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HE GREAT EXPANSION in the

nucléar reactor field places increased
emphasis on the problem of reactor con-
trol. The complexity of a nuclear re-
actor installation suggests the use of
digital computation in the over-all power-
plant control systein. The chief ad-

vantages to be gained from the use of'a’

digital system would be a sizable increase
in the flexibility of the programing of
the contrel system and an increase in the
accuracy of the computations.

The problemof digital control fornucleat
reactérs is approached in this paper in
fhe following manner. First, a pres-
sutized water-{ype reactor, and in par-
ticular the reactor now in operation at
Shippingport, Pennsylvania, is selected
as the one upon which the study is based.
Certain varinbles which can be used to
describe the behavior of such a reactor
are selected as essential to the design of a
réactor contrel system. These variables
are either measured directly (e.g., nettion
level, coolant temperatures) or calculated
frosh measurable variables (e.g., reactor
period, power level in' the power plant}.
Next, several commands (e.g., fast or
slow insertion of control rods, changes in
flow rates) which can be used to control
the behavior of the reactor are chosen.
Then, an organization of digital computer
elements for calculating the nommeasur-
able reactor variables from the measurable
ones and relating both measured and
caleulated quantities to the reactor con-
trol comimands, are developed. A fune-
tiohal design of the necessary compitter
logic is carried out, and the regitired
register capacities, operation frequencies,
and scale factors are determined. The
effect of both control system frequency
and gain on the reactor stability is con-
sidered for a simplified system, and a
generalized transfer furiction for'a stability
analysis of ahy digital reactor control
system is presented.
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* Calculated reactor varjables
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Quantities Chosen to Describe
Reactor Behavior!—3

The measurable quantities include
neutron density [reutrons per cmr {centi-
meters)3], coolant inlet and outlet tem-
peratures, reactor fuel temperature,
moderator temperature, control-rod temp-
eratire, shield temperature, pressures
and flow rates of both primary
and secondary coolatts, primary coolant
level; control-rod positions, and gamima-
ray flix in such places- as the contiol
roommn or exit air duct.

The calculated quantities include the
reactor period as given by:

. .
Tdn_ 1
dt Xu
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the reactor power output as expredsed by
the relation:

P=F(Ty—Te) @)
the average coolant teﬁlperature defined
as:
In+Te
2

AVE = (3)
and an error temperature given by the
difference bBetween the desired, or refer-
ence, average coolant temperatire and
the actual coclant temperatute i the
form:

iy
See Table I for explanation of nomen-
clature.

The desirable signal to govétn the
movement of the control rods has been
found to include a component propor-
tional to the rate of change of the neutron
level as well as to the actual level itself.
It is given by:

K
=nt— ®)
T

where X, is a constant choseén to include
a desirable fraction of the neutron level
derivative component in the composite
Signal S],.

Another type of control-rod actuating
signal which is sometimes used contains
a component proportional to the rate of
change of the neuntron level and another
proportional to the error temperature.?
It affords both derivative and integral
control and is given by:

Sp=4A 1‘"“1““1'"{iz ®
T .

Reactor Control Commands

The commands chosen to control the
reactor are as follows:

scram: This is an emergéncy situation. in
which there is grave danger if the reactor is
not shut down n:umedmtely All rods are
to be inserted into the reactor very fast in
order to reduce the reactivity as ql.uckly as
possible.

rEVERSE! The reactor is shut down. but
mors slowly than in & scean. This situa-
tion is caused by a difficaliy which reguires
the reactor to be shut down, but which is
uot as urgent as the cne requiring 4 SCRAM.

cutrack: The power level in the réactoris
rediiced to a given low level, but the reactor
is nof completely shut down. The ditficulty
can be corrected while the réactor s stilt
opérating at very Iow power.

REQULATOR, RODS IN: This command is

AT == Trer— Tivg (4}  caused by a power level slightly greatei than
Table I. Quaentities Indicative of Reactor. Behavior
Variable Symbol Units

Neutron level., ...iiuuueurnnninenanase- [ J neutrens per cmé
Primary coolant lowrate............... Foo...... gallons per minute
Primary coclant inlet temperatute....... Técouunn. degress ¥
Primery coolant outlet temperature ...... Theuvennn degrees F
Fuel tempetattfe. .o vvvevverrerass U o N degrees F

Measured reactor variables. . { Frimary coolafit Tevel.....cooouoo. e Loviuun. % maximum level

© ]| Primary coolant pressure ............... Peaniennn pounds per square inch

Sacondary coolzut prassure.... winmsiadiess Poenen i pouriis pef square inch
Gumma radidgtion Az, ... ... CeaavieanteaPoriaes s mI¥ per hour
Regalar rod position., E
Shim rod position. .. covsvvivenrnrrars

Reciproeal period, ..... e, / 3
Kverage coolant temperature ............ Tavges-an degrees F

Reactor power.:

Pmportloual—plus-dmvatwe con--
trol signal..........
Error temperature, ...

P kW
................. 51
............... AT........degrees F

Integral-plus-derivative control sig-
nal

#)filliroentgens.
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the demand reference level. The rods are
moved. in an inward direction until the
power level has returned to below the tol-
erated upper limit for the given power de-
mand,

REGULATOR RODS OUT: Here the power level
is slighitly less than the given command, and
the rods are moved in an outward direction
until the power level has returned to above
the tolerated lower limit for the given
demand level:

EXCHANGE OUT: When a regulator rod has
moved t0 its outermost position, its worth in
regctivity is exchanged with that of the
shini rods by moving tie regulator fod from
ifs ortermost to its innermiost position and
at the same time moving the shim rods
outward far enough to furnish the renctor
with an amount of reactivity egual to that
given up in the inward motion of the reg-
ulstor ro¢., This conpnand is necessary to
accomumodate the gradual outward move-
ment of the regulator rod dile to fuel de-
pletion and poison buiidup in the reactor.

EXCHAMGE IN: The regulator rod is moved
from its inmermost position to its outermost
one, while the shim rods are moved in by
an ameuot necessary to make the net re-
activity change zero.

INCEEASE COOLANT FLOW RATE: The flow of
the primary coolant is to be incredsed, for
example by increasing pumnp speed.

DECREASE COOLANT ¥FLOW RATE: The flow
rate of the primaty coolant is to be de-
creéased.

In addition to these commands, the
following subcommands are included:

INCREASE FLOW RATE (F): According to
this. subcotnand coclant flow-rate condi-
tions roerit an increase in the flow rate, buf
before it is permissible to give a definite
coiumand ‘signal to increase the coglant
- flow rate, certdin temperature conditions
must be fulfilled.

INCREASE FLOW RATE (T): Temperature
conditions mierit an increase in coolant fow
rate, but before a definite command signal
may be given, the coolant flow-rate condj-
tions must also merit an increase in the
flow rate.

The -simultaneous occurrence of the

subcommands INCREASE FLOW RATE (F)
and INCREASE FLOW RATE (T) cause the
full command INCREASE COOLANT FLOW
RATE to be given, When the sub-
commands.are not given coincidently they
have no effect.

The foIlowmg two subcommands are
also available: DECREASE FLOW RATE (F)
and DRCREASE FLOW RATE (). The si-
multaneous oceurrence of the subcom-
mands causes the DECREASE COOLANT
FLOW RATE command to be given; their
individual occurrence has no effect.

Relations Between Reactor Variables
and Control Commands

The reactor variables initiate the
control commands when the variable
quantities become either greater or
smaller than given references. To illus-
trate with some specific examples, a
scxaM comunand is given when the nei-
tron Jevel is greater than 15097 of full
power, & REVERSE command is given
when the neitron level hecotnes greater
than 1259, of full power; and a rREVERSE
command is also made when the coolant
flow rate becomes less than 709, normal,
A complete listing of the relations be-
tween the reactor variables and the con-
trol commands is given in Appendix I,
which gives the conditions on the magni-
tudes of the variables which initiate the
various commands.  In the nomendlature
used, the symhols designating reactor
variables ate those given in Table I, and
the additional sithseripts are defined as
follows: # refers to the absolute maxi-
mign, or SCrRAM level; r the rREversk
level; ¢ the cUTBACK level; % the higher
of two variable levels which cause the
same command; o refets to the level which
initiates the mExcmEaNGE ouT conrmand ;
i the level which initiates the mxcmange
w commmand, and “ref” to the reference
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"division.

power-demand signal ffom the turbo-
gederator. Numbered subscnpfs refer
to varieus trip levels used in initiating
the subcommands; while 3 is a small frac-
tion used in establishing a zone, or region,
of permitted variable values. For ex-
ample, pr; refers to the lower REVERSE
level for the coolant pressure variable.

General Layout of Control Computer

GENERAL DESCRIPTION

A detailed block diagram of the over-alt
computer is shown in Fig. 1. The solid
lines indicate the flow of processed in-
formation, while the dotted lines show the
flow of the timing pulses necessary to
operate the computer. The input to the
computer, which consists of the measured
reactor variables given in Table T, is sent
directly to measured variable storage.
The variables are categorized. into two
groups, Group I includes thiose variables
which are not used in computing the cal-
culated variables, whereas group 1T con-
sists of those variables which are used in
the caleulations. The variables in group
11 are the neutron level, the primary cool-
ant flow rate, the reactor inlet coolant
temperature, and the reactor outlet cool-
ant. temperature. The remaining vari-
ables are included in group T.

The caleulations are performed in two
compitting elemerits; a. caleulator which
performs addition, subtraction, and multi-
plication; and a divider which performs
The need for the two separate
computing -elements arises from the fact
that the necessary division in the com-
putation of the reactor period takes
longer than the total time required to per-
fotm all other caleulations. Also, the
caleulator, which is presently quite
simple, would have to be substantially
enlarged if it were to perform division
in addition to the other arithmeétic opera-
tions. The caleifator and divider feed
the calculated variable storage registers,
the signals from which are sent to various
indicating and recording devices,

The reactor varizbles (both measured
and calculated) are sent. to- the compara-
tor where they are compared with the
reference levels. The comparisons are
catried on at the same time the caleula-
tions are being performed in the calenla-
tor and the divider. Fach reference level
has an associated coded command signal,
which is read partly into the comparator
and partly into the eommand decoder
every time a comparison is tade. The
restilt of the comparison is gated with the
decoded command signal to provide com-
puter output signals which either initiate
or terminate the reactor conmtro! com-
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Fig. 2. Comparator and its associated elements

mand signals. Timing pulses for all
operations are furnishéd by a 64-ke clock
and its associdted time-pulse distributor,
All operations are carried out it parailel
forme.

- CALCULATOR

The operations of addition, subtraction,
~ and multiplication are performed in the
czleidlator, which functions as an ac-
cumilator and which. consists of a sum-
product régister, an addend-multiplicand
register, and a multiplier register. In the
process of adding two numbers, one mum-
ber is read into the sum register while the
other ruwmber is placed im the addend
register. The logical expressions for the
sum and carry for each digit pesition are
formed when the numbers are inserted in
their respective registers, and the actual
addition operation is performed upon the
application of an “add” pulse. "The sum
is stored in the sum-product register and
may be read out upon the application of
a “read-out” pulse. Subtraction is per-
formed by complement addition. Multi-
plication consists of a series of additions of
the contents of the multiplicand register
to those of the produet register, and shifts
of the product and multipher register
digits according to whether the multiplier
digits are ones or zeros.

DrvibeEr .
Divisien is performed in the divider by
a series of additions and subtractions gov-

erned by the following rules® First, the.
divisor is subtractéd from the dividend.

If the remainder is positive, a emne is

placed in the most significant quotient
position and the next operation is set up as

asubtraction. If the remainder is nega-
tive, a zero is placed in the quotient and
the next operation is set up as an addi-
tion. The divisor is then shifted and the

process repeated, with the “‘answer”

digit being placed in the next most sig-

nificant quotient position.

COMPARATOR AND ASSOCIATED ELEMENTS

The function of the comparator is to
compare the reactor variables with var-
jous reference levels, and to initiate con-
trol command signals when the variables
exceed (or in some cases becomé less than)
the referettce levels. The comparison is
made by subtractifig the referenice level
from the variable levél. In the actual
compttation the complement of the refer-
ence level is added to the true value of
the variable level. '

As is shown in Fig. 2, the variable is
placed in the ¥ regmter and complement
of the reference’ level in the R register.
The addition is performied by means of
add logu:,_ which sends the sign of the re-
maindet £6 the sum flip-flop, Bach ¢ontrol
commmiznd is given a specific code. If the
control command signal is to be given
when the variable exceeds the reference
level, a sigh index of 0 is assigned to the
control command. If the signal is to be
turned on when the variable becomes less
than a particular reference value, a sign
index of 1 is assigned. A HLst of all
possible commands, their binary code,
and sign index number is given in Table
IL :

These command codes and sign indexes
are stored in the command ' memory.
When a particular comparison is to be
made, the command code and sign index
associated with the reference level used i
the comrparison ‘are read into the com-
mand decoder and sign index flip-flops.
The command signal is turned on if the
digits in the sign index and surn fip-flops
are both 1 or both 0. The cotnmand sig-
nal is tirned off if one flip-fop contains a 1
and the other a . This-gating action is
performed by theon-off gate. The com-
mand decoder is-a dicde matrix. which
caitses one of its 13 oiitput lines to be
activated ir tespouse to inputs from the
four command decoder flip-flops. The
command gate functions to turn . the
command signals on and off at the proper
times according to signals from the on-off
gate and from the conmmand decoder,

Timing-Pulse Generation

The timing pulses necessary for opera-
tiotl of the comiputer are furnished by a
cock and its associated time-pulse dis-
tributor, the latter consisting of a six-
stage flip-flop binary counter and an
associated diode matrik. Output pulses,
designed P1 through P64, are furnished
and are routed to different places in the
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Fig. 2. Sampling for period calculation

computer. Since the clock frequency is
64 ke, a complete cycle of timing pulses
lasts 1 ms (millisecond).

Calculation of Reactor Variables
REeACTOR PERIOD

In the detershination of the reactor
period, due to ease of computaiion, the
reciprocal period 1/ rather than the
period itself ¢ caleulated. The digital
computation is performed according to
the approximate relation:

ng—t—1_, 1

e SV @)

Rp—1 Al

A hypothetical waveform of neutron
level as a function of time is shown in Fig,
3. Samples of the neutron level are made
every millisecond. The (2—1)th sample
is subtracted from the kth sample, the dif-
ference is divided by the (&-1)th sample.
The (k—1)th sample, rather than some
mean value between the (B—1)th and kth
is wsed in the demominator in order to
ensure that any errors in period for an
increasing neytron level will always be
on the “safe” side. In other words, for
an increasing neutron level, Az will always
be divided by the smaller of the two neu-
tron levels, thus making 1/7 greater than
it wotld be if #; or sotte mean value of #
were used in the denominator.

The actusl sequence of operations for
performing the caleulation of reactor
period is as follows. On timing pulse P64
the neutron level is sampled, and 4 num-
ber proportional to the neutron level is
read into the =, storage register com-

Table i :Command Codes and Sign Indexes
Sign
Command Code Index

DHCREASE F(F)........ e 0
INCREASE F{FJ:.ouieeviarranacnns

REVERSE (variable reference) . ... § 250

INCREASE F(T)..oovnoiunnnannnnd )
PECREASE F(T) . ...vvveeaennn ot
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posed of a parallel array of fip-flops (see
Fig. 4). This operation may fake the
form of sending the output signal from an
fonization chamber through an analog-to-
digital converter. The analog-to-digital
conversion problem is not discussed here
but would have to be considered before a
physical system eould be realized.

On the following timing pulse, P1, the
present neutron level #; is read into the
sum register of the caleulator and the
complement of the previously sampled
neutron level, &y, is read out of the 7z,
storage register and into the caleulator
addend register. P2 is an add pulse
which causes the contents of the addend
register to be added to the contents of the
st register; the result being stored inn
the sum register. Tn this cuse the result
is #y—mzq. This quantity is read into
the dividend register in the divider on
P3.  Ti sp~my is positive, P3 also reads
2 { inte the sign position of the quotient
register since m_; i& always positive;
heace the sign of the quotient depends
only on the sign of #p—mx 1. X mp—my
is negative, its complement is stored in the
sum register and must be inverted before
being read into the dividend register.
Thie I/N block in Fig, 4 means the digits
are to be inverted (complemented) as they
are read into the dividend register if the
sign is negative, P3 also reads #;_,, the
complement of 7 ;, into the divisor
register.

P4 reads tiie complement of nyinto the
fiz-1 register where the present n; be-
commes the 7, for the next computation.
The #; register receives the next #; sam-
ple on P64. During pulses P3 through
P64 the division which forms

g — Nip—
Rig—1

is carried out, and on the following P1
the quiotient is read into the 1/7 flip-flop
storage register.

AppiTiONAL COMPUTATIONS PERFORMED
BY CALCULATOR

The additional reactor control variables
which must be calculated are the average
coolant temperature, the coolant tem-

signal calculation

petatire difference between the inlet and
outiet to the reactor, the reactor power,
and the proportional-plus-derivative con-
trol-rod actuating signal.

The caleulation of the proportional-
plus-derivative control signal proceeds as
foliows. Ou P4 the present neutron level
is read out of the g, register iuto the sum
register. At the samg time the reciprocal
period is read from the 1/7 storage register
to the addend register. Information is
stored in the 1/7 register in the form of the
sign digit followed by the inagnitude of the
nutither in ordindgry hinary code (not com-
plemented if negative). Therefore if the
reciprocal period is negative, the digits
must be complemented before being read
into the adderid register. F5 adds the
two quantities, after which P8 reads the
sum n+K;/r=23; from the sum register
to the Sy register. Tir the read-out opera-
tion the digits are complemented if the
sign is negative. :

In the computation of the average cool-
ant temperature, T is read into the sum
register and T, is sent to the addend
register on P7. P8 adds the two quanti-
ties and stores twice the average tem-
perature in the sum register, P9 reads
out the average temperature to the Ty,
storage register, the factor of 2 being
eliminated by ignoring the least significant
bit in the read-out process.

The caleulation of the coolant tem-
perature difference involves reading in
T3 to the sum register and the comple-
ment of T, to the addend régister on P10,
adding these quantities on P11, and
reading (Ty—T) out of the sum register
on P12, The computation of reactor
power is slightly more involved. PI2also
reads (3—7T.) from the sum register
to the multiplier register and puts the
coolant flow rate Finto the multiplicand
register. The following odd-mrmbered
pulses are “‘add attempts,” ie., the least

significant digit in the multiplier register

is tested; if this digit is a 1, an *add”
pulse is applied to the calculator, while if
a 0, no pulses occur. The even-numbered
pulses shift the contents of the multiplier
and product registers. The multiplica-
tion is completed on P39; hence P40
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ADDEND

reads the reactor power out of the sum-
product register.

The calculator must perform two addi-
tional computations, namely the calcala-
tion of the tolerated upper and lower
limits for the reference proportional-plus-
derivative control signal, which varies
according to the load on the turbogenera-
tor. The sequence of computations is
illustrated in Fig. 5 and proceeds as fol-
lows. On P40 the signal Sp.ris read into
the 351 register. For the present compu-
tations 3 has been chosen as 1/18. The
multiplication of Siret by 8 is accomplished
by dividirig by 1/5. Since 1/6=16, all
that is required for this operation is to
igntore the four least significant bits in the
transfer of information from the .Syxe regis-
ter to the §Suer register. The §Syer
register is made four bits shorter than the
Sieer registér and the transfer process in
effect shifts Sy.e to the right by four bits.
P41 reads Sis into the sum register and
881t into the addend register: P42 per-
forms the addition, and P43 reads Sie
(I -} 8) out of the sum régister. P44 -reads
the complement of 38ire to the addend
register and Sqer to the sum register,
After the addition is performed on P45,
the result Sper (1—8) is read out of the
sum register on P46. A complete pulse-
timing sequence for the comparator opera-
tion is given in Appendix II.

Timing Sequence for Comparator

The principles of comparator operation
have already been discussed. The actual

Table H. Comparator Command Timing
: Sequence
Pulses on Which
Command Can
Command Occur

ENCREASE Fovorrennnnennnnnn. P41

DECREASE F(F)................. P42

INCREASE F{F).......... e P43

REVERSE {variable > reference). .. P2,5,8,12,14, 16,
18, 22, 28, 28,
29, 33

2EVERSE (variable <reference).. . P20, 24, 35,39, 45

INCREASE F{T}.,,.\00viiovnan... P31

DECREASE F{T)......c..cunun.. P32

RODETIN. o vuvvvnneerennnnnn,s P10

RODS OUF. oo e nenrniaannn. .. 11

DECRBASE F......co.vuiinnna. P44 .

SCRAM. vt e s sy meaannn s ... P47

RODS EXCHANGE IN......... ....P38

RODS EXCHANGE OUT........... P37

.P3,6,0,13,15,17,
19,23,27, 30, 34

P2, 1, 25, 36, 40,
46

CUTRACK (variable > reference). .

CUTBACK (variable < reference). .

PO gy



timing sequence for comparator operation
is now given. Appendix IIT shows what
reference levels are réad into the R register
on what timing pulses. Table III lists
the timing pulses which read the various
commatd codes into the command de-
coder. By comparing Appendixes IT and
1I1it maybe seen that the quantitieswhich
can cause scramnming of the reactor,
namely excess neutron level or reactor
periodl, are tésted as soon as possible after
the sampling of # and the cornpletion of
the comiputation of 1/7. Also, note that
the control signal S, is computed on FP6
and serit to the comparator on pulses P7
through Pi1.

Fig, 6 shows a block diagram with the
varizhile storage registers and calculating
registers as well as the timing pulses as-
sociated with each register.

Magnitades of Control Quantities

Table IV gives the magnitudes of each
reference level and shows the criteria used
in their determination. Much of the data
for these criteria applies to the Shipping-
port reactor.!

In determining the magnitude of the
réactor reciprocal period, the following
procedure was used. Since the variables
are sampled every millisecond, the recip-
rocal period is:

A 1l An 1
Wn=""Xn =X ®)
or
A
2 g~ ax— 9}
n

For a reciprocal period of 0.2 second™,

the fractional referenice level must be 1072,

X0.2=0.0002, since Anfiz is what is
actually caleilated. In the caleulation of
the proportional_-pl_us'—dedvative. control
signal Sy=sn+ K1/ 7, Ky is chosen so that a
22-second period is equally weighted
agaimmst a full-power level. Using this
eriterion; Ky turns out to be 24=2302M
Since the reciprocal period is a fraction
(and has its decimal point at the left of
the 30-bit register) while the neutron lével
is a whole number (having its decimal
point at its right), the proper scaling is
accomplished by therely shifting the 1/¢
number 11 bits to the left as it is read into
the calculator for addition to the neutron
level. The capacity of each variable
storage register is shown by the mimbers
in parentheses in Fig. 6.

Derivative-Plus-Integral Control

As was previously mentioned, instead
of employing a proportional-plus-deriva-
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Table IV. Mégnitude of Reference Levels

Actus?
Reference. Ho. oz
Level Critérinl— Magnitude of Level Computer
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tive signal to govern control-rod move-
ment, a derivative-phis-integral signal
may be used. In fact, such a signal is
actirally used in controlling the Shipping-
port reactor, and is given by:*

Sy=AT+EK,/r (10)

In using this type of control, it is neces-

sary to compute the intertnediate variahble
AT, This can be done by reading in
Trot=525 F (degrees Fahrenheit) and the
complement of T to the sum and addend
registers of the caleulator and then apply-
ing the usual add pulse. Ku/7 could then
beadded to AT in the same waythat Ky/r
is added to n.

K, may be chosen as follows.
expression for S, the reactor period is
replaced by the quantity I/sk, where [ is

the mean neutron lifetime in the reactor

and &k is a small change in reactivity, the
control signal becomes:

Se=AT+K, (%) ' (1)

By assuming that the average coolant
temperature Tue was initially at Feer but
has changed by a slight amount AT, the
-change can be expressed as:

AT'=Tavg'_’Tref= —AT . (12)

The charige in reactivity is related to the
temperature change by

Sh={—a)AT" . (13}

whete (—a)is the temperature coefficient
of rezctivity of the reactor, which in the
case of the Shippingport reactor is inher-
ently négative. Equation 11 can now be
rewritten as: '

Sg=.AT+K;If AT ' (14

For both terms in equation 14 to carry
equal weight Ky o/ must equal 1. For a
temperature coéfficient of —2 X 10™* per
P and a mean neutron lifetime of 1073
secénds, K, must equal 5.

Breaking into Calculator Timing
Sequence

Tu the des_ign of a computer similar to

the one just described, it may be desired

to use the calculator to computé a very
slowly varying quantity. and there will
not be encugh timing pulses avdilable to
program the calculation into the regiilar
timing sequence. One way to perform
the calculation and still meet the timing-
pulse restriction is occasionally to break
into the calculator timing sequence at a
point where other slowly varying quan-
tities are being computed and to perform

the new calculation instead of the regular

T4, in the

one. A simple method for-doing this has -

been devised and will be discisssed, A
specific example will be used to illustrate
the procedure.

Sitppose that timing pulses P40 through
P46 are not available for calculating

Sirer (18) from the power demand sig-

nal Sir, and that the power demand
changes slowly enough so that it is nec-
essary 10 compute Sier (1228} only oc-
casionally, Since it is not necessary to
perform the regular temperatire caleila-
tions on every cycle, the Sy (1=£8) cal-
culations will occasionally be substituted
for the temperature calculations in the
regular program. More specifically, it is
desired occasionally to substitute the
program given in Appendix IV for that of
pulses P§ through P12 of Appendix II,

The logic designed to carry out this
substitution functions as follows. When
a “change sequence” pulse occtirs, a flip-
flop is set to coitrol certain aND gates
which block timing pilses P7, P9, P10,
and P12 and other gates which permit
pulses P6’, P9, and P12’ to oceur.
Pulses PB, P8, and P11 are still allowed,
and the timing sequence given in Appen-
dix IV results, P12’ returns the flip-flop
toits ongmal state.

Dec_reasing_ Permissible Reactor
Periods During Low-Power
Operation

The propqr'tional_?»]ilus__—defi'vat'ive con-
trol signal :S; is given by equation 10 as
equal ton + Ki/r. K is chosen so that

- a 22-.second period is equally weighted

against a full (1009%) power neutron
level, The control sighal is obtained,
however, accordmg to the load on the
turbogenerator. Therefore, for a power
demand of less than 100% the signal 5,
will be decreased, from its full-power
valie. When this happens, the tolerated
limit on the reciprocal period will be auto-
matically reduced so that the shortest
allowable period will be greater than 22
seconds. For example, for a power de-

- mand of 509, the period limit will be 44

seconds. This means that for small power
demands the permissible rate of charige in
reactivity is decreased; hence it will take
longer for the reactor to reach desired
power levels.

A method has been devised for speeding
up changes in power level during low-
power demiand. Essentially, it consists of
merely modifying the ealculated reactor
pericd. Table V shows the reciprocal
period demands which correspond to
several given power demands in the sense
of having the same conirolling effect on
the regulator rods, and by what fraction

6.

Table V.

Power-Demand Recipiocal-Period

Correspondence .
Power Corresponding M tiitiply_’l‘rue
Demand,% 1/r Demand 1/r by
00.......... 004650, ......, .. 1.0
50..... e 0.02275....... ... 0.5
Wl 0.00455. ..., ... 0.1

the true reciprocal periods must be multi-
plied in order to tolerate a 22-second
period for each power demand,

As a specific example, assume the power
demand is 509, and the reactor is cur-
rently operating on a 22 second period.
The calculated 1/7 will be 0.0455, but if
the computer deseribed in this article is
used, the conirol signal 57 will tolerate a
reciprocal period no greater than 0.02275.
Hence, the control rods will be moved in
until the reactor is forced to operate at
nothing less than a 44-second perfod.
Now, suppose that. the calculated 1/+ is
multiplied by one half, the ratio of actual
to 100% power demand, to obtain a new
reciprocal period (1/7) = (0.04551/) =

0.02275. When this quantity is com-

pared with the control signal the limnit is
just reached, and the reactor is still
altowed to operate on a 22-second period.

Using this methed, the caleulations
would proceed as follows. The computa-
tion of 1/+ would be carried ouit ini exactly
the same miannet as before, the result
heing sent to the metefs, recorders, and
the V register of the comparator the same
as before. However, an additional
quantity {1/7)" = (1/7) times the power
demand divided by the fall-power level
would be computed, and this quantity
would be employed in computing the con-
trol signal .S;. In other words, equation
10 would be replaced by the relation

=ntK, (1) 15
_ . .

This ensures that the allowable reciproéal
period is not reduced when the power
demand is below that of full power.

Stability

An essential requirement for any con-

‘trol system s that it be stable dor all

conditions for which the system is to be
operated. In a nuclear reactor ‘control
system the stability requirement is even
more important since the damage which
could result from an unstable atomic pile
is constderable,

A complete stability analysis cannot
possibly be presented here; however, a
brief and simplified analysis which indi-
cates that the.designed digital reactor




control systém is stable and which throws
some light on the general problem of
stability of sampled-data reactor control
systems follows. In this analysis, a gen-
eral block diagram for a nuclear reactor
and 'its associated sampled-data control
system is set up and reduced. The trans-
fer functions which pertain to the specific
system under consideration are forﬂluf'

lated, and several simplificationsare made. .

-The stability is studied by means of root-

locus technigues, two root loci plots being:
included to fllusttate the effect of varying.

the sampling freqiiency on the allowable
over-all system  gain.

A generalized block. diagram for a
sampled-data: nuclear reactor econtrol
system is given in Fig. 7(A). F(s) is the
‘transfer finction for the nuclear reactor
and relates changes in reactivity 8k.to
changes in neutron level én. The ontput
on is sampled by an impulse modulator

IM and the samples (impulses) are sent |
: The . and H(s) in Fig. 7(A) actually is made up
notation G(g) is used to indicate a purely | of several components. First, the com-
. puter setids out a sampled signal propor-
“tional to the netitron level and the rate of
change of the neutron Jevel.
priter transfer function will be denoted
L by D).

elements; represented by H(s), in the °
feedback loap before being used to fuinish_ '

the reactor with reactivity of opposite

through a digital computer G(z).

discrete (sampled-data) system, whose

Laplace transform congists of functions -
= g, whete 7 is the time

of the form &7
between samples. The output of the
computer is sent through some continuois

polarity to the odginal disturbance,

- The block diagram of Fig. 7(A) can be |

redticed to the successive forms shown by

Figs. T(B)~(E). ‘The starred quantity :

denotes that only the samples (HF)*

of the purely continuous transfer function .

HF are of interest. The transmission T

from &k to én may be written by inspec--

tion of Fig. 7(E) -as:

T= F—g(MG)[ (16)

L .
1+(HF)*G] (HE)

I the inptit 5% consists of one sample, a
unit impulse, the trangmission can be

thought of as representing the unit im-

pulse response of the system, Jf one is
interested only in the samples of the im-
pulse response, the pitre z-domain trans-
mission may be given as:
i %

T+ F . F [ G(HF)

) L-H(HF)*G
 Hence the system is repfesented by an
entirely diserete transfer fanction and root

(17}

locus or similar frequency domain tech- -

niques may be employed. The next step is
to determine the specific functions F, G,

F\*
y *
H, F*, (H) , and (HF)*,

The transfer function for a nuclear
reactor can be shown to be of the follow-
ing form:?

_ will be taken to be 50 seconds™L,
. peratige effects may also be taken into
* consideration, although for the purposes of

su(s) e 1

I+ El(s-}-?u).

ah(s) I

where #, is the steady-state neutron level,
! is the mean neutron lifetime, 8, is the
fraction of total neutrons in the éth group
of delayed neutrons, and A; is the decay
constant for the ith group. Equation 18

(18)

“can be simplified by considering one group

of delayed neutrons with appropriate
constant 8, x, Equation 18 becomes:
duls) _ #o(s+))

§k(s) Is(s+d) (19

In the following analysis A will be chosen
as 0,075 second ™, while the wvalue of 4
Tem-

this analysis these effects will be neglected.
The feedback control consisting of G(z)
The coin-

In order to facilitate the analysis, the

_derivative component of D(z) will be
. ighored and the computer will be assumed

to furnish inerely a delay of some sample
time. In other words,
D(z)== (20)
b4
Next, the signals are considéred to be
quantized, ie., for any neutron Jlevel
greater than n,(1" + 5) the computer

" sends out a 41 sighal meaning move the -

rods in, while for any neutron level less

Bks s

than #,(1—8&) a —1 signal is generated to
move the rods out. For neutron levels
between n,(1-4-8) and #,(1--5) no correc-
tive signal at all is initiated. For the pui-
poses of this analysis, however, the quan-
tizer will be assumed to have a transfer
function of unity.

After being quantized, the control
signal is held, or clamped, at a given value
for an eritire cycle of compiiter operation
(sampling period), The transfer function
for the clamping operation is given by 1/s
-/ :

Finally, the clampsd signal is used to
control a motor, which in tiirn drives the
control rods. The transfer function used
to describe the behavior of the motor is
(Km/14 mms) where K,, and 7, ate the
gain and time constants for the motor
respectively, A value of r,;=0.1 will be
used in the ensuing analysis. )

The motor transfer function and the
1/s term froin the clatnper will be grouped
together and termed H{(s), while the eom-
piter transfer function D(z) will be
paired with the [i—(1/2)] term from the
clamper to obtain G(z}. The quantities
F, G, and H can thus be expressed as:

(54N Kai{s+0.075)

PO = ord) s(s+50) @)
,G(z)ﬂ}(l-—:—l) =§-_T'1 @22
2 £ F4
A Km Km/'fm
Hes) _s.(rms'+1) uqs(s—l-.IIO) (23)

Inspection of equation 17 reveals that
the stability problem can be analyzed by
focusing attention on the poles of F* and

F &
(?I) and the zeros of 1 + (HF)* G

« F(s) can be expanded in a partial fraction

expansion of the form:

Fig. 7. -Reduction of general-
ized reactor-control block dia-

(A} ®
L3 Iy HF I n oW HF 1 n
-l 5 {M FMG Y F-HF
G
~HEMG
(o¥] )
k H HF 1 n
FMG \ f ~HF*
L,
I + (HF)¥*g
€

gram




951 X K=482 +~2 also Zero

el T 0t 67S

Fig. 8. Locus of roots of 1 +{HFY*G for T=10"% seconds

=t t 24
(S}ﬁs+s+50 o (24)
The z-transform for F{(s) can then be
written down by inspection as:
LN A ‘
F (2)—-2_14—3-_;5,,1- (25)
where T is the sampling period.

F* (2) is seen to have poles at 5 = 1 and
atz = %", PFor the transform z = &7
the unit circle corresponds to the j-axis of
the s-plane, poles outside of the unit circle
causing instability and poles inside of the
unit circle giving rise to stable systems,
Since the poles of F*{z} do not lie outside
of the unit circle, F*(z) is seen to be stable.

*
A similar argument holds for (5) .

In examiining the zeros of 14+(HF)* &
root-locus technignes will be used, since
(HF)* is a function of the feedback loop
gain. (HF)*® G can be shown to be given
by:

1.57% 20 5
(z—1)2 z—1 ' g—e BT

25 (z—1)

~107
€

(HF)*G=

X10™4K  (26)

z-— %2

where K is defined as K\Kn/mm. The
computer was designed to sample the
neutron level and send out a command
signgl to the econtrol rods every milli-
second. Herice T {3 set eqaal to 1073 in
equation 26 and in order to simplify the
analysis, e7 = ¢—-Mig gpproximated by
unity. Equation 26 then reduces to:
(s—679)X1.5X17 7K

(HEY*G= 22(z—0.951) @7

A plot of the locus of the roots of I-j

{(HF)*G as given by equation 27 is shown
in Fig. 8. The system is seen to be stable

for all values of positive K less than 482.

In order to determine the effect of vary-
ing the sampling frequency, a sampling
period of 1075 seconds was hypothesized.
A frequency greater than 1 ke was chosen,
rather than one smaller,.since for high
sampling frequencies approximations can
be miade which greatly situplify the analy-
sts, whereas for sampling frequencies less
than 1 ke, the analysis becom s far more
complicated. For a sampling period of
107 seconds both ¢~17 and ¢ ™7 can he
approximated by unity, and equation 26
reduces to:

1.5X10-*K

CAHR G (28)

z{z—1)
Fig. 9 gives a plot of the locus of the roots

of 14+(HF)*G as given by equation
28. The system is now seen to be stable.
for all positive valués of K less than 6.7
X108, and for K less than 1.67 X 10¢, the
loci remain entirely on the real axis.
Note that there is a substantial increase in
the allowable K when the sampling fre-
quency is increased from 1 ke to 100 ke.

For any sampling frequency greater
than 100 ke the approximations that
€7 and ¢ "7 are both unity still hold,
and in fact, become even more accurate.
The shape of the root loct is dentical to
that shown in Fig. 9. However, the
values of K which correspond to points
where the loci cross the unit circle vary
with the sampling Irequency and are
found to be:

_6.67X10

K
T

(29)

Equaticn 29 shows that for high enotigh
sampling frequencies (siiall enough
sampling periods) the allowable feedback-
loop gain K increases and is directly pro-
portional to sampling frequency (in-
versely proportional to samjpling period).
In the limit as the time between samples
goes to zero, the allowable K is seen to
approach infinity. This result is not sur-
ptising, since the equivalent dontinuous

" reactor control system is stable for all

positive K.
Conclusions

According to the preceding analysis, a
reactor control systemi consisting of a
sampler, delay, clamper, and a motor-
control rod-drive mechanism certainly
appears to be stable. Moreover, for a
sampling frequency of 1 ke the allowable
feedback-loop gain seems tolerable, If
the sampling frequency were increased to

j-axis

e

—

Fig. 9. Locus of
roots of 1+(HFY*G
T=10—* secon&s_

-l




10% ke, or greater, the allowable gain is
increased stbstantially and, in fact, be-
comes directly proportional to the sam-
pling frequency. In the limit of infinite
frequency (a continucus system) the
allowable gain approaches infinity. It
does appear, however, that excessively

~high sampling frequencies are not neces-
sary since sampling at the selected fre-
quency of 1 ke seems more than sufficient
to result in a stable system.

Accuracy studies were not made for the
described comiputations: However, the
nature of digital comprutation does lend
itself to high accuracies. In general, it
may be expectéd that any reactor control
quantities caleulated by digital methods
could be computed to the same degree of
accuracy as the original data.

The designed regctor control computer
appears considerably more flexible than
presently used analog reactor ‘control
systems. The reference levels and seale
factors can be changed with considerable

* ease, simply by reading new numbers into
the reference memory. Also, it would
be possiblé to change the quantities to be
calculated, if the nature of the substituted

cotmnputations is such that a presently
existing computer timing sequence could -

be used. The described substitution
scheme adds to the flexibility afforded
since it permits additional quantities
to be calenlated at variable time lags
between individual computations. One
serjous limitation in the flexibility of the
designed computer does exist, however,
This is due to the fact that the computer
is special-purpose in nature, and hence
possesses nowhere near the wide degree
of flexibility affoided by a general-pur-
pose digital compitter, into which almost
any sequence of operations can be pro-
gramed and new programs readily sub-
stituted. :

The designed computer should be as
teliable as any other digital domputer of
equal complexity. Since huge general-
purpose comptiters much more involved
than the designed computer have been
built and operated successfully, a high
reliability would seem possible for the
designed reactor control system. In the
detailed design of the system high quality
components {tubes, transistors, diodes,
etc.) woitdd be used in order to minimize
malfunction. -

The design bas not proceéded io the
point where a meaningful cost estimate
can be made. It may not be unreason-
able to assume however, that the cost of
a digital system like the one described
would be higher than presently used
analog systems. It would then have to
be determined whether any inerease in

cost is jnstified by increases in flexibility
and accuracy.

Appendix [. Variable-Command

Relations :

The conditions for scraM are:

>N,
(1/7)>(1/7)m
S>> Sim

_ The conditions for REVERSE are:

>Ny
(/=) (1/ =)
S>8
To>Thr

Tc> Tcr
T>Tpr
{Ta—T)>(Tu—To)r
Pe>Porn
Ps:"f’srh
> ¢y

P>y

Xg= Xy
LTy

F< F;
Pc<Pcr!
Ps‘(Ps‘rl
Tavg< Taver

The conditions for cUTBACK are:

n>Me

(1/7)>(1/7)

Sg}Slc

Tu>>The

Fy>Ty,

Te>Tee
(Tr—To)Ta=T2)e
Iﬁc>Pcch ’
Pe> Pach

D dfg

P>Pe

L<L,

F<F,

Pe<Peet

P'3<P.ml

Tavg< Tnvgc

The ¢onditions rfor EXCHANGE OUT are:
X>X,

The conditions for EXCHANGE IN are:
XXy

The conditions for ropS 1IN are:
812> Syres(1-1-8)

‘The conditions for RODS OUT are:
S1< Spret(1 -8}

The conditions for DECREASING FLOW
RATE are:

F>F
F>Fyand (Ta—Top<{Ta—Teh

The conditions for INCREASING FLOW
RATE are:

F<F,
F<F; and {Ta—To)>(Ta—Teh

9

Appendix l. - Timing Sequence
for Calculator Operation

P64: sample all measurable quantities.
P1: read m; to sum, read fiy-; to addend.
P2: add.

P3: read #x to divisor (complement), read
sum to dividend.

P4: read 7 to sum, read g to Hg; (com-
‘plement), read 1/ to addend (com-
plemert digits if negative).

P5; add. :

P6: réad S out of sum (complement digits
if negative). :

P7: rvead Ty to.sum, read T, to addend.

P8: add.

PY:  redd T, out of sum.

P10: read Ty to sum, read T, to addend
(complement).

Pll: add.

P127 read {Th— T:) otit of sum, read F to

multiplicand, read (Tp— 1) to mul-
tiplier.

Odd numbered pulses P13 through P39 are
add attemipts; even pulses are shiff
multiplier and product.

P40: read P out of sum, read Sier to
wlraf-

P41l: read Syt to sum, read 3Sia to
addend.

P42 add.

P43:  read Sirer (1435) out of sum.

P44: read Sis to sum, read 85y to
adderid (complement).

FP45: add.

P46: read Sypes (1—8) out of sum,

Appendix lil. Comparator
Reference-Level Timing

Sequence
FPl: nnp
P2: n,
P3: mn
Pi: (U/7)m
P5: (/1)
P8: (1/7)
PT: Slm
P8: Slr
PG Slc
P10: S.;ref(l -"rﬁ)
Pll: Sirer{l1—8)
Pl12: T
P13: Ty
Pl4: T,
Pl5: T
P16: Ty
Pi7T: T
P18:  pomn
P19 peen
P20 Pert
P2i: pect
P32 Pen
P23:  psen
P24:  psry
P25:  pser
P26: P
P27: pe
P28: X:
P29: (Tw—Te)r
P30: (Trw—T%)e

Pal: (T!J _Tc}l




P32:
P33:
P34:
P35:
P36:
P37
P38:
P39:
P40:
P41:
P42:
P43:
P44
Pdf5:
P46:

(Ty—Ta)s

Taver
Ta.vgc

Appendix V. Substituted

Calculator Timing Sequence

P6":
P7:

P8’
Py’
P10

P11’
P12%:

tead  Siret to $Srer.

read Siref to sum, read $Sper to
addend.

add.

read Sirer(1-+48) out of sam. .
read Spet to sum, read 8Suet lo
addeind (complement).

add. : .

read Siret(1 —8) out of sum, read F

to mudtiplicand, read (Th—T,) to.

multiplier.
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