent overload due to opera­

tion with poor frequency con~rol. Al oo decreas ing the time cons­

ta~t of t he controller improves the frec, ency charac teristics of 

t~e system. The present study considers only sys tems in which 

the frequency can be .considered constant . 

T!,e i nt egration of the fluctuation ...-i th a modified ime constant 

can be apprOXimated by inTegrating the fluctuations 0 P~ r Va­

riable period and adjust the c0ntro l ~ ~tion by vary ine the in t er­

- al of integration ; a large i nterval of integ1·a tion corres .!'on­

ding to a large integration time constant . 

4) ExperL-.:ental r esul-ts of the ada ptive control o~. tained by 
hybrid compu tation 

Fig . 7 shows a sample of t he stochastic func tion of the diffe­

rent control variab~es ~f the system for different values of t · e 

ti me constan v Tr . Fig. 8 gives the corresponding autocorrelation 

functions of these variables. 

Fig . 9 gives an example of the e.ciapt _ ·~ e control, according to 

the magni tude of the control signal (Fig. 9a and 9b, without 

adapt ive control and Fig. 9c a .. d 9d , with the 9.daptive control.) 

Fie; . 10 gives an example of the a~apt ive control as a function 

of the mean value of the int erchanged power. It can be seen tha't, 

when the mean value is high, the magnitude of the fluctuation of 

the interchanged power is reduced , and vice-versa. 

Fig . 11 give~ an example of the adaptive control after a pert~ 

bation -causing a step chaJlge of the power exchanged . 

With an adapti¥e control, the in t erchanged power comes back to 

its set point value much quicker than without adaptive control 

which' reduces the temperature variation. 
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Tne problem of adaptive control of a power system is conneoted 

o th e problem . of the overl \. .,.d protective devices of the tie­

l i ne s and must be coordinated w~ th these dev~ce:;. The use of a 

~~h e ~m~l model" of the line, taking into accotL~t t he thermal 

iner~ia of its ea le provides a safety base which i s co~sis~ 

-•.mt wi t h t he proposed adaptive control. Both mean give the 

possibility to combine the safety of the transmission and a 

complete use of the capacity of the tie-line. ~nis is true if 

otner criteria are n~t considered such as volt~ ge d~op, dyna­

rr.ic stability and so on. Due t .o the increasing nu.m er of the 

links in tie-line, the'~ottle neck" of t he power exchange will 

be in many cases the risk of overload of the tie-l'ne, because 

the distribution of the load between parallel li~~s is not 

well defined, leading to a higher ·risk of overload. 

The proposed adaptive system a~tempts to increase the reliabi­

lity of the interconnected system and, in some case, to save 

the expensesof a new · tie-line. It can be combined with other 

methods like load shedding and must be coordinated with appro­

priate protective devices. 
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Scheme of a small power syste m conn ected t o 
a large one. 

Optimi z.er 

Block diagram of t he a daptive tie-line control system. 
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