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ON-LINE CONTROL OF VOLTAGE AND REACTIVE
POWER FLOW IN ELECTRIC POWER SYSTEMS

Jun-ichi Baba, Shigeo Hayashi, Kaoru Ishida

Mitsubishi Electric Corporation, Amagasaki, Japan

L. 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 methods and appa~-
ratuses have been developed for
the automatic contrel of frequen-
cy and active power and today we
can see large-scale cdmputer
control sy:tems including AFC
(Automatic Frequency Control)
and ELD (Economic Load Dispatch).
Automating system voltage
contxi/var dispatch, however,
have hardly been considered.

Up to now voltage and reactive
control have been done by using
automatic voltage tégulatora
(AVR) of generators and synchro-
nous condensers, tap changers
under load (TCUL), shungtca-
pacitors (SC) and shunt reactors (SR)

being located at various points
and operated manually or with
conventional automatic appa-
ratuses. Therefore, it was 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 satisfactory

effects.

2. Voltage control/var dispatch

2.1 The purposes of automatic

control of voltage 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 rationally
(3) to operate automatically
several kinds of devices under
an unified logic
On the other hand voltage and

var. have been controlled with



SC-SR, AVR and TCUL locally
and with unsophisticated methods.
But as electric power systems
grow, it has become difficult or
even impoxgsible tc control system
voltage and var in such manner.
In order to control the variables
with an unified logic automatic
control systems have been re-

quired. -

2.2 The problem formulation

of V-Q control
V-Q control problem could be
broken down into two levels, that
is, optimizing level and fced back
level. The control systems of the
feed back level are operated with
desired value settings determined

by optimizing level,

The optimizing level problem,

referring to f-‘ig 1, could be de-
scribed as follows.

Minimize transmission losses
L under constraints ’

v vgv

Vming

max
Qi Oenig Y]
Ninin < N< Nyl
.YminS Y < Ymax (2)

Emin<ELEnax
where V@ c_pntrollud voltage at
the sc'ébndary busses
of sub-stations (I1Xn

vector, where n is the

number of busses whose

.(1 Xn vector.

voltage would be con-
trolled)

controlled var flowing
through transformers
(1 Xn vector)

winding ratios of trans-
formers having TCUL
1 will be
the entry when a trans-

former has no TCUL)

: admittances of SC-SR's

connected at the busses
(1 X n vector) )

the voltage of gendrators
connected to the busses

(1 X n vector)

At the feed back level, referring

to Fig 2, the problem is described

as follows:

where

y

x

u

G- x. (3)
Fefu-y) (4)
disturba;\ces of voltage

and var (1X n vector)
manipulat;:d va.riablcs
of SC, SR, ~ VR and
TCUL (1x n vector)
deviations from ideal
values (1X n vector)
transfer function matrix
of the controllers
charact.eristic constant
matrix of the controlled

system

Nonlinear blocks might be inserted

between F and G because SC,SR and



TCUL would be manipulated dis-
cretely while AVR would be con-
tinuously controlled, If we take
y for small deviations from the
ideal values of V and Q, then the
entries of the matrix G can be

reduced to constants,

Concreletely,
AVic =% nk‘!,\Y +TA K5V
+ )Agij-:’ (5)
AQk ZBnkJN +qukﬂj
A% B ©

A and B in equations (5), (6) are
the elements of G, and they are
called ""system characteristic
constants'. The suffixn, q, g
mean TCUL, SC-SR, and genperator
respectedly, also kj means a small
change at point k after manipulation
of a device j. Approximate values
of system characteristic constants
are determined by using only im-
pedances of the system. One can
comparatively easily calculate them
with an AC board or a digital com-
puter.

An example of the characteristics

of SC-SR, AVR and TCUL are shown_

in Fig 3.

are identical to the system char-

The slopesof the lines
acteristic constants, It is of im-
portance that the slopes of SC-SR
& AVR and the slope of TCUL are

opposite in signs..

2.3 Compzrison of centralized

and decentralized control

Sys tems

There are two different apsroaches

to the automatic V-Q control problem;
centralized and decentralized,

Centralized control system is
done by means of DDC with a large-
scale digital computer, In this case
feed back control level might be cut
out.

By adopting it, one can easily
control and supervise the total con~
dition of the controlled power system,
But for this systema h:gh spc.ed
digital computer with large memories
would be needed because of a plenty
of on-line computation. Even if the
computer is used on a time-sharing
basis, the computation for V-Q control
must occupy a lot of time and memo-
ries. Data communication systems
are essential to the centralized con-
trol and if the computer or communi-
caticn system are out of order, V-Q
control system will lnose the whole
functions, ? :

The values of voltages vary with
places and var losses at transmission
are big and the control effects of
devices are limited to the neighbor-
ing area. Itis, therefore, not only
possible but even desirable to do

V-Q control locally, This is the



basic philosophy of the decentral=
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 sub=-
stations. In this system even if
the computer, communication
systems, or some of controllers
would not work or would not exist,
the rest of the controller would not
have to etop control function. The
computation time for V-Q control
in this eystem is supposed tc be
pre{ty short in comparison with the
centralized system. The central
computer, therefore, can be occu-
pied chiefly for other pourposes

such as ELD, AFC etc.

3. AQC system
V«Q control system proposed

AQC

system is a kind of the decentral~

here is called AQC system.

.zed,control system mentioned above,
The system is based upon the con-
ept of hierarchy of controller (AQC)
If consists of Unit
AQC, Block AQC and Central AQC

-nd computer,
‘a digital computer). The functions,
variables to be controlled, devices

to be manipulated, the location of

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 systems,

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
The
setting values of V and Q are given

AVR at local power stations.

by a higher level controller.

The description on unit AQC
in details will be found in Chapter
4.

3.2 Block AQC

Block AQC determines settings
t;f unit AQC.,

The algorythm of the control
is based upon Lagrange's multiplier
methced, Block AQC is usually a
small size digital computer for
process control but could be an
analog type controller, and it is

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 a few functions including
V=Q control,

Central AQC determines the
optimal voltages and var dispatch
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}, V, and Q (the
primary and secondary voltage and
var flow through transformer) are

controllable by manipulating SC+« SR

& AVR and TCUL. Aithough usually

it seems sufficient to control V,
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, AQC 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

the subsystem.

With this in mind we can easily
decide how to distinguish between
the devices in their usage. When
the disturbance results from ine
side cause, AQC gives control
signal to SC*SR and AVR to con-
trol inside Wariable and to prevent
the influence from spreading to
the outside 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 1. A
generator is considered just like
SC+SR in its characteristics though
it can generate var continuously.
The co~operative control scheme
of SC+SR and AVR is shown as
Fig §.

4,2 Controlled variables and

control patterns
If a condition is satisiied, then

three variables are controllable,

Let the dead band of the con=-
trolled variables be
8V1min V) WV max

AVZminS‘VZSvaax 7
4Qmin €Q $Qax



Vz- must be always controlled and
the condjtion all the three variables
are controllable is shown as follows;
(See Appendix 2}

AVimin + ¥Rmin £V1 * X2

EVimax * *Qax (&
where x; is the impedance seen
from the high voltage bus.

It is assumed in the discussion
below that Vj and V7 are controlied
variables and QQ toc, if possible,
The control patterns are illustrated
in Fig 6,

5. An application example of AQC

Several AQC's have been in-
stalled in actual utility systems and
they are supposed to be integrated
) into total AQC system in future,
Let us look at the results of AQC
installation,

An AQC was installed at Minami=
Osaka substation by Kansai Electric
Company, Osaka in December 1965,

We have done a few experiments
as ehown below, First of all AVR's

setting was fixed,

Case 1 ~Controlling V, with SC+SR
automatically (TCUL was
fixed)

Case 2 Controlling V, with TCUL

automatically (SC* SR are
manually operated as
scheduled)

Case 3 Controlling V,, V; and
Q with AQC (A few
different values were
given as dead bands and
time constants}

The results of the experiments

are shown in Fig 7,8 and Table 1L
From these we can say:

(1) There are little diiference
among Case 1, 2 and 2 so far as

V2 control is concerned and in
every case V) is remained nearly
within the dead band except a2 small
part in Case 1.

(2) As for Q control they are much
different and AQC showed its ef-
fectiveness for this purpose,

(3) Vj control is impossible by
other cases than Case 3 and actually
V, control are cbtained effectively.
(4) The more precise V-Q ceontrol
is needed, the more frequently

the devices are manipulated, Now
look at the AVR's effect. In this
experiment the frequencies of

SC- SR was reduced to 60% by
operating AVR at a thermal power
station,

6. Summary
A V=Q control -ylte.m called

AQC system is proposed., It 3
consists of Central, Block and Unit
AQC, As a first s'tep the authors

'S



developed the Unit AQC and it was
proved to be powerful for automatic
V-Q 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 characteristics of
SC-SR and TCUL,

We consider V-Q control with
SC+SR and TCUL at a substation
shown in Fig 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,

Q: reactive power and X: im-

pedance.
Provide Eg and 1:‘.g arle constant,
we obtain
4Q=4Q.+4Q, (9)
xldQ + szQg =0 (10)
where,

Xo ¥ x1x2

(Dec. 1967) & 53, 2 (Feb.
19¢8)

(2) J. Baba, S. Hayashi, K.
Ishida: '""On line Control of
Voltages and Reactive
Power Flows in Electric
Utility Systems', Mitsubishi
Denki Giho 41, 5 (May 1967)

(3) J. Baba, S. Hayashi, K.
Ishida: "Optimum Allocation
of Reactive Power Source'',
Preprints, 1968 Joint
Electrical Engineering

Meeting, Tokyo

4V, = -x4Q
Then,
x
AV = -x) —#?'—AQC

(11)

;i xz
A x) + xp AQC

2) Control effect of TCUL

In the same manner as 1)

iQ-= 4Q, (12)
x4Q + x, 4Q, =AE (13)
4V, = 4E -xQ (14)

wheredE is voltage change
by operating TCUL,

AVZ =22 4E
x + x2
(15)
=z 1
4q = x + %

3) Determination roles of the

* devices
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From (11) and (15) we come to or TCUL will do.
a conclusion that it is the best In actual operation there can
to operate be allowable errors (dead bands)
SCor SR if 4V, X4Q<0 and we can take 4V,, 4 Q for
TCUL if v, xdQ>o0 the deviations from the errors,
If AVZ XA4Q = 0, either SC(SR) not from accurate ideal values.
Appendix 2

Relationship between V; and Q
when Vj, VZ and Q have their feasible
solutions in allowable bands.

Looking at Fig 1 we obtain

4Q = - 1 (AE - szQc +4E:g - AE,)
) =
4vy = g (AE-xZAQc+AEg+;fAEs) (16)

av, = T?—(Azuldoc —14E - 4E,)
Supposing V, must be controlled at
any time, we need the relatiox.lship
between V) and Q when all of three
variables can be controlled at the

same fime.

l .
29 in < (- ——-——,l =3 (E - x,4Q,) + (- ) (4E, - 4Eg) <AQpn.y
(17)
1 s 1 2
“Vimin < x] + x2 it by 2 &) + = x2 oy x] 4E,) <4Vimax
In order that a set of feasible
solution exist,
8 Qmin < (+55) (4E - x,4Q0) + (- xz) (4Eg - AE,) <4Qp,,
: (18)

X X
av, _—J_MB"‘ZAQC)+;;—}»—;2'“55+;?AEB)<NW

lmin x +x
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Now we obtain

AVimin t %) 8Qpp < 4, < Avlmax *y 4Qmmax (19)
Since

4E, =48V, + x40 ' (20)
Thus,

Avlmin + %1 4Qmin <4v; + XIAQ s Avlmax +x4Q . (21)

Table I The cause of disturbance and the device which should be operated

Cause of Device which should

e = av-40 disturbance be operated
4v.4Q <0 inside AVR, SC:SR
& . UL
=0 aggetron%%ed AVR, SC+SR or TCT
>0 outside TCUL
Table II Numbers of operations
times/day
TCUL SC-SR
Remark

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

Case 1 - - - 14 i2.5 26.5 V,-SC

Case 2 19 19:35738.3 . 11.9. 10,0 21.9 V,-TCUL

Case 3-(1) 19.5 20,0 39.5 21.5 22.5 44.0 T=90S 4Q=+20MVAR
Case 3-(2) 27.5 22.5 50.5 22.5 24.0 46.5 T=30S AQ=+20MVAR .
Case 3-(3) 15,5 16.0 31,5 10.0 10.5 20.5 T=90S 4Q=+43MVAR

1) The numbers show average values
2) Ideal value and dead band of V, were fixed and AVZ = +0, 8%

3) T is Time constant
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(Qg=Q-Qc) () Q)
Ek (Eg) Nk: |
@ (X2) Vk(V2) 3¢ vi) X1 (Es)
W K /3 F m
(Qc) l 1
)
S ¥k(Xc)
Vecad
I —o

Fig. 1. Typical model system for V-Q control (Optimizing level)

U (disturbances)
+

V-Q controller

Y (controlled variables)

¢

controlled system
Fig. 2. Block diagram of V-Q control (Feedback level)

Ve TCUL up
sCon &
SRoff §
AVR sefting S
up ,
0 —Q(var af transformer)
SC off
AVR sett SRon
TCUL down
down

Fig. 3. Control characteristics of AVR, SC.SR and TCUL

X (manipulated variables)
f Pk *
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Fig. 4. Bierarchy of AQC system
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V2'S ALLOWABLE
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Fig. 5. Co-operative control by AVR and SC.SR
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» 0 Vimin .. (P){and .
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TCUL up N
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Tia
sCoff R TCUL down
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M 7 N SC on
2 E(SR off) AVimax + X1 4Aamax$4vi + x4Q
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Ll Gl N AVR up
TCUL up 3

Fig. 6- Cantrol patterns
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THE DESIGN WORKS TESTING AND INITIAL SITE
TESTING OF THE COMPUTER BASED CONTROL
AND INSTRUMENTATION SYSTEM
FOR A THERMAL GENERATING STATION

by: J. H. Osborn, P, R. Maddock,
Southern Projcct Croup, Central Electricity Generating Board,
London, United Kirgdom,

and: M, F, Delshunty, C. Ayers.
Power and Marine Division, English Electric Co. Ltd., Kidsgrove,
Stoke-on-Trent, United Kingdom,

SYNOPSIS

The paper describes the application of a computer based control and
instrumentation system tc a 500 MW boiler/turbine generator unit,

It eppraises the facilities offered by such a system and discusses
the design and programming methods adopted for the integration of the
isystem with the main plant, In particular the paper discusses the sol-
utions adopted for system interface and the .ransfer of information bet-
ween the Project Design Staff, the main plant suppliers and the contrcl
system suppliers and their programmers,

The paper continues with a description of the Works Testing pro-
cedures, including program testing and plant simulations, and of the
initiel site operation during plant commissioning,

The peper concludes with a summary of the lessons learned and which
are being erplied to the next project which is in an advanced stage of

manufacture,
INTRODUCTION

In 1962 consent wss received .from the Minister of Power to construct
a’rew power station on the west'pégk of Southampton Water tc supply the .
ever-increasing load in the south of'ﬁngland.

It was decided that due to.its proximity to the local Esso refinery
&t Fawley the power station should be oil-fired and accordingly arrange~
ments were made with the Esso Petroleum Company to supply o0il by means
of a pipeline, The station when completed will probably be one of the
lurgest ocil fired power stations in Europe and probably in the World.
It is designed to contain four 500 MW turbo-azlternators of Parsons manu-
facture supplied with steam from four John Thompson/Clarke Chapman
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boilers with steam conditions of 2,400 psig at 54000.

The station will consume over 2 million tons of oil ¢ 'c=r from the
adjacent refinery, Also installed are four .7.5 MW capacity "zas turbo-

alternators for emergency and peak lozad use,

The CEGB decided that the station should incorporate unit computer
control of start-up and shut-down and on-load operation on each of the
500 MV machines,

SYSTEM DESCRIPTION

As initially conceived the system to be instslled at Fawley was to
be used for start-up and shut-down of each unit, =s it was thought this
would be & relatively easy task and would assist operation as the fore-
cast load factor necessitated two 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 alternative actions are considered the matter
becomes extremely complicated by the number of permutations which are
possible, as opposed tc the straight forward start-up and shut-down pro-
cedures, A decision on this aspect must therefore be made at an early
stage in order to allow work to proceed.

Due to these considerations the detziled investigation of the plant
operating procedures which was necessary to establish the information
recuired by the programmers resulted in some guite major changes to the
plant systems to the benefit of both erection and operation. In addition
the investigation has enabled complete integration of the control re-
quirements into the plant systems to take 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 &
control scheme is added to a plant at a later stage.

Further, standardisation of the measuring units has been sought
both from a mai:tenénce and spares viewpoint and also to simplify the
input to the analogue scanners where the large majority of inputs are in
the ranges 1 - 5 mA or 0 - 100 mV. This also simplifies programming as
the zmount of scaling and linearising is greatly reduced,
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The bezsic design of the English Electric system adopted for Fawley -
has been described previously (1) and consists of a data gathering system
covering 1200 analogue and 1800 digital points feeding a KDF7 computer
provided with a drum backing store, This computer drives the cathode
ray tube displays for the operator and 900 plant outputs plus several

analogue outputs,
CONTROL METHOD

Initi=lly the method of plant control was based on the time depend-
ency of the various operations to be performed with some major plant
dependencies in zddition, This meznt that the start-ur operations were
analysed on the basis of the time &t which specific operations were to
be performed with due attention to major relationships in the pattern

of plant operztioms,

For this method the plant was divided into 7 main plant operational
groups which could operate independently of each other, time being the
common factor, During discussions with the design and operating staff
and the main plant manufacturers, it became evident that this concept
should be modified in the interests of achieving a rapid start-up and
%he safety and interlock requirements of the plant.

The method finally adopted was to consider each main plant group
separztely, The various groups are tied together by plent operational
dependencies such that before any item is started, the necessary plant :
'for that itenm!' ;s in operation., &Iy this method &ll the various plant
conditions that could exist at any stage of operation were adequately
and logically considered and the following operations determined by the
state of plant currently existing,

This allowed all operations to tazke their natural time to complete
and the fact of their completion was the signal for subsequent actions
to commence, Time was still retained as one of the checks on the system
such that each operation was given a limiting time for completion, Com=
pletign within this time was accepted as correct, provided completion
checks had been received. lNo plant response on the expiration of the
‘limit time was taken as a plant failure and alternative plant config-
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 gréup to be considersd
on its own merits by determination of the conditions to be fulfilled
prior to its start-up and the conditions requiring a trip of the plant
item, Further routines were necessary to integrate several plant items
or groups on the same basis until eventually the whole unit operation
was specified,

INFORMATION TRANSFER

To achieve the necessary degree of integration of plant information
it was necessary to consider each plant group independently, Consid-
. eration of the operational effect of the plant groups on the entire unit
operation was also necessary. To ensure.this a strict control of inform-
ation transfer between the various parties invelved was necessary and of

vital importances

At the outset of the project joint working parties consisting of
project desigﬁ staff
station operation staff
main plant mznufacturers
and control system manufacturers and programmers
.were set up to ensure all parties were cogniscant of the various prodblems
and could bring their individual expertise to bear on the solution of
the problems raised, Similarly a strictly controllsd procedure of in-
formation presentation to all parties was established,

The strategy of plant control was first outlined on Master Flow
Sheets, Such sheets showed the plant items to be controlled, the de-
perdence of each operation on previous operations and the operations
allowed to proceed following completion, Based on théée Flow 3Sheets,
the tactics of dealing with each plant item was shown on Detail Flow
Sheets, These sheets, which are numerous, laid down the method of op-
eration of the plant item and detail alternative actions, A third set
of sheets detailed the Remedial Actions to be followed in the case of
faults,

This set of data detailed the procedures to be followed from a
plant point of view, They were then integrated,plant group by plant
group into comprehensive operational statements on Piant Control Logic
Diagrams, These sheets detail the whole of the operations related to the
groups into which the plant has been divided under all conditions such
as start-up, shut-down and fault conditions. The method alsc allowed
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the system designers to see tﬁe extent and implicatiouns of control
actions without complicating the program layout of overtaxing higher
level programs. It was from these sheets that the operational program
was written using a specially developed language known as Plant Auto
Code which allowed direct translation of the logic diagrams into program
(2). In certain instances it was necessary to supplement the information
given on the Master and Detail Flow sheets by written information where

particularly complex plant operations were being undertaken.

During this development it was realised that the individual oper-
ations to be performed on each plant item were simple, involving such
operations as closing a contactor, opening or trippiﬁg a contactor etc,
The majority of such operations can be covered by 6 or 7 standard
routines (i.e. close cdntactor, close contactor for given period of time
or until certain conditions had been fulfilled, trip contactor,etc.).
These standard routines were therefore used wherever possible, the

appropriate psrameters being fitted into a blank standard program, °

This method of program design lead to a flexible method of program
operaticn and allowed the state of the plant to dictate the operations
to be performed rext, It also allowed individual plant items to be
modified in their operation ac found necessary on site without major
program re-organication or re-allocation, as each individual plant item

has its own program,

— - wr (LD EDD
WORKS TESTING (HARDWARE »

During manufacture of :Le‘ﬂystem it was escential that confidence
should be built up in the equipment, such that.the various parties
involved were santisfied that the equipment would perform tHe desired
functions in the desired manner with the reliability specified, To this
end a comprehensive testing procedure was adopted. Equipment for the
system was ascembled from standard modules using standard printed circuit
boards, This allowed custo; built systems to be designed and manufactured
for individual power station requirements, whilst still retaining a
fanily resemblance between znll equipment manufactured by English Electric
in this and other industries,

Prior to acsembly into modules each printed circuit board was test-
ed both ztatically and dynamically, As modules were fabricated they were
further tested to ensure compatability with the manufacturing specific-

ations, As whele units were ascembled such as analogue and digital
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scanners they were functionslly fested to ensure complete operation and
compliance with the various specifications, Similarly the various peri-
pheral equipment and the central prccessor were tested as standard pro-

duction units,

Following the satisfactory completion of the unit tests the whole
system was connected up together using the interconnecting cables to be
installed at site and a further series of tests performed to prove entire

equipment,

WORKS TESTING (SOFTWARE)

From what has been stated previously it is evident that the soft-
ware for the project may be segregated into two distinct portions, The
first of these covers the software necessary for the operation of the
computer system as a system, and includes such facilities as the executive
routine, the director programs, scanning programs, and other housekeep-
ing routines, The second covers that software which is special to the
project and includes such programs as the plant control logics, alarm

analysis programs and other plant orientated programs,

To test the first of these portions a buresu machine was used in
an off-line mode as is curreﬁt practice, The second portion was prepared
and coded and checked for obvious errors of logics and coding by off-line
methods, Fuller testing could not be carried out at this stage until the
system hardware was complete and operational, Having performed =1l the
possible off-line coding and tape checks the program wag then used for a
considerable period in the works systems test,

SYSTEMS TESTING IN WORKS

The purpose of these tests, having complete& the individual unit
tests, is to ensure that the various sections of hardware operate to-
gether as a system and perform in accordance with the relevant specific-
ations and the required levels of reliability, In the systems test all
individual inputs and outputs from the scaniers and output suite of the
system were connected to the marshalling cubicles which act as the inter-
face between the control system and the plan%, and are provided with
disccennecting type terminal blocks, :

Initially a series of hardware tests wes rerformed to ensure the
correct functioning of the entire system, Firstly, each input was checked

to determine it was correctly located in the system and that the basic
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éccuracy specification of the equipment was being met, JSecondly, the

system was operated using the standard housekeering routines of the
computer system to establish the correct performance of the whole, This
involved checking that the routine facilities for data acquisition and
control functions were correct and were czpable of routing the various
inputs and data to the correct peripheral device in the correct manner,
In addition, limit checks were performed on power supplies etcsy to
ascertain that operation was within specification. Speed and timing
checks were performed for the same purpose, When all these tests had
been satisfactorily completed the system was in a satisfactory state to
accept the operational program for plant control, Prior to commencing
the testing of this feature a plant simulator was connected to the
marshzlling cubicles to allow simulation of the whole of the plant both
from an input and an output point of view, Having proved that the simu-
lator had been correétly connected and was functional, the operutiynal

vrogran was fed into the computer,

The firct stage of program testing concisted of following through
otep by step the plant logic dingrams. This was done by initiating a
start up from the operators control panel, observing the output signals
senerated by the computer in the output section of the simulator, The
plant recsponses to theue reguests were then fed back into the system by
manually setting the apuropriate inputs on the simulator, so achieving
a complete operation of the plant step by step. Obviously this procedure
was not performed on the wiole -program at one time; tests were performed
plant section by plant cection, In addition to checking the program
operation by this method, the displays of information and print out of

dzta were simultaneously verified.

Having chown that the plant control logics were basically correct
for start up and shut down by the alove method, various fault conditions
were next simulated by mun;al modification of the simulzted input pattern
and the computer system reuponse verified as just described. It is
obviously impouzible to check every route through the plant control
logics by this method, However, the mos%t likely routes were sc checked.
Furtrer check:s were carried out on the system by Monte Carlo methods and
thé initiation of the fault condition and the computer system response
noted, The Monte Carlo methods were interesting in that two types of
problems were shovn up. It was expected that some of the situations
presented to the logics were so exotic that it zave faulty answers,
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+ was found however that ether simpler situations which were more-
feasable showed that errors existed in the logies due tc unexpected
links between everts which had not been detected during previous check-
ing, These were subsequently analysed and discussed with plant experis
to determine their validity., 2By these means it was possible to ensure
that as far as practically possible the system bepsved in a memner which
was correct and not likely to impose severe problems in the plant nor

cause plant damage when the system was instzlled at site.

The procedure outlined sbove took some four months of full time
testing in the works by both engineers and programmers, and in the zuthors!'
opinion is absolutely essential if a system such as this is to be in-
stalled and commissioned at site with any degree of confidence., It is
the authors' considered opinion that for such =z system' to have any chance
of success, it is essential that tests such as have been outlined zbove
are performed and allowed for in the planning of a project and that the
evident lack of trouble subsegquent to installation has in great neasure
been due to this thorough works testing preccedure. The method of control
program testing was aided by the structure of the plant control programs.

Before despratch to site the whole equipment was subjected to =
stringert 400 - hour soak test to ascertain that the system was in a fit
state for instellation,

Following the stringent and lengthy system testing described =zbove,
the system was dismantled, refurbished and despatched to site, Prior
to despatch the initial installation plamming had been done zt site to
ensure that the site was in & satisfactory state to accept the eguipment,
Marshalling cubicles had been on site for some time to enable plant
cabling to proceed, On arrival at site the ec. . vment was instslled in
its permanent location and connected up using the interconnecting cables
utilised during the Works Test to minimise interference and other prob-
lems. On completion of installation the Works hardware tests were re-
peated to ensure the system was in em acceptable state and had not
suffered damage during trensportation to site. EHaving established that
the system was satisfactory it was prepared for operation to assist the
commissioning of the main plant,

Inputs were made available in groups to the marshalling cubicles
which were then checked from tramsducer through the computer system to
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output to determine the correctness of connections, accuracy of
measurement etc.. Following these checks the eppropriate plant logic
progrem for the particular plant item was fed into the computer for use
during commissioning, Initially, this progrem was used in its 'shadow-
ing' mode as the initial plant commissioning was verformed, In such
cases &ctual plant operations are performed by the operator but the
conputer system, slthough not able to perform these specific operatiomns,
still shadows the operator actions to prevent plant damage or dangerous
conditions arising, Subsequently the plant was operated under the full
control of the computer program to prove full integration of the system

and plant.

AL the time of writing (July 1968) this phase of the commissioning
is proceeding and seversl plant items have been successfully commissioned
using this procedure, excepting turbine run-up and boiler burner ignition,
and it is planned that the first machine with its boiler and auxiliaries
will be fully commissioned by the end of 1968, It is hoped that this
operation and the achievement of full commercial operation will be

described in the next paper in this series,

LESSONS TO BE LEARNED FROM PROJECT
In bringing such & project to & satisfactory conclusion it is in-

evitable that several of the protlems solved could, with hindsight have
been dezlt with more effectively. It is also evident that some of the
" festures which have proved successful would also benefit from re-
appraisal, The object of the following paragraphs is to highlight some

of these matters,

Initially it was realised that the control system should be an
integral part of the station design philosophy and that it wes necessary
to concentrate on operational- problems at an early stege which impose
on all parties e discipline not previously found necessary, To achieve
succese in a ccmputer installation of this type it is absolutely
essential that en expert team be set up comprising the station designers,
pvlent contractors, centrol systems equipment supplier and programmers
both from the user and the supﬁlier. This enables all parties to be
fully involved during 21l phases of the project from conception through

manufacturing and testing to commissioning,
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Another area requir{hg detailed asttention is that of documentation
relsting to plant design criteria and operziional limitations to ensure
thet +this type of information may be freely available to the whole of
the project team, The method adopted in this project of preparing
master and detailed flow charts supplemented by descriptive matter on
special plant items and procedures, whilst operating with success,
requires careful considerztion and streamlining for future projects.

The sensible and satisfactory solution that emerged was the prepara-
tion of logic diagrams by the operating staff of the Generating Beoard
which are then checked by the control system programmers and translated
into computer logic diagrems., This ensures that many missing items of

. information are detected by the engineers preparing the data and these
can be obtained before handing over to the programmers, Such a pro-
cedure gives the programmers a clearer indication of the pattern of plant
operation and eliminates wasted effort in reworking logics and in
determining the operation of particular logics which has not been check-
ed for some time, It is also obvious that, as the engineers become
more experienced in this type of work, the logic diagrams they produce
approximate more closely to the computer logic diagrams, Certain plant
operations such as turbine run up and the burner pattern to be used in
pressure raising cannot reasopably be written in logic form. For these
& sophisticated program is necessary, written using a user code or
nmemonics,

By these procedures it is posesible for every party to be kept fully
informed of the operational pattern determined for each item of plant,
It also sllows the logics tokbe checked by the main plant contractors to
ensure that no operastional or design criterion has been violated in the
formulations of the mode of operations, Further this method of cperation
ellows adequate consideration. to be given at the appropriate time to the
effects of plant failures and loss of_information to the control system, .

The conception and design of the control system and its constituent
electron;p modules requires careful consideration to ensure that standard,
adequately proven.modules can be used in the formulation and fabrication
to reduce the custom built equipment necessary., Similarly the various
interfaces between the plant and the control system, mainly in connectiom
with transducers, control outputs for the operation of switchgear and
contactors, require careful and detailed consideration,
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These facets of system design will ensure that viable and economic
systems of proved reliability and performance can be made available,
While these features will reduce to some extent the time spent on unit
tests in the works, it is not enviszged that they will significantly
effect the time necessary for Works System test to prove the integration
of hardware and software prior to installation on site. In the next
few years, however, it is foreseen that program development will take
significant steps forward, both in the direction of methods of proving
on~line software and in the formulatiocn of on-line control languages
which are problem orientsted to that of power station control and not

merely algorithms for generalised problems,
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AN APPLICATION PROGRAM FOR THE PROGRAMMED
CONTROL AND INSTRUMENTATION SYSTEM OF A
NUCLEAR REACTOR

Dr. J. R. Kosorck
Battelle Memorial Institute
. Pacific Northwest Laboratory
Richland, Washington USA

INTRODUCTION 4

The High Temperature Lattice Test Reactor (HTLTR)* at Richland,
Washington was designed to operate at temperatures up to 1000°C with
nuclear power levels under 2000 watts. Fuel elements and contrel rods
are dispersed in a lattice of parallel holes that are bored intc the
ten-foot cube of moderating grzphite. The low nuclear power requiree
an electrical heating system, that supplies 384 kilowatts to attain
the high temperature. There is a gas system for cooling and prevent-
ing oxidation.. A digital control computer aids an operztor for nuclear
operation and directly controls the gas and heating systems. HILTR is
one of the most highly automated reactor facilities in the United States.

The remainder of the Introduction gives brief descriptions of the
complete facility, the centrol room, and the system program for the pro-
grammed measurement and control system. Development and evaluation of
rhe control program for the heating system are emphasized in the’body
of the paper, since the gas system control program was patterned after
it.

THE REACTOR FACILITY

Figure 1 is a cut-a-way drawing of the test reactor facility. In
the center of the figure is the reactor, a ten-foot cube cf graphite.
The heaters, contrcl rods, and fuel elements are in a horizontal posi-
tion, and the safety rods are in a vertical position. The horizontal
heaters will raise the reactor tempexature to 100G°C. The reactor has
an insulated steel enclosure that traps an envelope of nicrogen (supp-
lied 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 the process
actuators and transducers.

The reactor rests on insulation supported by the water-cooled ce-
ment flocr 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 HTLTR facility has the three functions
of recording, indicating and controlling. One of the important reasons
for computer control or processes is that the computer can elimate the
drudgery of recording process information from indicating dials onto
data sheets, and the task of examining and storing strip chart records.
The computer in the HTLIR facility allows the operator to request type-
writer logs of selected process variables for immediate access records
and magnetic tape logs for historical, computer-retrievable, records,
The computer continuously displays on a three-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 in 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 room 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 minus sign and the period in three colors. Only 140
core locations are.needed to display 420 characters (including space and
color change indicators) in a 20 by 21 character matrix.

Each flux measuring uniz consists of a current-to-voltage amplifier
and a voltage-to-frequency converter. Full scale ion chamber currents
of 10710 to 107" amperes are converted with 12 gain ranges that are com-
puter controlled. Also, two calibration inputs of 10Z of full scale and
zero may be selected under programmed control. A computer program deter-
mines the zero offset for the units, calibrates them at 10%, finds the
proper ranges, and then automatically keeps them in the proper rangas.

The identical resistance measuring circuits, which are in two ADC
channels, provide precise temperature measurements to 400°C in the rea-
ctor core. The computer is programmed to select the correct range from
the ten ranges in each channel. A calibration program periodically
checks one channel and types the results on the logging typewriter.

HTLTR SYSTEM 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) application programs are
all those programs that satisfy the measurement and 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:

(1) 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 on-off or open-closed status of mechanical devices
such as flow detectore, valves, and doors (this status is in-
dicated by digital inputs called "watch channels");

(5) measures the positions of all hcrizontal control rods every
0.1 second and completes the operator initiated-computer exe-
cuted movements (all movements must procdeed 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 extremes);

(6) logs, displays, and stores analog and digital data in meaning-
ful 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 typewriter and performs actions in res-
ponse to the commands.

HEAT SYSTEM CONTROL

Although all the functions performed by the computer involved in-
teresting 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 heat control program was: its
completion had to coincide with the 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
deadlines. 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
measurements.
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Because of the lack of a good mathematical model of the process,
conventional design methods were not used. Rather, the control program
was designed in two stages: first, when the system was incompletely
specified, a general 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 DESIGN STAGE

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

GCeneral System Characteristics

Four separate electrical circuits (identified as top, side, bottom
and core) supply electrical energy to heater elements in the graphite
moderator of the nuclear reactor. Saturablé reactors in each electri-
cal circuit control the power over a continuous range that is approxi-
mately 100 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. j

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 thermocouples (as 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 their length, heater control can be con-
sidered in only two dimensions. Although the bus bars for each heater
circuit supplied four cr eight heating elements in parallel, there was
control of electrical enmergy only to 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 variable 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 course, these would have to wait until the construc-
tion was complete. An_inaccurcte, but useful, description was obtained
from basic ideas of Méae -t .nafe¥. and was 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 was very likely that a class of solu-~
tions could be found which contained the exact solution. A common method
of modeling distributed systems is by lumped circuit approximations.!
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, which were
analogous to thermal capacity, and current sources, which were analogous
to heat energy inputs. The voltages would correspond to temperatures.
Ground would be the ambient temperature, so a resistor to ground could
simulate heat loss. No physical model of the heating system was made,
but the transfer functions exhibited by 'such a model were simulated on

a hybrid computer in the second stage in the design of the control pro-
gram.

General Form-of the Control Program

At the time the design for the control program was started, there
were available reports about successful applications of control computers
in which the control algorithm was a discrete approximation of a conven-

tional analog controller with proportional, derivative and integral modes.?

This type of digital controller was used for the heat system, but with
arithmetic and logic additions that would meet the specifications for g
the system. With the assumption that the sampling intervals could be

made negligible compared to the system time constants, the digital con-
troller's response would be equivalent to that of an analog controller.“
The resistor and capacitor model of the heating system indicated that a
proportional-plus-integral controller could be stable in a single loop
even if the heating grocess was not self-regulating. The continuous

controller equation,” (1), and the discrete approximation equation, (2),
are shown below,

m(t) = Kp (e(t) + K, I e(t) dt),

1
where, m(t) = the manipulated variable,
e(t) = the feedback error,
K = the proportional constant,

KI = the integral constant.

n
= e ) 5 PR
M Ky (e + Ky g3p ¢ *D),

n
where, M = the manipulated variable at the nth
s sampling instant,
M the feedback error at the nth

sampling instant, %

; 4 = the sampling interval.

3
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At every sampling interval, the summation indicated in the latter equa-
tion was performed in the automatic centrol mode.

It might have been possible to compensate for interactions between
the heater circuite 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. Interaction was compensated for by adjusting the controller
parameters K_ and K. in the actual heating system. Adjusting these para-
meters in thé compléted 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 then 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 understanding 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 translated into terms that were appropriate for
programming. These design features are discussed below.

Because of the large number of application programs and 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 control 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 four
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 varia-
tion of a few degrees was allowed. The control program allowed the
operator to set a maximum 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 the attempt to achieve a zero temperature
gradient in the reactor core, the program was designed to allow the
operator 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, it°was discovered that the heat loss from
the front and back faces could not be supplied from the regulating
heaters. This error is mentioned to show that a 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 response5 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
se:point change, an overshoot would very likely result with this equa-
tion.’ 1In 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
results with a magnitude greater than 100 per cent at 100 per cent.
This eliminated windup in the integral actiom. An additional clamp
was made after the proportional and integral terms were summed so that
the conttol signal was in the range of 0 to 100 per cent.

Hhen 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 radiation, might alsc 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 controller constants would probably have to be
adjusted for no overshoot with the longest time constants, and then the
heating system would respond much slower 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 contiol program allowed individual man-
ual control of the heater circuits. Also, during preliminary tests of
the heater system, a delay'of approximately 10 seconds was found between
the output of a zero control signal and the return of heater power to
its lowest value. To prevent opening the heater breakers with a load,

a programmed delay was introduced between a zero con:rol signal and a
breaker-open command.

A simplified flow chart of the heat control program is shown 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 controller parameters in an interacting system and estimated res-
ponse times of hours, adjusting the parameters would have taken an un-
reasonably long 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 interactionm.

System Model

Step response tests in the heating system were made, and the results
were time-scaled 3000 times faster for mddeling 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) exponential
decrease that was approximately the same for all four outputs 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 of 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 integrators of the hybrid computer. The response tests were con-
ducted and analyzed as if the system was linear, because small changes
about an operating porint 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 tests
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:
(1) there would be no chance of wrecking the heating system during the
tests because of failure in the hardware or instability in the control
program; (2) considerable experimenting time could be saved by running
the model faster than real time. There were four parts to the hybrid
computer mddel: (1) the control program, (2) the system model, (3) the
evaluation program, and (4) the hybrid computer operating programs.

Only the egsential features of the control program were modeled.
Alsrms and the gas system were not included. The system modeling was
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just routine amplitude and time scaling. A unique feature of the digital
delays was the movement of only two computer words at each sampling in-
stant. The memory for a delay was organized as a circle with an input

and an output pointer. The length of the delay was determined by the
sampling rate and by the distance between the input and output pointers.
The hybrid computer operating programs allowed control of beth the digital
and analog computers from the analog conscle; entry of program para-
meters via the digital computer operator's console; and typing of data
from the evaluation routines. Although the above menticned parts of

the hybrid computer model were rather complex, they were also routine
for the most part.

Time scaling the model allowed experiments to run faster, but ad-
justing the four sets of control parameters to compensate for interactions
was time consuming. Much of the zdjustment of the control program was
simplified with the use of an evaluation 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 criterion, the integral of the absolute
value of the error multiplied by time (ITAE). During a computer run to
choose the best set of parameters (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 operator could set parameters in
the evaluation routine that defined the number of steps and their size
through which the controller gains automatically changed. At the start
of each 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 the fixed gain was always chosen as the value that
gzve the best performance during the evaluation steps when it was the

gein that was varied. Bekey® 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 or a global minimum. When iden-
tical step inputs were applied for identical control parameter 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 ITAE 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 propertional 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.

el T

e s i b e i
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CONCLUSIONS

Evaluation tests on the hybrid simulation and on the real heating
system showed that most design goals, that were evaluated, were met.
The effect of two sets of control parameters, which were to compensate
for system non-linearity, was not evaluated, because the system was not
tested initially over a wide enough temperature range. It is hoped that
this can be done in the future. Tests on the real system and the model
showed that the core-heaters would have to be on to maintain a desired
cperating temperature. This was a design error znd is mentioned to show
that a software change would be possible that could give different control
characteristics without an addition to the capitzl investment.

Hybrid simulation of control systems is a necessity where the system
response is too slow or too fast for testing the system directly. Aa
additional argument in favor of simulation is: there is no possibility
of harming the real system if the controller model became unstable.

Digital computers should be used for control and data handling on
systems that are not well defined or that will be changed to obtain
different experimental conditions. The most important feature for the
system program in such a facility is modularity, so that specific func-
tions may be delated or added without rewriting the rest of the program.
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1 ISTRODUCTION
- The automaiic control of an industrisl plaont makes use

of two types of autozmatons. On ilié¢ one hand a regulation systenm
has to cope with conctant or variedble working and on the chor a
logicel system puts tre verious itexs of equipment into operation
or cuts them cut. Such ozerations result either fronm the imple-
mentation of the operation program or from incidenis. Coaplete
autozation involves close linko‘beivecn these tio systems. This
_paper. proposes o explain the organi:atibn which was applied in
order to achieve the autozatic control of a nuclear power plant .
This organization is suitacle for any power production plant, even
for any Sndustrinl‘plnnt where lozical action is at least as import-

ant as regulation.

Tre lonts d'irrée EL.4 power plant. is the example described.
This power plunt cozmprizes a 250 ilith heavy water moderated reactor

of the pressure tube tyse and cocled by high pressure (60 bars) €o,.

The CO2 is circulated by turee vn;inhlo speed turbo~blowers and the
turbines are driven by high pressura steam from thke main carbon
.dioxide/waier vapor exchangers whick also feed the turbo-al ternator
unit producing 80 LYV of electric power.

W

pre
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The control of this plent poses a numder of problems

owing to its own intrinsic characteristics:

i, The plant i, to be operated is particularly largs. Nutual
intaraction Tetween the various circuits are many and this
fact is increased by the adoption of a diagram using unive
ersel equipment {as cppoced to the dlock diagram). Nearly

-all the ancillaries aro duplicated or triplicated tc ensurs

that energy producticn doés not cease,

ii. Yominal temperatures of ihe €O, circuit (500 °c) approxinate
closely to the top values allowed for siructural zalerials.

iii. Some physical processcc envolve rapidly and the operators have
difficulty in controlling thom even from the lowest operation
. conditions.

In view of tris the zmonitoring-control design comprises the following

characterisiics: :

1. The operating staff's means of action and informetion are central-
ized.

2. The :ultiplica:ion‘offuncilla:ies end their’universal useé gives -
special izportance tc autcmatic ezergency take-over action by an
ancillary ftaa.another one and to the numder of operating cases.

As a result of this there is a significant ancunt of lcozical

autcmation.

3+ Regulation systens cope with all trancient processes waich are
difficult %o monitor.

4+ The combined logical and rezulaticn sutomation system zust adapt
iteelf to every phasz of the power planmt (;tazé—up, shut=icn)
large amplitude changes whether caloulated or accidental); the

operator zerely selects the oparating rate instrusti.ns {power
output, zaximum temperature of the cooling gas).
To resolve such a problem,the autozation was divided into;sevaral
different technoliogical systems: i
1. a digital computer aystem for ceriral data crocessing built

round two gcomputers, '

il. solid state modular wired logical circuits. (called solia

. —

=
S:al | logie circuits)
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ii¥. electronic anslc e reruletion circuits.

Those units of equipmant obviously work in closc relction. The
role ass:igred to each one recults from decisions which may seea a:hitrni;
in some cases when they are examinad aé;a:ataly from the general context
of ihe design e.~ from the date wzen the options wsere taken. Ve shall
mention them triefly after we have explained the monitoring-contrel
system of the Monis d'Arrde nuclear power plant «nd before specially
and fully describing the structure of prograzmed automatic control fed
to the computers.

2. XONITCRINC-CCNTROL CRGANIZATICN

VvV . d

2.1 DESCRIPTIC: OF THEZ FUNCTICIAL DIVISION

The monitoring control orgenization is besed on a functional

ivision of the .. Tnis division calls upon the idesas
csestlios .3cenvlies

of funstions, s and sub--:reiora waich must ba defineds

> o stﬁrting with the. »la=z as a vhoio the first div-
isiornal step is the I:rcticr, A4ll the equipzernt &and cir-
cuits which help to maintain a paysicel parexmeter to its
instructional ‘value or to cozplete a given "service" are
groupcd together in & function. A case in point is all
the equipzernt needed to cocl the reactor and which is
thercfore attachcd to tie cooling flow parameter. An
exanple of service i: the distribution of electric power
to the motors, valves, etc. _ :

4i. within a given funciion, the division is taken a step
further by defining ihe systems which are trhemselves
attached to & poyuicel parameter or to e service which

now only concern ithe sole function under consideration.
eszrably ascecblies
114, firnally, within each syszem, sub-syufyzis are defined which

are attached to a physical paraczeter or to a service
which only concern the ons syctem to which they belong.
Actuators and measurements of the instelletion make up
the sub-assemblies.

At a given mozernt each of the divisional levels (1nstallat16n,

csemh acsesh
function, ayZiaéJ;nd sub-ﬁysid%y) is distinguished by its state

-
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(which varies discontinuously) and ty the value of the phjﬁioai
parazater attached to it (varying contiruously). The state of
each lavel is defined in relation to the service achieved (i.e.
the possibility of making tiae corresponding physical parazetsr
reach @ vilue within the operating nowinal range) and to the

prograz of operations

a) 1in relation ta the service achieved, the siate caa oaly reach

three or four discontinuous velucs ¢ the non-avnilable stata

for the autozaton (=arked C0), n0%-in-use -available stata for

the autcmaton (maTked OL) and the in uvza s3tate (marked 11) which
may sometizas be split into two states when ectusl putting into
use tizme i3 long in ralation to the physical paramoter concernad.
In this cace there ave two statess i~ stund by (carked '10) and
effoctivcfy in use (also marked 11) which is distinguished by
actual operation (for example: a slow starting pucp actually

working but not delivering for state 10 and pump agtually de-
livering into the line for state 11).

b) 4in -elation to the progran of Operation..for aacn level there
is the vprecant stste kzarkod EA), feasitle state (marked IR -
potential opsration allowing for present siate) and roguested
state (zarked ZD) either by the automaton or by the opsrator

hiaself,

¢) 1likewise thg present state of the physical parameter is tied
%0 the requezted state (instruction) emitted by tho oparator
or by the autozatonand cumparad to threshold values below

or above which regulation is no loagsr possitila.

Eaving sgreed on these definitions, it can de siated that automating
the installation is tantazount to organizing the functional links
existing within each levol of the division (installation, functions,
asscmblies assesliga :

8§32 and sub-=tzisiezs) and between these levels. On tha one hand

there is the ro.-lztion gutonation that continucusly copes wita.ihe

physical parameters and on the other, the ghanse of sinte sutcmation

which puts the units of oquiprzernt into use or cuis tkhem out as and
when required. Tha above concepts are shown on the cutline diagram
to which details will be esdded later when the actual structure of

the automatic ayaio: 1s describved.
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From this diagraxm it will be seen that the structure of change
of state automation clozely resextles that of the repulation automationt
ED ects es the instruction, ZA ‘he measurement, etc. We shall see la

.on that the enalogy can be sireicned to include the determination of E&
in "closed loop" ard in “open loop", taking into account the ERj0f the
level concerned and 'of the other levels, as well as the values E

of tne physical peransters.

2.2 DEVELCPIEIT OF ¥OU'ITCRING CCHTRCL G=AR

The functions of the wired equipzment (solid statr logic eiroudt,
analogue regulators) ané tie progracued equiprent (central data
processing computer sysiem) in the case of the lonts d'Arrde BL.4
power plant.. a.;'a as follows: -

i. central regulction us well es lcogical autonmaiion at the

level of func.ions cnd g.;ggi%ie&e entrusted .o the com=
puters which elso process most of the data,

-t Y -
%531%%0vel automation is carried out bty solid

i1, sub=£i;
state Telays.

assenbli t
iii. regulation of sub-if;xféxs ,“systoma and funciions is en-

trusted tc enzlogue equirment.

This choice takes the following mandetory conditioms into ascount,

should the computers be stcpped or feils

i. maintein the operating rate ‘reachod
ii. enable the plans %o be sioupped in complete safety with
tne remaining contrels znd data.

The equipment layout is shown on the block disgram of ﬁsu::o 2
whick &lso shows the leyoui of controls and information on the com=
scle end the indicator board (respectively called the main block
and subeidiary block). These coatrols only ococur at the functional
division level, excluding ell individual coatrol by actuators (except
of course the emergency safety actuators; conirol rods, turoine’
sterting electric valves).

Froz the main block conscle » the operator fixes the operating

rate by the power and temperature inqtﬁuctions. He also has access
ascentiles .
0 the controls at function and sysigess levels - 411 these instrugt-
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ions and controls are ‘eccapted by the computdr which then sends out
its logical orders to the solid state relays and its instructions to
the ,analogue reguletion. From the subsidiary block the operater

can alsc deal manually wits the main regulation locps instructions.

He is provided with information by printers axd felsprinters, and by
the conventional indicatcrs and recorders for the date accepted by the
enalogue reguletion loogps.

PROCR/STED AUTCUATICH DLSCRIPTICH
3.1 CC.PONERTS

2;0"“':04 automation zanages the three pLﬁﬁ; » Function,
and S;::::x" levels by associaiting the "States" defined in the preced-

ing section to each of these levels.

The autcmation structure is shown on figure 3, Before deséribing
it in detail, wilh the help of examples taken from the automated systexm
used at the Monts d'Arrde ¥L.4 power Jlant. ., we shall review the pre-
oise definiticns of esach state represented.

3elels Plomt level

Recuested state of plent ty overator GO

This represents the value selccted Ty the operator fo indicate on
the progrem the do:kr.d operatirg rates TFor éxzmple,thia results in the
coupling of 1n§tructions for the characteristic parameters of the plant:
povier PO and zuximum temperature of the cooling gas Q0.

.~

Feacible state of the plant CL

For the moment this gives a limit value CL for the charac.eristio

parameters of the plant taking into account the limitations CLi imposed
by -ae?a'a%e of each functicn

Reques:ei gtate of nlant by vropram GD

For enck currﬁczarﬁst‘o perczeier this results from sorting values
GO and GL (for ~:.cjie selécting she lesser of these values. This sorting

rgaulta in an individual instruction point for each loop o. tha general
Tegulation.
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The orgordzatica of autczated regulation which cozprises cascade
lcoops is outlined for ithe record on fizura 3. In corder that the
physical parameters of the ‘plant, zay Teach their instruotion

point, each function wust nave a perfectly determined state.

3.1.2 Function level - ,

Tho job o the change of silate sutozation is to meet the require-
ments of regulectiion automation by bringing into use or cutting out the
requisite szatesrs. csscudlics

Racutgsted state of furctisn by the vrorrams =3 Function

This is the ; 2r of systieus of the function to ba brought into

use 8o that the operating instruction point which distinguishes this

function is wmzintained or reached.

This nunber of 8ysteus is defined by tr‘?;lﬁﬁdn from meesursments
repreccrniing the top possitvilities of the gypissys in operation which
we call "management criteria“.

Herice, in tho cuse of a turbo blewer, when the speod of a machine
in use reaches a given level {or when g valve opens), a reguost is sent
out to bring a further machine into use. These “managecent criteria” 03
also intrinsically tike into account any czuses of fluctuation (change
in the output insiruciion, alteration in the steawm prossure conditions,
in the voluze Of gasess).

It is on ihis level that the continucus and progressive requests
from reguiation give rise to internittent autoszated action.

Foasible state ¢f the functlions ER Fuactiom

For each functicn a "'ea’}:’e state" EZR is computed waich ropron.ntll
cscesvlies
i, the nuzber of s;s2::x actually in use (EB ZA) associated with

P tris function sam1ian
ii. or, the rusber of zjzziza3 sssociated with this function which can
vs brouskt into use in a very short time when faced with the rapid

¢ienge in the monitored physical paraseter (ER > EA).
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The feasivle states *of tre funciions form es many management con-
s.trai:.ts which.enforce GLi limit values on the characteristic paraceters
of the . plant " .. Tor example, & maximum cooling 1imit is set by the
pumber of turvo tlowers in operation; therefore, for a given gas tezper-

ature trere is an operational pover lizit. The lizit value LL ferzing

tho feasible state of the installation results from tha sorting of all

the GLi's.
Asgsenblies
Fede3s Ruentens lovel

Rec:ested state by the rropra:s ED System

."is computed froa the regquested

The reguested state ED ¢

state of tne function of which it forms pars:, from *he awareness of the
4 . assecblies ) g A

order in which the various syzieis of this function must be brought into

use, and the present state of each system of the function.

In this way, an overall demand (ED Function) defining the azount
of equipment to Te brouzht into use is transformed at this level into

a8sextly

& particuler reguest for emch sysipm.

This request will be achieved by sending successive orders io the
actusicrs.

Present stetel xh assezbly

il ) assozbly el ¥

The precent state EA of the grrsgse resulis from the immediate
enalysis of the various logical or analogue physical oriteria which

define this state (position of actuators and measurement values).

3.2, FUNCTIOSING OF PROGRALTEID AUTOVATION “

[

o
fa

a order to describe nhow prograzzed suiomation funciions, we
shall examine on figure 3 the casc.de of updating of the. various com-
Perienis and the actions they entrain, frox selecting the reguest of the
operator GO, up to sending elezentary orders tc g carried out. The

diagram showss

i. for each funstions _ an individual management loop,
i1, for the .piu:xt : & sin_ic managezent loop.

3.2.1, lznavenmant of a funciion

Tha analysis of the managezent cz'itcrisa co;:flfé'.a function produces
. o8Leas S :
the requested state ED function (nuzber of gr:izzs to go into operation)s
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i. according to the precent ctate of sech system forming the
furction and of ths selection cf a starting up order, the )
menajenent of the function cozputes the reguosted-states.

fer each systea of the function,

ii. the execution of this request is ensured by the effective

order to start up iluese systems or to astop theam,
aszexbly
iii: tho orders thus transaitted %0 & sysiys. modify its present

stata. Tho new ctate is up-dated by analysing the Leasure=

menta and by signals.
caserbly
iv. the random variations of the present state of a zstes start

ections on two levels:

¢) at function level, this action copes with failures by

5
cnouring that a

- Ny .
: will autozatically take over from

another one in ordur % maintain the requestsd state of

the function,

®) at power plent level, a modification of the feasible
gtate ER Munc.ion up dates the GLi linmitation asscciated ‘
with this functlon, gs & result of which there is a 1
possible change GL procesced in the management programs
of the powsr siantion described atova,. .

302626 Uannasing toe olent

Tne updatings of the managezent limitations GLi stem from the
alterations in the fcasible states ER Furotion. Thoy ocause & pre=-

determined veriaticn in tho feasible state of the plant S+ 7

Tie sortir between the cperator GO reguest and this new value GL i
poseibly causes en alteration _in the requested ctate ED plont | GDs
Yew instruction points are transzitted to the rogulation automation of;
each functicn. %

If the new GL value is co:rooily pre~datorained, the equipment
in each function is likely to bring the physical parszeters to their
row respective instruction points.
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3.2.3¢ Example

¢ Mae reactor can be cooled by three turbo-blomers. Lat us
assuxa that the opsruting rate, allowing for the power, teaperature,
. steam prossure and gus voluze figures, requires two turbo-vliowaers.
Should a failure czuse a turbo-ilower to stap, ovgrything elso boing

equal, two posoibilities sculd gscurs

1. the third turbo-bloser i3 oz at.nd Lys the managsuent pro-
graz of the function sends the coupling orders. The feas-
ible state of the function does not change, nor does the

faaaible state GL of the = plant .« The operating rate
i3 not affectad.

1i. the third turbc-blower is net availewdle., The feasible

state of ths function resulting frca this situation alters

the feasible state of the 'piunt : e The managoment
progrem of the plant o nodifics the operating power

inetruction to make it ccapatidle at a given teuporature,
with ona turbo-blower operation. The contingaioy gives
Trise hero 0 an zlteration in the operating rate (power
reduction).

The main features of such an orjuznization are therefore as followas

>

2 down . .
1. permit starting, snuttingy , ad changes in the oparating rate
of the . plant to take glaca a3 from the sole selection

of GO,

ii. bring equipzeat into use only whea required by the puysical
criteria of management linked with each function and not as
froz a rigid sejuential prograa,’ A

i1i, pot tc iink a zanagezsnt level %o aaothér excapt through atored
"stataes" since an anmalysis is enly triggerad off when there is
a chenge in tha value of one of thess states,

iv, nnsﬁrc thst'éiowfato is raintained oy the separate naﬁagazant
of each functicn and conversely to ensure tha safoty of the
plant by fitting the rate to ths management limitations.

RGANIZATION OF PROCRINS. .

e e LA

Figurg 4 shows how tha prograzs ard sub-roadines of the computer
&re articulated to aahxoye the automated warking just doscribad.
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We notice the

four .m%ment levels, l.e. Installation,
essexolies zsce blies

Funotions, Siz=tcis and <uo-:;’~.;::z,. a3 well es the verious state

associated to0 them.

Each state is represented in the cuzputer by the contents of a
stoere. These various stute stores are availudle for use vt eny time
by eny progrem. Thepe stores act iers as interfaces vetween the

e

automation programs which are filed in ihe fcilowing manners

i. analyticel sub-routine
ii, function zanagement sud-routine rancon starting

4i4; CLi selection sub=-routine

g A

iv. program RED cyelic

]
L,
e

' rogram D

4ele ANALYTICAL SUB-RCUTINE

4n enalyticel sub-routine is executed when a signsl changes
of state or wnen a moasurement or the result of a computation is com-
pared with & threshold. It updates the contents of the state stores

by testing the values cf &ny one of tho four following categories:
assexbhl :

i. state of & "33“f~"€ Jlerion

ii. occcurrence of '--.:a:; -rite ion

344, function munagcment criterion

iv. opersaior roguirezent.

In some ceces the icst of these values may result in the sending

of safeily crders whose cxecution cennot be delerred.

The following taebic gives the a.naly‘.ica.l sub-routines

Lavel Reason {or Sterage Action re.z.. red

startin updauted

Elunt, Opurator GO Deferred analysis of siorage GO by
requircment cyclic program DEA

~unction lanageaent ED function Lanagement subd-routine
criteria :

‘ssezbly State EA Aszeioly | manogszont sub-routine
criteria
Ircident EL sssemply | mensgeont sub-routine - sefety order
criteria & !
Operator ZD issezply | Deferred analysis of storege ED system
requirezent by cyclic program RED
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OF A SUICTICN

Like the enalytical sub-routire that is only executed when a changa
of state of an elemantary informaticn appears, the nanagement sub-routine is

only exscuted when there is a change in the conteris of one 