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AN ELEMENTARY APPROACH TO ANALOG COMPUTING

This materiai is supplementary to that in CF 57-1-1, Reactor Controls,
by C. S. Walker, January 5, 1957.
The analog computer, or simulator, to be discussed here is described

in more detail in ORNL-2405, ORNL Reactor Controls Analog Facility,

Operation Manual by F. P. Green. Also, refer to CF 57-1-1.

An anslog computer is made up of components which basically
function as operalors iu the mathematical sense. For exampie; a
variable which is a function of iime is to be added to another function
of time, or multiplied by another variable, or integrated with respect
to time. Only a few .of the operations that can be performed by an analog
facility will be described..

I. BSolution of u Glven Mathematical Expression

As a specific example, the following relationship is to be considered:

Y=z XTI — 0,6/ xar

The variable Y is an independent function of time, the variable X is to
be determined as Y veries. A block diagram to specify the operators re-
quired to solve for X is to be set up. The first step is to solve for

“the highest ordered differential.

3‘/;" y-SX+o. 6/Xa/l"
The operator may be drawn as a block:

g o———> .
alx
+0.6/xdfo—> Sirn —> 17 o
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added provide an output of +3 ;7%—( :

This sumning operator has three input variables, which when algebraically

Next, if the proper scale change is performed on +3-"—[’-" ) +5‘1 is obtained.

This +?(—X is integrated to obtain+X, and a scale change with a sign in-

dt

version is performed to obtain-Sx.

At

_’-

S

o——>21 + %—E‘i’%] >\ In ilcyra/éf

dt

> + X

~SX < -S5[+x]

e

Fig.2

’ Also,+)f may be integrated again and a scale change taken fo obtain + 0.6 /;{ J(‘,

+ X 4 In?‘egra/'e.;

+/x ¢

+0-6fxdl <— 4 0, 6[3rndt]

F/'y'

N

Now, all the inputs to.the first summing operator: have ‘been:..obtained, ;

and the dependent variable ){ has been determined.

The complete solution by means of the operators is drawvn below:

(Input)
dx

-+

+f/ o—> _
—) S

3

AN

L3‘—" ) o s . :
AE |, LX) LT .
+;?[?%] > ]n/c;"m‘e; '.

+X

~oX

=5[+x]

+0.6/XdE

Intey rate..

>-4+X (output)

Frg. 4
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In order to obtain the solution on the computer, the initial conditions
must be known. In other words, the values of X and of /xdt must ve es- B
tablished and set into the facility and clamped at the .condition for
t-0. In general, the -initial conditions fouowing any -integration must
be known. Thevclamps are then released a.nd Yiis varied as required. The -
output will be X as the dependent variable. Na‘t.;ural_'l.y,, there are certain
physiéal limita.tioﬁs on the magnitudes of the varisbles. ' : : A
Another point that must be considered is thAt a device to vary Y |
as a function.of time must be provided. |
In the ORNL analog facility, the input and output variables are
voltageé » the maximum allowable value béing 100 volts, either positive
or negative. These voltages aré measured with the frame of the machine
being a common point. The voltages are then said to be measured with
respect to ground. Also, in the ORNL computer, each operation on a

variable results in a change of sign. This means that the integration

dx .

of+2?_— will result in-X , and the sun+y +0.6 fxdt-$X will produce
..3;%‘ rather tha.n-fj% - The actual block diagram used in setting up

the computer is called a road map, and the road map to solve the specif‘ic
example taken above will be déveloped. | |

First, it will be neceséaz:y to study ’g:he symbols used on the road map
to. represent the operations to be performed.

IT. Simple Operators

It should be noted that each of.the operators to be described émploy
an electronic émplifier as the basic unit. An elementary description of

the operation of the amplifier is given in CF 57-1-1, pages T7-80, with




more information in ORNL-2405.

A. Sumation (Inverter and Scale Changer)
l a \ ”

+V, 0— b ] L '
+V, o— -C/F{g.\; -V,

The basic mathematical relation is

Phby +CV~aVpr o

or, Y= g'!z—l/, +-§_'>V2 .

Here, it has been assumed that the two input vbitage§ are'\/, and \é, and
that both are positive with respect to ground. Since the operator inverts
the polarity, the bu‘bplit voltage is negative. The lettersa ,5, and €
indicate the numerical value of the coefficient of the scalé change ob-
tained in this summation. The numerical values b_f thése coefficients
available are generally 1, 5, and 10, although 2 and 20 can usually also
be obtained. It should be noted that there are é.ctually three ihpu'h'
voltages, na.mely +\{ ’ +V2 » a.nd—"\f,. One useful way of thinking 6f the
action involved here is to consider the device as a mechanisrﬁ which
adjusts the .output voltage \/3 » in such a manner that the sum
+bV,+CV2.— C{\{g is equal to zero. Note that thié is the sum of the
three voltages, each voltage havihg a coefficient to provide a scale
change.

More than two varisbles may be added, if desired.

B. Integrator -
IC

+V o1 \




The basic relation is

+av, - b ZZZ o

Note the reversal in sign as in the summation operation. The coefficient @

on the input is ava,ilat;lel aé in the summing ampiifier a.nd'may have the
numerical values given above. -The coefficient b written outside the
triangle may ha.\(e the values of Ol or 1, v;ith 1 being fhe cﬁstoma,ry‘
value. -The terminal marked IC is used in case an initial condition

- other than zero volts is require_é. from the. integrator.. In other. words,
at the instant in time that the system operation is to commence, the volt-
age V> is to have a certain specific value other than zero, and this
value with sign reversed as in the case of an ini)ut voitage 1s written
at the place indicated by the symbols IC . In many applications, an
initial condition is zero, and the terminal mafked IC is then omitted.

It is possible to algebraically sum as well as integrate‘ in one
operation. Refer to Fig. 7, in which a second input vo‘ltage \{3 io
applied.

v o2 N7

The basic relation is

dVz ,
tay +C§—5F:O :

o, vzzi-b-/—f(ay,_v#c lg) dt




C. First Order Linear Operator
(First Order lag)

Actually, this op,e;ration is identical to the combination of sumat-
ion and integration shown in Fig. 7. ‘If-\{g in Fig. T were connected to
the terminal where \{? is applied, the operator would appear as in\ Fig.

8; and \{? is replaced by -\ﬁ in the mathematical relations.

The basic rela.tion is

dvy
+aVv,—-CcV, - b =0
| S Adé
- £ b av
o0 MTarage
: e (Vo —
or, V=3 [(avi-c)dt

The basic relation is that of the first ordér linear differential
equation having constant coefficients. The output voltage \é does po,t
instantaneously follow. a change of the input voltage \{ H ip other words,.
a lag is introduced. Dué to the fact that the differential equation
is of first order, this operation is sometimes cdlléd first order la.g.‘
Whefl_ steady-state is. reached witl% V’ being constgnt s the voitage \/2 will
also become constant.

III. Analog Calculation

A. Road Map for Equation
For simplicity, it will be assumed that any desired constant
value of scale change is available. The road map of each operator will be

developed in the same manner as were the required functions previously

143 007



dravn in block form in Figs. 1, 2, 3, and L.
The flrst operator is to have input voltages of+y )+ 0. 5ﬁ6ﬂ' and - S$X,

The output voltage is to be proportlonal to tht%(-

/
I — | oA
+0.6 [ xdt o1} | At
~SX  om { . 7

The mathematical express:.on for the sum being taken 1is
3 -+9 —)-Qéf)fdf —J-XJ
consequently the output of the summation operator is-3 Z[!’: beca.use of

. the inherent reversal iﬁ sign. The basic reiation for the operation is
+y T+ 0.6 xdt - 5x - 3_——4" E

which is the desired Aequation.

dx

The next operator is to have an input of 3——a.nd an output voltage
of+X. Clearly, the operator must be an integrator. A

| — A
(+V5)

. . ’ ' ) /
| - Fig.lo AN

Using the output voltage as +VZ »- the basic relation for the integrator

follows:
o dX
| | sg2) + _
o s [EEa
143 008



Note the scale factor of %3 on the input voltage.
In addition, an operator to change the sign X and also raise the
vaiﬁe of X by a faétor of S is drawn in Fig. 10.
Next, the quantity+o. 6_[\’42‘ is to bg obtained by first integrating
with a unity scale, then raising this integrated outpp.t by a .factor

of O.6 and reversing the sign. Refer to Fig. 11. ' ’

+X o

+0,6ﬁa/f .< ' / /o ‘
Fig. i \

A1l of the dependent variables required by the summation operator

in Fig. 7. have now been generated. The complete road map is drawn

in Fig. 12,

S 4+ X fow‘,oa?‘)
AL (s

+0.6/xdt
Frg./2

The road maep of Fig. 12 requires five amplifiers; it is possible to reduce

this number by combining the opei-a:bibns of sumation and integration. If

- 009
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74 o 4> -"-x

the integration of Fig. /O is combined with the summation of Fig.. 9., it

i

should be possible to obtain an output proportional to X ; ‘however, ?j_;f—-

cannot be measured.

%
[y -/-y ' ! //‘?

+o. Zﬁfdfo-—’_’i"

S\ .
\ —
o
- ~©

Fig. (3

It has been assumed that +/Xc/2‘has been reduced ’r;y a factor of 5 by
another circuit. The coefficient associated d.ireptly with the integration
is unity because values other than 1 or 0.1 are not av_ailable.’ The .
sumation coefficients are those which ai:e required to satisfy the
equation. The basic relation of Fig. {é féliowsﬁ
+'6y - x+oz2 xdt -12% -0
Rearrange, and multiplx by 3:
y=Sx+34% d"} ~ 0. é/xclz'-
This is the original equation.
There is only one dependent variable needed in Flg. 13 to complete
the solution. A reduction of -X by a factor of 5, followed by a unity

integration of - 02Xtogether with the inherent reversal of sign will

‘produce +0.2ﬁ{dt. A unity inverter may be used to obtain+)fXfrom-X. The

road map is drawn in Fig. |4,

-+X

%

+0.2 xdt

-10-
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Note that the factor of 1/5 is introduced in the input to the second
integrator, rather than in the'output. This reduction before integration

is to limit the amplifier output to a maximum value.leSS than 100 volts.

‘It should also be noted that the connection from the output of an operator

back to the input is often omitted on the road map when the sumation
scale factor on the output voltage is unity. This connection has
heen oﬁitted in the inverter to obtain+X in Fig. 4. In addition, the
omiséion of the value of the suﬁmation'scale factor on any input is |
interp;eted tq mean unity. Again, refer to the inverter iﬁ Fig. 1k,
The values of the scale coefficients of the summation in Fig. 1k
are nof available directly. Obviously, the fixed values previously
stated are hardly suitable for a wide variety of applications, con-
sequently a continuously adjustable element is available to be added
into the circuit. These elements are poténtiameters,_sqmetimes called
"pots"”, which can be adjusted to reduce the resﬁective voltage to any
desired fraction of the input voltage to the pot. The phrase fvoltage
dividerf aptly describes the function of one of these devices. When a
pot is added to the input circuit of a summationAamplifier, the actual
scale change is egual to the product of the voitage ratio due to the
pot and the coefficient of the amplifier input. Note that the pot ratio
cénnot excéed unity. In order to achieve an input coefficient of 5/3,
a pot ratio of 0.333 together with a fixgd.coefficient of 5 could be
used.

The road map of Fig. 14 is redrawn in Fig. 15, showing phe pots as

circles, with the pot voltage ratios written inside the cirecles.:

-11- | 143 011
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ty
(mpot

_(200)
./

——— —X(Output)

~

ro.2/xdt S

F/'Q,'/f

Thé initial conditions are indicated in Fig. /5. No initial condition :

is shown for/}u&‘becauée this"qpantity is to have an initial value ofi
zero volts. A pot is. to sﬁpply + 5.0 &olts to the integrator to produce
-5.0 volts as the initial value of<X . Note the reversal in sign
'between the output and the initial condition as in the case of the re-
lation between the output ahd input voltages.

The source of + 100 volts is provided by the powef'supply which is
part of the analog facility. A sourée of - 100 volts is also provided.

The voltage -Xis not converted to+X because t1:1e indicator of this

voltage is equipped with a polarity regersingvs#itch in order that either : N

. positive or negativelvoltages may'be indicated in the up-scale direction.

It should be poiuled out that the pot settings read on the potentio-
meter dials are nqt identical to the pot voltage ratios obtaiﬁed. The
current which flows through the pot resistance will reduce the voltage
ratio to a value lower than the actual sefting of the dial. éonseqpent-
1y, the poté are adjusted to give the desired voitagé ratio, as determin-
ed by voltagé measurements, after the circuifs are connected. The setting
of the pot to shpply the initial condition of X in fig. 15 is'nof shown
because this pot is to be set to supply + 5.Q‘volts, rather than to provide

a voltage ratio from a varying voltage source.

~
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- B. Actual Solution

The actual process»foliowed in obfaini#g a soiution of the
differential equation is deséribed in thé succeeding paragraphé. The
solution is shown in ORNL-LR-DWG 26123, together with the variation in
Y for which this solution was obtained. This particular variation of the
independent variablelwas taken in order that it could be exﬁressed

mathematically, if desired.

_13_'
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x (volts)

y (volis)

" —20

65

.- ] UNCLASSIFIED
- ‘ORNL—LR—DWG 26123

60

55

- EQUATION
o)
gt *5x — 0.6fxdt

y= 3%

ATt=10,x=5,fxdt=0

45

x IS DEPENDENT VARIABLE

40

35

30

25

20

]

[4)]

30 35

t (sec)

y IS INDEPENDENT VARIABLE

—_————— - L0

AN

203 volts

14.3 sec

11.2 volts

T___;[_ _—‘_Ji—

27.6 sec

—1i5

i

4

Analog Solution of a Mathematical Equation.



The initial linear incresse in Y vas obtained by integrating a con-
stant voltage .of 1.42 volts , as indicated in Fig. }§¥ After this x}olt-
age flad been applied to the integrator for 14.3 seconds, the switch in
the output of the integrating amplifier was thrown to obtain a constant
value of -ll2 volts. After 13.3 seconds, the switch was thrown to the
center pqsitiqn, which held Yy at zero volts.

o ./f\\ /'. +J7#24t - |
oo s 200 \_/ Ty O*J’w,‘/‘c/)

—-/00y
Frg./6

Two of the pot voltage ratios in Fi‘g. I6 are blank because the

actual settings were unimportant, the desired voltage being the impdrtant-'
considéra.-tion. Two poteﬁtiometers ixi éascade, or a "pot on a pot”

were used in obtaining the low value of -1 42 volts from the source

of -100 volts in order to avoid taking this rather large reduction on

one pot.. . o .

The voltage 9 out of the road map of Fig. 16 Was.appliecli as the
input of Fig. ]5. The voltages Y and X were recorder on Strip-clharb
recorders and redrawn for ORNL-IR-ING 26123. The initia.l- conditions
taken were + 5.0 volts for-})( and zero volts for /;}c/t, as previously

’ \
stated.

- 143 915




IV. Complekx Operators

: AT' Function Generators
It is often necessary to bfoduce'a voltage'V% which is dépendent
diréctly upon the value of V;, but is ndt‘time~depéndent. 4Fbr‘example,
the variable V¢}%may be needed, with Wknown. In other cases, the
relationship between the desired variable and the independent variable
is available only as a graph.

The function generator produces the desired variable with the

. known independent varisble as the input. Refer to Fig. 17. The com-

puter operator sets up the function generator to obtain the desired
relation bétween the ouﬁput'and inpﬁt voltages.
A o—©—> F(X)
B. Multiplication I Fig./7
" 1. Electronic Multiplier .

The electrbnidhmultipliérs in' the ORNL Analog Facility depend
upon function generators for their operation. First, the sum and the
difference of the two variables in question aré taken by means of summ-
ing and inverting operétérs. Next, the‘sqpare of this sum and of this
difference are individually obtained by:function generators. The
difference of the'squares,'obfaiped”by another summaﬁion,'provides a
voltage proportional to the produét.‘ More information méy be found in
Fig. 21 of'ORNLlahos.' The road map symbol is given in Fig. 18. The
output is-;-?o_(%‘wheri' the inputs are X and Y - " The mul‘l;iplier operates

with either polarity input. .éiji

A o—> ;*( > -2y

-16-
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2. Servo Multiplier

The basic element in the servo multiplier is a potentiometer,

or pot, used as a voltage divider. | Refer to Fig. l9. _
+V<*—j?
! $ : '
. e

- ,:,9,/9

-~V
One of the input varisbles is the voltage V), the other is the position
&t of the sliding contact. Thé output .voltage \éwill be proportional
to the product \_/,o(,'o(béirig éxpress‘ed as a fraction of the total dis;-

tance from the common grbun_d point to ‘the uppef'end of the resistance.

Both polarities of V, are required if Vois to change sign; o« may be either,

positive or pegative to place the sliding contact in either thev upper or
lcwgr half 6f the resistance, producing either positive or negative
signs of \(, .

Since \;‘oltages are to be multiplied; if is necessary that o be
continuously directly proportional to one of the input .voltages imApressed‘
upon the multiplier. This proportionality is produced by an electro~
mechanical servo system utilizing an electric motor to posAit".ion the
potentiometer shaft. The inpﬁt X in Fig. 20 is the voltage to the seri(o

which positions the sliding contact.

+y ‘
xo—— X¢ | -
-y
. . X .|
Fig. 20 — +/—5% or ,—o-g‘

-17-
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Either polarity of output voltage is available by interchanging
the polari’cies of the voltage‘s+y aod- Y applied to the potenticmeter ’
terminals. Also, the servo motor positiohs the shafts of several pots;
consequently additional voltages may be multiplied by X . This is |
useful when the prociucts of X a.n'dbi as well as of £ and Y must be
obtained. The ability of the servo positiener to follow a rapidly
varying input volta,ge limits the frequency of X to & maximum of
approximately two cycles per second. There is no such limitation on
the rate of cha.nge of ‘bhe voltage applied to the potentlometer re-

sistance. In casges where X does not change sign, it is possible to

operate the multlpller with onJ.y one polarrby of voltage applied to the

potentiometer resistance.
C. Division
The process of division will be considered as the inverse of

multiplication. The ‘voltage Z'is to be obtained.
R 4 _ L . L ) . .
LI S
then A = }‘ Yy

In this last eg_uatlon, A could be found by multlplylngé by y ow= _

ever, }15 not known but is des1red, a.nd both A a.nd_(f are know'n Then,

. the problem is to force the computer to generate a voltage y that when

multiplied by y will produce a voltage equal to the known value of X .

If this voltage Yy~ can be generated such that

;"V'y = .7('

then » Obviously,

5V

-18- .
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and the operation of division is accomplished.
In‘this application, it is necessary to use an amplifier to obtain

the maximum voltage amplification possible. Refer to Fig. 21.

“fVG o2
: oo
..\/2 o———b Vo

Fig2la | Fig.2lb

Eitﬁer Fig. 21a or 21b msy represent this application; With the
amplification available, the actuﬁl net input must be near zero in
order to maintain an output between + 100 and - 100 volts. The only
practical mathematical relation possible is

4.¢zv;-,b ké =0
The value of V) is indeterminable as shown here; therefore, the circuit
external to that indicated in Fig. 21 must be dsed'to make this mathe-
matical relation possible by making use of the output voltage MS‘A The
two input voltages musf‘be opposite in sign. | .

The road map for the basic operation of division is drawn in Fig.

22. S Y /mput
. (positive)
denominator
2 X[ _ry
100 :
| . (negative)
 output " /] (negative) X .
(positive) . ' ' —2 Jhput
7uorf.'¢m“ \J (pos.'}:‘.-ve)
. | Numerator

fg.22

-19-
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Assume that both the voltages y and 7( have p031t1ve values. Further,
assume that the voltage v is avallable as a pos:.tlve qua.ntlty to be
applied as one input to the multiplier. ' The output of the ﬁl,ul'biplier
is—x;—‘Zin this case since the mu.ltiplier pfoduces a cha.nge in voltage
sign. This negative product is compared to the 1nput voltage X by
means of the’ extremely high gain amplifier illustrated in F:Lg 21.
The output of this comparison amplifier is reversed in sign by the

inverter ampllfler which supplies the positive voltage v~ back to the

mul'blpller.' The'hlgh gain comparlson a.mpllfler requires that

X = vy 0 : ’
in order that‘ the voltage v~ is finite. Therefore, V = /00 —. .

y

The desired voltage was the quotient 9)-{-; therefore, the division
operation has been produced. All voltages must be limited to a maximum
value of Ai 100. It has been assumed that both‘input coefficients of
the .comparison amplifier were unity.

Another way of considering the operation of this circuit is to
imagine that both X and y are simultaneously applied. The comparison
amplifier and sign inverter will produce a positive voltage V- .. .This'
positive voltage, together with the; other positive inpﬁt Y to the
multiplier will produce a negative voltage as one of the inputsbto
the comparison amplifier., This last negative input will reduce the
numerical yalue of v until the outpu‘b of the multiplier is sufficient
to balance the voltage X .

The preceding road map is applicable for either positive or negative

values of the numerator of.the quotient, which is X in this exanible.

020 | -20-



It is applidable only for positive values of the'den'ominator y .

The road map of Fig. 23 is for negative denominators, and for either

positive or negative numerators.

/n,ou/‘
y(ﬁeya/fl’e)
B i denom;nafO’
. -V | '
X /—o—oi fney.af.'ve)
. N /\ . s
Oar‘,our‘ =< - , /n,ouf '
(heyar‘,'ve) V- . : X (poJﬁ‘-'Ve)
quotient Fig.23 hum erator

This inverse operation of multiplica.tibﬁ to obtain division can
be applied by means of ei‘i:her the electronic multiplier or the servo
multiplier. Note the signs of the voltages.associated with the multi-
plier. However, other'methods of obtaining quotients by use of the

- servo multiplier are described in ORNL-2405.

D. Function Delay '

One commonly encountered situation is analog computing involves

transport lag. For example, consider a pipe carrying a fluid. At

equilibrium, the temperature of the fluid leaving the downstream end -

of the pii)e is the same as that entering at the other end. However, if

the temperature of the fluid entering the pipe changes, there will be

a time lapse before this témjperature change can be observed at the dovn-

‘stream end.

The symbol for a function delay is drawn in Fig. 2k.

o—— T ——>
v Vo

/

F,’y,f‘/‘
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The symbol T'represents the time delay. The output voltage Vo is de-

layed 7 seconds later than the input voltage V;. In addition, the sign

of V@'will be reversed, and the magnitude reduced to one-half in the ORNL
facility. |

Vo(t) = -5 vi(t-7)
The above expression indicates the mathematical relation. The symbol
(t) means "a function ofAtime;,’and(¥-27means "a function of time de-
layed by the time interval ?° ". The delay time is adjustable, but is
not variable while the circuit is in‘opefation.

It is a relatively simple mafter to employ an inverter with a voltage
gain of two following the function delay device in order to obtain the
original volfage polarity as well as the original voltage magnitude
at eteady state. In the usual case, this extra amplifier and circuit
is included in the symbol for the functlon delay in Fig. 24.

E. Explicit Clrcults

The road map symbols do not always suffice to prescribe the

computer operations. It is sometimes necessary to draw the explicit

-circuit, showing the electrical circuit elements in detail. An out-.

standing example of this s1tuatlon is the simulation of that portlon of
a nuclear reactor system represented by the klnetlc equations relating
nuclear power and multiplication. Refer to CF 57-1-1, page 36, Eqns.
(29) and (lO), and to pages 77 through 83 for the explic1t circuits.

In cases in which neither the explicit circuit nor the general
symbol for an operation is known, one can specify the operation to be

performed by drawing a box and stating the necessary operation. The

20
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operation sﬁecified in Figs. 1, 2, 3 and 4 are examples of tﬁis method,
ﬁhich may be especially useful when»complicated operations must be carried
out. N
F. Differentiation
| The process ofAdiffereotiation with respect to‘time should be
attempted onl&'in cases of abeolute neoessit&. In spite of the ex-
cellence of the amplifiers and cireuit componenﬁe of the Analog Fecility,
there will be.a certain amount of noise in the voltage to be differ-
entiated. A source of these small, fast, and undesired 'voltage |
variations may be a multiplier or a function generator. This noise
may be espe01ally troublesome at low voltage levels. The differentiation
of this noisy voltage will yleld a much noisier voltage which may be
almost unusable. The example of the solution to’the mathematical
expression intentionally avoided the process of differentiation.
1. Direcf Differentiation |

A relatively simple way of obtaining the time-derivative

of a voltage is described in CF 57-1-1, page 80.
2. Differentiation as the Inverse of Infegration

- An integrator and comparison emplifier can be used to produce
the time-derivative in much the same.manner as the division'process
was carried out as the inverse of multiplication. The road map of

Fig. 25 illustrates this procedure.

— /X dt)

(nega five)

'Xj ////|4(negaﬁ}e ////\ .
ouipe? N Sf——v
(positive) : /n pu*
| Fig. 25 (positive)
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Assume, for the moment, that the 1nput voltage Y is p051tive in
sign. When this pos1t1ve voltage is applied to the comparlson ampllfler,
the output voltage is negatlve. The inverter then applles a positlve
voltage to the integrator input, which in turn supplies a negative
voltage to the comparison amplifier. The dlfference between the two
voltages to the input of the comparlson ampllfier is very nearly zero;
consequently, the output of the 1ntegrator is taken as eqpal to the |

original 1nput voltage g . Then,

y:'f)(q/f
‘__‘a(y
o(t

Thus, the tume-derlvatlve is taken.

or,

 This type of differentiation does not eliminate the problem of

differentiating noisy Voltages.




V. Simulation of a Complete Reactor System

The simulation of a reactor system should help defime the control
problem. Thé possibility~of controlling certain variableé.can bg sfudiqd,
.and the performance required;of a céﬁtrol system can be examined. In some
ipstances,'it may b¢ found impossib;e to obtain control through a method
which seemed appropriate until carefully examined. There is very little
to be gained by using the simulsator to exhibit variations which are
already known. | |

| The simulation of fhe relgtively simp;e system to be described here
was undertaken for two reasons; (1) the process of setting ub the simul-
ator wouid serve as an example of analog computation, and (2) the results
would indicate the actual behaﬁior to be ex@ected of a certain type of
power reactor system. |

A. Reactor System

The simplified flow diagram of the reactor system which was
simulated is drawn in ORNL-LR-DWG 26402. The system was camposed of a
circulating fuel reactor, a simple counter-flow heat exchaﬁger coupling
the fuel and coolant lqops, and a single coolant loop from which the heat:
vwas removed by a steam genefator. The steam was produced at 800°F, the
design point heat load was 350 megawatts. The fluids were referred to
as "buttennilk"‘to indicate that this was obviously a hypothetical re-
actor system, simulated as a particular'example of analog computing.

The delayed neutrons were those of uranium - 235.

The symbols in the discussion are defined as follows:

-25-'
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UNCLASSIFIEOD
ORNL-LR-DWG 26402

50 °F

Ts,800 °F
STEAM LOAD
F;, 350 Mw

L ___|

REACTOR HEAT EXCHANGER STEAM GENERATOR
REACTOR FUEL SIDE, METAL, COOLAN’;I' SIDE, COOLANT SIDE,
HEAT EXCHANGER HEAT EXCHANGER HEAT EXCHANGER STEAM GENERATOR -
12.5 sec, COOLANT
TRANSIT TIME 5.0 sec 6.67 sec 10.C sec 15.0 sec, EQUIVALENT
RATE OF : 24 °F/sec, COOLANT ONLY
TEMPERATURE " 60°F/sec 45 °F/sec 150°F/sec 30°%F/sec 20 °F/sec, COOLANT AND STEAM
CHANGE AT 350 mMw GENERATOR METAL
TEMPERATURE COEFFICIENT OF REACTIVITY = — 2.89 x 1075/ °F.

Elementary Flow Diogrom and Data; ORSORT Buttermilk Reactor.



T. - reactor fuel inlet temperature or hea‘i: exchanger fuel outlet
i temperature . : ;

7,—(/' - reactor fuel mean temperature

T/ reactor fuel outlet temperature or heat exchanger fuel inlet
*  temperature

7; - heat exchanger fuel ﬁean temperature
758-‘ﬁeat exchanger metal mean femperature

Tc; - heat ekchanger coolant inlet temperature
Tch - heat exchanger coolant mean temperature
Tco - heat exchanger coolant outlet temperature
z;; - sfeam generator coolaﬁt inlet temperature
7237-»steam.generator coolant mean temperature

?;HD' steam.generétor coo;ant odtle£ temperature

Z; - steam temperature

f%- - reactor heat production rate

4% - fuel to heat exchanger metal heat t;ansfer rate
f} - heaf exchanger metal to coolant heat transfer rate
f; - steam heat removal rate .

7 - transit time of coolant in piping from heat exchanger to steam
generator and in return from steam generator to heat exchanger

There was no transport lag of the fuel between the reactor and heat
exchanger because these pipe lines would probably be short to iimit the
volume to be shielded as well as to hold down the fuel inventory. Cén-
sequently, 7;7 is both the heat exchanger outlet and reactor inlet temper-
ature, and Z}o is the heat exchanger inlet as well as the reactor outlet
temperature. ‘

. The design point temperatures are listed on the flow diagram. The

-27-
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average rate of cﬁange of the ‘temperature of the fluid passing through

a region where heat is agded or removed is obtained by dividing the temper-
ature change by the transit time»throuéh'this region. The temperature
change is the difference between the inlet and outlet températures.

The average rate of change of the temperéture of a solid is determined

on the basis that the entire désign point power is beihg stored in the-
s0lid as heat energy.

The negative temperatﬁre coefficient of reactivity was that of the
fuel alone. It was assumed that the temperature coefficient contribut-
ed by anyimoderator would be small, and that in addition, the temperature
change of such a moderatof Would be small during a tranéient.

The fluids were assuﬁed to circulate at constant velocity. The energy
put into the system by any necessar& punps was neglected. Heat loss by
convection or radiation was élso ﬁeglected.

The road map for simulating the reactor system is drawn in ORNL-

IR-DWG 26401. A power of 350 megawatts was represented by 70 volts of

potential from the reactor; and By 14 volts in the heat transfer-portioné

of the ;ystqn;' Zefo volts meant zero power in every case. A temperature .
of 500°F was analagous to zero volts, and 1500°F was represented by-lbo
volts, giving a ratio of 10°F per volt. A suppressed temperature scale
was possible because the temperature scale itself is arbitrary. The

time scale was unity, one second of time on the reactor being also one

second of time on the computer.

-28-
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The identification numbérsuof the'amplifiers are written inside the
triangles which repfeéént the aﬁplifiefs in ORNL-LR-DWG 24601 . The
potentiometers dfe identified by the numbers inside the circles, the
desired voltage ratios being Writteh outside the circles. The symbols
for the variables.of power and temperature with their design point volt-
age values are shown in the drawing.

- B. DNuclear Reactor |
The process of simula%ing the nuclear pértion of a circulating
fuel reactor havihg a negative temperature coefficient of reactivity
was carried out in a manner similar to that described in CF 57-1-1,
pages 77 through 89. Amplifiers 39 and 40 together with the circuit
elements which included the souce, the prdmpt neutrons, and the delayed
neutrons constitute the heart of the reactor. The symbol & on the input

of amplifier 39 means that the reactor network is connected directly to

the grid of the amplifier input tube, and that no ihpﬁt coefficients. other

than those in the reactor network were used. The contributions of the
precursors of the delayed neutrons were computed and adjusted for the
circulating fuel as described in CF 57-1-1, pages 61 to 69, and page

83. Once the circuit was in operation, the source voltage was removed to
eliminate the effect of a source on the transients. |

A five-to-one reduction of the voltage representing nuclear power

was obtained by amplifier 30, and a polarity reversal of this voltage was

A ¢
produced by amplifier 31. The positive and negative values of f; were

applied to the potenticmeter resistance of servo multiplier 3. The

maximum output voltage of this multiplier was one-fifth of that supplied

-30-
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amplifier 4O directly By amplifier 39. Since the coefficient of the input

of amplifier 4O from the multiplier was one-tenth of that of the input

from amplifier 39, the actual maximum excess nuclear multiplication of

the reéctof available from the‘poténtiometer of multiplier 3 was one-
fiftieth, or 2. |

The Qutput of aﬁplifier 32 was the‘éummation of the effects on re-
activity due to shim fods,-thé regulafihg rod, and the mean temperature

ot the reactor fuel. A change in nuclear multiplication of 1% could be

obtained with a 50 volt change of the voltage from pot 58 because 100

volts applied to the inpuﬁ of multiplier 3 préduced the maximum output
of the multiplief into amplifier 40. Thus, a change of 50 volts of the
regulating rod was equivalent to 1% change in K. an increése in T-fr
by 34E°F, or 3&.6 Volts, would conteract this 1% change in K by the

rod, as mathematically computed below:

(0.289)(5) ATer = (1)(50)

) S0 o
Alfr = 7570 289) = 246

The symbolA /frmesns change in T¢r - Tt should b‘e: noted that the volt-
age ratio of O.289vof pot 13 bore a direct numerical relatibn to the temper-
ature coefficient. A temperature change of 346°F to produce a 1% change
rn}(lmeans 8 temperature coefficient of réactivity of 2.89 x lO'S/OF.
The negative sign of this coefficient was obtained from the polarities
of the voltages representing temperature and rod position. Pot 63,

representing the shim rods, was used in order that the regulating rod

pot could be set at 50 volts at design point.

-31-
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Since this is a circulating fuel reactor, the value ofk must exceed

unity to hold the reactor at steady state. There was én output voltage ;
from the multiplier at steédy statéj therefore, the vdltage outputlof
amplifier 40 was a slight émount larger than the output of amplifier
39. This small difference in voltage ‘wa.s neglected. Actuaily, the o
excess k from the rods was camputed to be 0.321% to hold the reactor at |
steady state aﬁd overcome the loss of the delayed neutrons. The measured
excess [ was 0.326%.
C. Fuel I.bop |
The fuel loop was simulated by amplifiers 1, 2, 3, and 4. These
four amplifiers were connected as first order linear operators. Refer
to Fig. 8. The relatiloﬁs coﬁcéming amplifier 1 will be studied in detail.
Amplifier 1 and its associated circuit represent the lower half
of the reactor, with the :fuel entering at the temperature 7;,' » heat being
added at the rate of P,.. » and the fuel rea.chiné a mean temperature of 7;',—
before lgaving this portion o.f the‘ reactor. If 8— were zero, then
obviously Z‘-;' and 7;rwould be equal. Next, if /Dr were éuddenly step
incfea.sed to the design point value, with 7_;,; remaining constant at its
original value, the initial rate of increase in the temperature T;cr »
measured"half-way up the reactor core, would be 60°F/ sec. This value of
60°F/ sec. is determined by the relationship between the temperatures
7;2'- and 7,:(,. at design point conditions. The transit time of the fuel
in the first half of the reactor is 2.5 seconds » and the temperature rises
1500 F; therefore, the average rate of rise of the moving fuel in transit

is 60°F/ sec. This means that a step rise in reactor power from zero to
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de;ign point would produce an initial rate of rise of 60°F/ sec. of the
temperature measured ‘at a stationary pbin’c, such as at the point where
7;- r is measured. If the fuel continued to enter the reactor at a con-
staut temperature, the temperature 7; 12 measured at a stationary point,
would asymptatically approach a value 150°F higher than 7;:/- .

The simulator provided an initial rate of increase in 7;2,.of
6 volts/sec., corresponding to a-temperature rise of 60°F/sec. At
steady state design point, 7,;/- ‘was 50 volts, corresponding to lOOO°F,
with 7,'4-‘, being 35 volts, or 850°F. The mathematical relation pertaining *bé
amplifier 1 is stated as follows:

= (0. 429)(1) B — (0. 400)(7) T#; +(0.400)(1) Tt r +1)3

Note that the coefficient of the rate of change of 7-,— is um.ty. Assuming

0/7?/' -0

that 7);, and Z;rare equal, and ’chat H»makes a step increase from zero

d#r

to 1h volts, (0 U2 9)(/4) +-Z I -0
dTer
and, - 6 Vo/;‘:r/.rec.

at steady state,

= (0. 429)(14) - (0. wo) Tz +(01,Loo) Ter =0

A e (O H29)(14) _
Ter = T# = 0. 400  _ o A,L

/'S volts

The preceding mathematics merely indicates that the pot voltage ratios
were correct. The necessary ratios were computed by making use of the
initial rise in 7;/’ of 6 volts/sec., .toget_her with the value of /C; of
14 volts to compute the ratio of 0.429 for pot 60. Once this ratio was

known, the ratio of 0.400 of each of pots 1 and 2 was computed to produce
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a 15 volt difference between 77—C,' and 7;/" The ratios of ?ots 1 and 24:

must Abe »idAentic.al in :order.that the tanperg.tures 7;-,- and 7;,_ be equaL at
steady state if 5- were zZero. S . o .

The circuit associated with amplifier 2 vas the same as that with .
amplifier 1 except for the reversal in signs of the voltages. The initial
rates of increase in /}0 and /rwill be identical following a step in- -
crease in £ ; hovever, 7;/_ will rise in value if E/ remains constant, |
eventuguy forcing 77;0 to rise 30 volts above 7,?, at design point.

The situation regarding gmplifiers 3 and 4 was similar to that of
amplifiers 1 and 2, except that the heat was being removed, thus lowering
the fluid temperature. A step increase in /7Oc of 14 volts will produce
an initial rate of decz"ea'se in»ZEh of k.5 volts/sec. if 7;0remains constant.
The ratio of pot 12 was computed to be 0.321 from this data. The ratio
0.300 of both pots 5 and 6 was comput;ed from the requirement that
7; b must be 15 volts lower than 7;0 at the steady state design point
condition. ‘

The c¢ircuit of amplifier U4 was identical to that of amplifier 3 except
for the voltage signs.

' There is an interesting relationship in these circuits. In the case
of amplifier 1, the quotient obtained by dividing the coefficient of the
rate of change of 7);,. by the summation coefficient of 7;-,.is 2.5, which
is the time in seconds for the fuel to pass half way through the re-
actor; The same situation applies- to the coefficients on the output
voltage of amplifier 2. In the case of amplifiers 3 or 4, this quotient
is 3.33, again, the time in seconds for the fuel to pass through the |

section of the heat exchanger represented by the circuit. If the co=-
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efficient of the integrator had been 0.l rather than 1 for amplifier 1,

pots 60, 2,and 1 would have ratios of 0.0429, 0.0400, and 0.0LOO, res-
pectively. The quotient obtained by dividing th_e coefficient of the in-
tegrator by the summation coefficient of the output will be equal to the
transit time of the fluid in that poi;tiori of the system represented by
the circuit.
D. Heaf -Exchanger
The rate of transfer of heat between a fluid and the metal of the

heat exchanger.was taken as being directly iazjopql'bional fo the difference
of the mean temperatures of the metal and fche fluid. The mean temperature
6f the metal was taken to be .proporbliona,l to the integral of the differ-
ence between the power being absorbed by the metal and the power being
removed from the metal. Thus: .

Fe ~ Ten = The

R~ The = Teh
| The ~ J(Pc -R)dt
- o5 | i;ie‘fo%'V%

The sumbol ~ means "proportional to".

The meté.l of the heat exchanger was assumed to rise at the rate of
lSOoF/ sec. if all of the 350 megawatts of p-ower were being stored in the
metal. Thus, a difference between/Z and /)Zof 1k )vol:bs was to cause 7;,3

' to rise at the rate of 15 volts/ sec. The equation for amplifier 7 may '
be stated é.s follows:

-/0.24/)($)P,c +(0.24/)$) A +~(/).a/l- o
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- P - 14t votks

LR - (10,7} 1) = 15 volts fsee.

The ratio of 0.21h4 on pots 11 and 18 to obtain a total sumation coefficient

7
-of 10. 7 for ﬁc and /D was determined by setting 2/ he

at 15 volts/sec.
and computing the coefficient for the difference of a.nd /D

The difference 'of 50°F between the mean temperature of the fuel and
the mean temperature. of the metal was to force 350 megawatts of power into
the heat exchanger metal from the fuel. The 5 volt d_lfference between
77}/7 and /h e &t design point was to produce 14 volts as the value of /D/: .

The expression for the conditions of amplifier 5 are written as follows:
+(0.560)S)Ten = (0.560)(5) The — (7) Fr =

Fe = 2.8(Tz - The)

Obviously, the coefficient of the difference between /g and /p e had to
. be 2,8 if a 5 volt difference is to produce 14 volts as & . Thus, the

ratios of pots 9 and 16 were 0.560. A simila;t relation was- applied to

amplifier 9 which computed /2 » requiring the ratios of pots 15 and 25

to be 0.560, also.

On the basis that-/%and-,‘-@ were available, amplifier 7 computed 7778
by integrating the difference between the heat input and output rates of
the metal. Amplifier 8 then produced-’7/—7@ . Amplifier 5 computed "‘/%
from-f-Z;,'7 ‘a.nd"‘Z/;'c.; ami)iifier 6 then g;avef'-/?. * Assuming ;EILa;t-f-];/, was
available, amplifier 9 computed +/Z from 7‘-7; A and -—7,4'76, then aniplifier

10 produced—/g .
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An approximation-of the.sameﬁhat complex heat exchanger may'be set up
using only two amplifiers.. The values of & and /Z are almost identical
except during fast transients. If they are taken-as being equal and called
f’,'then this value of/’is proportional to the difference between the
temperatures z;b and_z;b . A circuit to perform these operations was set

up as drawn in Fig. 26.

§/~\\\\\\ <§}ZZL7VAL

L
/
/

+7}h/+folrc

— 7
. -7;/5__‘5'0‘,0 ' /

In order to obtain a negative value of 72/7, the polarities of the voltages
in the coolant loop and steam generator were reversed by reversing the
polarity of the steam load voltage. |

Thé reactor fransientshin the simulation ﬁsing the simplified approximate
heat exchanger were practically identical to those using the system drawn
in ORNL—LR-DW? 26401. The variables of reactor power and temperatures,
and of steam power and temperature differed only slightly from thosevin
ORNL-LR-DWGS 26403, 26&05,.26h07, 26421, and 26406, which were obtained
- using the more complete heat exchanger. No heat storage in the metal was
considered. The effect of-heat storage ﬁay be at least partially simulat-
ed by introducing first order lag info fhe circuit of amplifier 17 in

Fig. 26.
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E. Coolant Ioop
The circuit for simulating the coolant loop was sgt up -in.a manner

similar to that for the fuel loop. The initial rate of increase of 72/7
from emplifier 1b at the rate of 3 volts/sec. when a step change in /%
of 14 volts was applied required that potv 20 have a voltage ratio of
0.214. 1In order that the steady state value of 72 hvwas 15 volts higher
than 75 ;, at design point, and equal when /2 was zero, the ratios of pots
50 and 28 were 0.200. Pots 19, 27, and 22 of amplifier 11 were set with
the same ratios as pots 20, _50, and 28, respectively.

A function delay of 5 sec. was connected to simulate the transport
lag in each section of the piping between the heat exchanger and the
steam generator. An extra amplifier was included in each functio# delay

to give the proper sign and value to the output voltage. Refer to the

description of Function Delay in the section on Complex Operators s pages
21 and 22, |

The heat removal from the coolant in the steam generafor was simulated
by the circuits of amplifiers 12 and 13. The actual transit time of the
coolant through the steam generatﬁr was 12.5 sec., giving a coolant rate
of decrease in temperature of 2h°F/ sec. However, in an attempt to account
for the heat capacity of the steam generator, the 'simulatof was set up
with é. 20°F/ éec. rate of decrease in temperature. The heat‘capacity of
the steam generator was not set up as a separate circuit. Pot 56, with
a voltage ratio of O.l’+3, produced the initiai rate of decrease in 72 9
of 2 volfs/sec. whenfé was step increased to' 1k v‘ol’cs‘. The I_-a.tios of
0.133 in pots 48 and 24 set up the steady state conditions. Pots 5k,

23 and 26 were identical to pots 56, 48, and 2k.

1‘3:3 038 -38-
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F. .SteamwGeqerator

A complete simulation of the steam generator was not attempted.

- The voltage from pot 15 determined the steam load. This load was assumed

to be constant at the value set by pot 15 regardless of the steam temper-

ature /¢ . The steam léad.f? from amplifiers 27 and 28 produced the

rgquiréd temperature d?op in the coqlant passing through the steam
generatop gt the design point condition.

: The.steam température was assumed to be associated with the inlet
temperature of the coolant into the steam.ggnerator; -This assumption was

reasonable on the basis of counter flow of the steam and coolant. At design

point, the difference between the steam temperature and the coolant inlet

temperature was 250°F, or 25 volts. This difference was taken as proportion-
al to the steam load. DPot 55 was set for a voltage ratio of 0.357 in

order that amplifier 29 would compute the steam temperature in accord with

~ these assumptions. o ‘ -

G. Simulation Results.

The results of varying the steam load and rod position are shown

in ORNL-IR-INGS 26403, 26405, 26407, 26421, and 26406.

Actually the ramp changes in load and rod reactivity were probably
faster than would be employed in a power plant of this type. Note that a

change in the rod 5/( of 0.5% produced a change of 173°F in the reactor

mean temperature, which agrees with the specified temperature coefficient.

‘The step drop in load was simulated to approximate the variation caused

by the loss of electrical load in case the circuit breaker connecting an

electric generator to the transmission line were to.open.

1
w .
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H. Period and ILog N

The computation of the reactor period and the logarithm of the
power were not important to the system studied. This portion of the
simulation is incéluded here as an example of one of the types of calculdat-
ions that an a.halog computer can perform. -

The principle employed was 'Eha,t of divid.ing—d—”-byh to obtain s

A ac
voltage proportional to the reciprocal period. Refer to page 25 of
CF 57-1-1. The voltage proportional to A& _ was then integrated with res-
n . . - .

pect to time to produce a voltage proportional to the logarithm of /7 .
The explicit circuit is drawn in ORNL-IR-DWG 26400. The tim_eA
derivative of /e. ,A or /7 , was taken by ampiifier 36. Amplifier 38 merely
_reversed'the sign of the voltage B. . Pot 69 was comiécted to provide a
certain amount of smoothing of the differentiated voltage. Without this
6000 ohms of dampiné; resistance, the output of amplifier 36 was quite noisy.
Amplifier 34 together with servo multiplier 4 computed the quotient of 'ggr
divided by /7 . .When.the period was 3 sec., the output of amplifier |
34 was =100 volts. When the period was infinite, this output was zero.
The servo mul»tipliel; positioned the slider of the pot having the 100 volt
reference to obtain a voltage from this slider equal to the input voltage
/7.-. Sinc'e the slider of the mgl’ciplier pot in the oﬁtput of amplifier
34 was also being positioned, the coefficient of the output voltage of
amplifier 34 was continuously varied by the servo multiplier. The output

of amplifier 34 may be stated as follows:

=45~
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- Output of
amplifier 36.

"~ .- Qutput of ‘=
_amplifier 34

— .

Voltage ratio of
multiplier pots

The multiplier pot voltage ratio was 0.700 at the condifion taken in the
circuit diagram, causing the output of amplifier 34 to be -lOO'vélts.

Amplifier‘l6 computed the logarithm of the power by integrating
the output of amplifier 34. Pot 73 was set to have an actual output of
-3.623 volts when the output of‘amplifier 34 was -lOd volts. This value
of -3.623 volts would increase the output of amplifier 16 by 25 volts after’
a time lapse of 6.9078 sec. The log power recorder required 25 #olté to
cover one decade of power change. A 3 sec. period will produce one decade
of power change in 6.9078 sec. In order that the scale of the log power
recorder was properly indexed, the'ouiput of pot 36 was applied to'ampli-
fier 16 to set the recorder at the desired value corresponding to the
reactor power. The voltage from pot 36 was zero during the recording of
a transient.

The output of amplifier 34 was supplied to amplifier 19 in ordef
that the standard period chart paper could be used on the period recorder.
The voltage from pot 37 properl& indexed the recorder to indicate an in-
finite period when the output of amplifier 34 was zero. The circuit re-
sigstances provided that the recorder indicated full scale when the perioa
was 3 sec. A capacitor to smooth out the rapid variations of the output
of amplifier 34 was necessary, especially at low values of reactor power.

The results ofia-step increase in nuclear multiplication are

\




described by the curves in ORNL-Lﬁ-DWG 2640k, The reactor temperatﬁre
coefficient was eliminatea, and the delayed neutfon precursdrs'wefeAset
up for stationary uranium -235. Note the noisy indication of reactor period
at low pqwgr.}eve;s. Also, note that fhe log power curve is asymptatically.
approaching a straight line as the period becomes longer and approaches

the asymptatic value of 22.7 sec.

>
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