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s THE MINISPACE ANALOGUE COMPUTER

OPERATING MANUAL

FOREWORD

The Minispace analogue computer is a small general purpose machine suitable as a design
tool or as an educational aid., It comprises ten drift-corrected D. C. amplifiers, each of which
may be used for summing, sign reversing, or integrating, twenty-four potentiometers, a patching
panel, computer control facilities and built-in power supplies. Simple non-linear elements are
included, and servo-multipliers are readily incorporated to expand the scope of the computer.
Two Minispace machines may be used in conjunction with one another, with one control unit operating

both machines.

The following problems are typical of those which may be solved on a single Minispace.

(a) Single differential equations of up to fifth order.

(b) Two simultaneous differential equations, up to third order.

(c) Multiple loop servo-systems.

(d) Aerodynamics simulation for guided weapon control systems.

(e) ?ynamicalmechanical systems, of for instance, the mass, spring, viscous damping
ype.
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CHAPTER 1

BASIC ANALOGUE COMPUTING TECHNIQUES

11 Introduction

The equations which describe many real physical systems are not amenable to classical
methods of analysis due to inherent non-linearities. Others may be difficult and tedious to solve
because of general complexity, or because solutions of the same equation are required with many
values of the physical constant. This is particularly so, for example, in problems of system
optimisation, where insufficient initial information exists to enable those constants to be chosen
directly. .Insuch cases it is desirable to set up a model (an analogue) of the system to be studied,
provided this can be done with reasonable facility. This is precisely the function of the analogue
computer, .

: The electronic analogue computer is in fact, a model in which the physical variables are
‘fepresented as voltage variations, mathematical operations on these variables being performed
Using direct coupled, high gain feedback amplifiers, whilst the coefficients (physical constants)
multiplying the variables are set up on continuously variable attenuators (potentiometers).

Generally, the most suitable applications for electronic analogue computers are those in
which the independent variable is time, both transient ahd steady state solutions being readily
obtainable from the analogue. : _ i

1.2 Basjg Mathematical Operations

L) The D.C. amplifier with generalised forward path and feedback impedances.

FORWARD PATH

IMPEDANCES | no.  ERROR FEEDBACK.
| VOLTAGE yPEDANCE
: . V f_‘:r > | Z N : o3 o N
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Fig. 1. The D.C. amplifier with generalised forward path and feedback
impedances. . : g

The amplifier input impedance is high so the current into the amplifier is assumed zero.
Summing currents at thé input node

Vi-Ep+Vy -Eg+ecracaones V-Eg+Vy-E, =0 I
Zl ZZ Zn Zf

VO = "ﬂ(Eg i I
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Then

Vi+Vy Vg4V, Va+Vo Vo+Vy
-&"‘- ; * evecee .&- + of =0
Zy Z3 Zn Z

or re -writing

V]_-i-vz-l-..a.-..- vn=—vo( 1 +l + l

+1 +1)
Zy 7 Zy

(Zf «Zy oZ, oZ, oZ;)
Ife¢is very large, the terms multiplied byslzwithln the V, bracket may be neglected, and
then,

‘ vV =-(V Z\+ngf+....uuv zf)‘ mx
- N s

2 n

Depending on the value ofo¢the number of inputs is limited, since the effective amplifier
loop gainand the accuracy of the computation is decreased as the value of the forward path impedances
paralleled is decreased,

Note: Vo, Vi, Vg, etc. are of similar orders of magnitude; from equation II above,
since ecisvery large E, is always vanishingly small, Thus the summing node
is termed a virtual ea

2) Sign Reversal

.

Referring to Fig. 1, make Zj and Z; equal resistors R and remove all other forward
impedances, then

\_.// VO = -1

L

If an alteration in scale is desired the two resistors may differ

i.e. Vo= -R P =t 17
noRm T
(3) Summing

Referring to Fig. 1, make all impedances pure resistors.

\ Zg = R¢
) . Z1 = R : d t. 4
L\. Z2 = - Rg 14

Zn = Ry :

Thellv&= -(Vl R‘*vz?“’........ Vn Rf’
Ry 2 Rp

All inputs are added in proportions depending on the respective forward path resistors.
(4) Integrating

s

In this case the feedback impedance is capacitive.

Zg= 1 (p is the differential operator)
cp W g !
21 =R

§  ———




o
Z9, Z3 etc. are removed.

Then Vg =- 1
\Z1 RCp  time.

7

The "transfer function" representing an integration, with respect to

Multiple inputs can be summed and integrated in the same amplifier if Z9 = Ry, Z3 = Rg,

etc.
Alternatively: -
- c "
—
Y S
i i R
Vi 18 [T Yo

Fig. 2. An Integrator
Referring to Fig, 2.

Assume Eg =0

then,™ . ij =Vyandif=CqV,

R dt -
but, ip +ig=0
So," Vi=-CqV,
i dt
' t
Integrating Vo=_1 Vydg
CR
o

(5) Simple Lag

Cs
1k
| B |
Re
v, R, v
VA T~ P

Fig. 3. Circuit for simple lag

In the circuit of Fig. 3. ' 4 ol

1
Zs=RsCip = Rg
Ry +____I 1 + pCsR¢
Cip
and Z1 = Ry

80" Vgm=~Hy
' Vi Ri  T+pCiRg

Ct Ry sets the time constant of the lag and R is the scale change.
R1




More complextransfer functions can be formed by making Zf, Z1, Zg; etc. more complex.
______? N. B. There is, ne_cgssarily, a sign reversal accompanying each operzli..tion involving
a D. C. amplifier.
(6) Multiplying a Variable by a Constant k
VL . e

g = s ) pra

s

Fig. 4(a). Coefficient potentiometer. Fig. 4(b). Symbolic representation of
coefficient potentiometer.
Neglecting the loading of the forward path impedance of the following amplifier

Vo = +nVy.

n then represents the value of the constant k.

L)) Dividing a Variable by a constant k

‘This may be accomplished with the circuit of Fig. 4(a) by calling the potentiometer
1, but it is often more convenient to resort to the circuit shown below in Fig. 5.
4 .

R4 nR. T
AN !
R
v I .
- WA > i

Fig. 5(a).

Coefficient potentiometer in
feedback path.

: 5,
O AAAA b l o j

Fig, 5(b). Symbolic representation.
Neglecting the loading of Rf on the potentiometer
Vo=-1 Rg -
Vi n R
1.3 Setting up a problem and programming the computer
(1) The Flow Diagram ;
There are in effect two different starting points depending on the problem to be
investigated. 3 _ ;
A. When the information is given in the form of differential equations. This is so for
most dynamical mechanical systems,
f
k x
‘ L}
5
i

‘ o




B. When the information is presented in the form of a system flow diagram with the
transfer functions of the various paths in that diagram. The major group in this category
is servo-control systems.

In case A a reasonable approach is to rewrite the equation in operational form and
segregate the terms containing the highest derivative, equating this to all other terms.

If the highest derivative term is integrated a sufficient number of times to obtain
the lowest, each derivative produced can be fed through suitable coefficient setting devices
(and sign changes where necessary), then summed and equated to the original term (i.e.
the highest derivative).

Example:- Second order with spring, mass, damping.
2x+2§wnd_x+w§. x = 1(t)
dt2 at
g is damping ratio and Wy isundamped natural frequency and f(t) the forcing function,

Writing p for d and transposing
: dt

p2x = (2 gwnp + W2)x + f(t)

Now the flow diagram can be drawn

.

f. "
CO-EFFICIENT
SETTERS
' | P I Xx
P P
SIGN
; EVERSALS
S — X =] et

Fig. 6. Computer flow diagram for second order differential equation.
The next step is to draw the computer schematic diagram.

—— — 11—
-.Px /I
> >,

-

Fig. 7. Computer schematic diagram for second order differential equation.

Note: Since each amplifier inherently reverses the sign, on.15r one sign changing

amplifier (in the damping loop) is necessary.

The coefficient setting devices are potentiometers connected as described in the
sixth section under the previous heading.
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" arelikely to reach withthe conditions obtaining for the investigation. Then these maximum

" position, the gain of the amplifiers, and the scale of the coefficient potentiometers between

When information exists in the form of a system flow diagram then the computer
schematic canbe drawn directly from that diagram, each transfer function being simulated
inturn by suitable amplifier -passive component combinations. Sometimes re-arrangement
of the existing flow diagram simplifies the computer set-up.

(2) The Time Scale

Before deciding upon computer component values the problem time scale must be
fixed. Investigations which involve simulating part of a system in conjunction with real
components from that system are necessarily conducted in a 1:1 time scale, In other |
words, t secs. of computer time represent t secs. of real time. 4 ¥

"
P
o ety -
e

The 1 :1 time scale is often suitable in applications where the whole system is i
simulated but there are occasions when a changed scale is much more convenient. Systems &) “g
in which physical variables change very slowly (process plant, heat exchangers, nuclear mec.ctorg 11 i ',;J'
v s etc.) may usefully be speeded up in the computer. It must, however, always be o ' _."1:,-

12s¢pem mind that in speeding up the computer its accuracy is decreased.

EIRTIR TR el

Conversely, if a very fast real problem is being investigated (electrical networks,
vibration isolators etc.) the tim® scale must be slowed down in the interests of accuracy.

(3) The Amplitude Scale

Firstly it isdesirable to know the maximum values which the time varying parameters

values are represented by voltages within the saturation voltage of a computer amplifier .
which is a known quantity. Thismaximum computer voltage (in the case of Minispace 100 V)
is often referred to as '"the machine unit'".

The scale at a particular point inthe computer (i. e. of a particular physical variable)
is defined as:-

The number. of units of the variable which represents one machine unit, this value
of the variable being greater than, or equal to the maximum value expected of that variable
during the computer run, ;

The maximum values at which the constants are likely to be set are generally known, s © that
« the scales of the potentiometers are greater than or equal to this value. Then the pssition
+, . aof the potentiometer wiper sets the coefficient at a fraction n (see Fig. 4(a)) of the sceale
of the pot. In other words, the 100% potentiometer reading represents a chosen
number of the units of the constant (this value of the constant being greater than or equal
to the maximum value required during the total computation).

Naturally the scale at one positionin a computer depends on the scale at the previous

those positions.

Ex:;unplé:- Two variables in time connected by a proportionality constant.
¥y = kx }
() Maximum value of x is say 25 ins. /sec.
(2) Maximum value of k is chosen as 20 square ins.
(3) Assume that for initial studies k will be set lower than 4 sq. ins., then maximum
value of y is 100 cu. ins. /sec. . :
Then the scale of x is 25 ins. /sec. (i.e. 25 ins./sec. is represented by 1 machine

unit), the scale of y is 100 cu. ins. /secs. and the scale of the potentiometer is 20 8q. ins.
! (i.e, 100% on the pot represents 20 sq. ins.). :

. The following scaled computer schematic may.now be drawn,



L

-

' OO CU.IN/SEC
25 IN/SEC 200NN 5 :
x : ™ 1 -SAM
A—®_’"‘” =g

Fig. 8. Scaled computer diagram for y = kx.

Tocheck the scaling numerically from point A to point B, take the scale at A, multiply

' it by the pot scale and divide by the amplifier gain. This should give the scale at B.

‘i.e. 25x20 x1 =100
. 5

Provided scaling is carried out using the principles defined, to abtain the scale at
one point in the computer from the scale at a prior point, multiply by potentiometer scales
and divide by amplifier gains in the path connecting those points.

The scale change across an integrator is determined by the time constant of that
integrator. For the purposes of scaling this can be considered in precisely the same way
asthe gainof the scale change amplifier in the above example. If the scale at the integrator
input is S units/machine unit, and the scale at the output is P units/machine unit, then
P=1SwhereG=_1_

Gm RC

Incomplex problemsthe variable maximums are not always known accurately, even
so an intelligent estimate can usually be made. If, subsequently, this estimate proves to
be grossly inaccurate, appropriate rescaling may be implemented.

A potentiometer cannot be set to precisely the correct value on an associated dial
because of the loading of the following impedance (which is changed for varying amplifier
gains). InMinispace the potentiometers whilst correctly loaded are set against an adjustable
reference.

The above discussion on amplitude scaling is appropriate for setting up a computer
inrealtime. Torescalethe computerforaspeedupofStimes, the integrator time constants
(the RC products) must be reduced in this ratio. The inverse applies for a slow down,

(43 Initial Conditions

The initial condition of the equations are set up as voltages held at the appropriate
integrator outputs (may be zero volts) with due regard to the scaling set at these outputs.

(5) Problem Check

Before continuing the problem should be checked. A recommended procedure is:-

(1) ©  Check connections -
(2) Check potentiometer settings
(3) Check initial conditions

(6) Compute

_ Having arranged suitable recording equipment (C, R. O. , pen recorders etc. ) connect-
ed to the desired outputs, the hold condition on the integrators may be released and the
computation started.

Whe.n the steady state solution has been reached, the computer can be reset, new
initial conditions and coefficient values imposed and further solutions obtained.

-
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There are, of course, problems where the forcing function is repetitive (imresligatlni\
response to sine wavesat various frequencies). The integrators are then held at zero until
the forcing function is applied.

Simulating simple discontinuities

(1) Inert Zone

WB ' Vo |
+o . /
-e | == / e %
— —— -

- Fig. . Circuit for inert zone - neither diode conducts until‘Vi! = ,3’
(2) - Limiter ;

+Vg .

— +© Vo
O ==

—VVN—

Vi Vo
Vi
<
AR, | I__—% -8 -——- -9
Fig. 10, Limiter circuit - an inert zone in the feedback path,
(3) Bi-directional 2-segment curve

L m
ﬁw%—ww—l—p—-
]

I-‘1g. 11. Two-segment curve, Slope of mid-section = Rp
Ry + Ry

Rp Ry
Ry Ry + Rp (R] + Ry)

Slope of outer section =




—

E =Ry +Rg v
Ry B

(4) -~ Backlash’

- Fig. 12. Backlash simulation

This circuit consists of an inert zone, a low time constant integrator (used as a
voltage store while neither diode is conducting) and a phase reversal.

Owing to integrator drift this circuit is only suitable in problems involving rapid
changes. Theintegratortime constant hastobe made aslarge as possible without introducing

too much phase shift between V; and V.

Neglecting the inert zone

Vo- 1
Vi l1+p
k

where k is total forward path gain

i.e. k=Ry
RC

So in order to keep the dynamic phase shift small, k must be as high as possible,

i.e. Ry must be large and RC small.

This is,

however, not compatible with small drift

rate so a compromise must be reached depending on the speeds at which the variables in
the problem change, and the accuracy required.

~—
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CTIAPTER 2

OPERATING MINISPACE '

2l General Description of Minispace
The Minispace analogue machine is a small console equipment containing the following
components,

14

(1) Ten drift-corrected D. C. amplifiers type AA621. 2 mounted in two racks below the
sloping patching desk. See appendix for specification of amplifiers.

(2) Two heater supply units TS722.2 for the above amplifiers, mounted in the racks
with the amplifiers.

(3) Four stabilised power supply sub-units giving + 300 V with total current output of
460 mA + 100 V(0. 2%) 50 mA reference supplies. There is spare power of 50 mA at + 300 V

for external units which may be used in conjunction with "Minispace".

(4) A cooling fan.

(5) Permanently wired input and feedback components associated with each amplifier.
Two 100 K2 and two 1 M2 (0. 1% tolerance, high stability) resistors in the forward path of
all” amplifiers. In the "row A" amplifiers either a 1 M@ (0. 1%) resistor or a 1 pF (0 5%)
capacitor can be switched into the feedback path and in "'row B' amplifiers either a'l MQ
or a 0.1 pF (0, 5%) feedback component can be selected.

METER SWITCH REFERENCE FUNCTION CO-EFFICIENT SETTING
POTENTIOMETER SWITCH POTENTIOMETER

s : M- SPACE
T COuTHSL FaNiL

> _flﬁ}&@_l 373

: m;ﬁ;m@: ey @:

Ja B MM B @l’_, - mad
u‘ @-—-—r b %@: S 0: "‘0:

Plate 1. ' Control and potentiometer Panel
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(6) Twenty wirewound ten-turn helical potentiometers with one end permanently earthed,
for coefficient and initial condition setting, attenuation etc., and four similar earth-free
potentiometers - all mounted on the lower half of the control panel.

(&) Four pairs of diodes, each pair having one anode to cathode connection, to be used
with the "earth free" potentiometers for the generation of discontinuous functions.

(8) A centre-zero meier, with 3 ranges 1, 10 and 100 volts full scale, push button
selected, mounted on the left hand side of the control panel.

(9) A "Meter Switch", mounted adjacent to the meter, enabling the various supply and
reference voltages to be monitored.

(10) A direct reading ten-turn helical potentiometer (0.1% linearity) to be used in
conjunction with the reference supply and the centre zero meter, to set coefficients and
initial condition potentiometers.

(11) '~ A computer "Function Switch" which controls internal relays to give the following
computer conditions; Potentiometer Set, Problem Check, Compute, Hold, and Repetitive.
Cobloured lights on the control panel indicate the selected condition.

NOTE:  Circuit diagram demonstrates clearly the automatically selected internal
' connections for each position of the function switch.

(12) ° Aneleven-position "Output Selector Switch", used to monitor any of the ten amplifier
outputs on the meter, and in the "OFF'" position, the coefficient potentiometer outputs
(via the associated key switches) or signals applied to the ""V'" socket on the patch panel.

(13) A central overload indicator which lights whenany amplifier overloads. Immediately
below the overload indicator is a switch which may be used in conjunction with it. This
switch will "hold" the computer in the overload condition when the individual amplifier
overload neons may be inspected to discover which is the offending unit.

All items 6 - 13 inclusive are mounted on the control panel.

(14) A patching panel mounted on the sloping desk below the central panel. Multicoloured
3 mm sockets are used throughout to which amplifier, potentiometer, computing element

- and diode connections are made. A complete description of the patch panel is given in the

section headed ""Patching'".

(15) A multiway socket (ona sub-panel onthe back of the equipment) to which all connections
a2re:-ade to enable two Minispace computers to be coupled together and operated as a single
unit from one of the control panels.

(16) Five coax sockets (on the same sub-panel as the multiway plug), four being outputs
to recording equipments, the fifth providing a trigger pulse signal for synchronising external
equipment (e. g. an oscilloscope).

Setting up procedure

(1) Switch output Selector Switch to OFF, overload hold switch to OFF and Function
Switch to POT SET.

(2) Check all mains selector panels, including the fan input voltage on the auto-
transformer, (to ensure that this corresponds with local mains supply) and connect up to
the mains. Switch on and allow several minutes as a warming up period.

(3) Checkthe 300 volt power suppliesusing the control panel meter. There are positions
on the meter switch which enable each of the 4 power supply unit outputs to be separately

monitored. (Iftheseare not within 2% of nominal they may be adjusted in turn by potentio-
meters on the power units).

(4) Checkthe 24 V supply and the + 100 V reference supply, again on the meter switch.
The 24 V supply should be within+ 2 V and the reference supplies can be adjusted by potentio-
meters RV1 and RV2 on the chassis at the back of the control panel (rear accessibility).

-
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(5) To zero the amplificrs AA621.2 press the balance indicator button. If the ne
strikes adjust the balance potentiometer until the lamp is extinguished. Hold the buttoni
for a few moments to check that the neon does not restrike. Each amplifier has its ow
neon indicator and balance controls on its own individual panel. '

(6) Switch all amplifiers to sum, and Function Switch to Problem Check, Compute, 1
Hold and the three Repetitive positions inturn, noting that the appropriate lamp isilluminated.
Repeat with all amplifiers switched to INT.

Monitor all outputs under all the above conditions with the Output Selector Switch and with

h
1

h -
‘the Meter Switch on position V. All output voltages should be zero.

2.3  Patching Minispace

(1) General Description of Patch Panel

fotel ) ] 1o

SR - -

g
i

« |« BYE)

Plate 2. The Patch Panel

Onthe patch panel there are ten similar groups of 25 multicoloured 3 mm sockets,
marked A, 1to 5 and B, 1to 5, and two unique groups of 36 sockets each.

Eachgroup of 25 is associated with the computing elements for a particular amplifier,

The following is a list of the connections to the sockets of a 25 way group. These
can be seen in Circuit Diagram included in this handbook.

1. The 4 white inter-connected sockets at the top of each group are for use as ! L3
: © a spare multiple link. Lo

2. SJ1 (green) is the junction of the internal summing resistors. :

3. ‘The two "1" sockets (blue) are inputs to the two 1 M2 summing resistors, |:
¢ i.e. unity gain inputs. o

4, ~Thetwo "10" sockets (blue) are inputs to the two 100 Ko surnmmg resistors, ¢ Lo

.i.e, ten gain inputs,
5. SJ (green top centre) is the amplifier input.
61

SJ2 (green immediately below SJ) is the amplifier input end of the internal
feedback element.

-




1. OP (4 linked yellow sockets) is the amplifier output.
8. OP1 (yellow) is the output end of the internal feedback element.
9, . 100 V (red & purple) are reference supplies.

10. H1, H2 (orange) and Al, A2 (orange) are the "high' ends and armatures
respectively, of the potentiometers associated with the group.

11. IC (two red commoned sockets) is the input for the initial condition voltage.

12, EC (white). EachEC isconnectedtoa pinonthe multiway external connection
socket (see circuit diagram), enabling connection to be made from any
amplifier to associated apparatus without the embarrassment of long "flying"'
leads.

The top 36 way group is connected to the free pots, the diode pairs, signal ground,

the voltmeter, recording outputs and the multiway terminations for external control functions.

-

The connections are as follows: -

1; RowsH, A, Lbycolumns1, 2, 3, 4 (all orange) are "high" end, "armature"
and "low" end connections to free pots.
2. Rows a, (blue), j, (green), k, (red), are adequately explained in Circuit
& Diagram.
3. Three black sockets marked SG are signal ground. '
4. The purple socket V in the same row as SG is the meter inpuf.
5. R1, R2, R3, R4 (white) are connected to the coax output recorder sockets

on the back of the equipment.

6. The twopairsof IP, OP, socket (blue and yellow respectively) are connected
to the multiway external connection socket. They are intended as extra
input/output connections to associated equipment.

The lower 36 way group is the patch panel for the two servo-multipliers which may
be included to expand the facilities of the machine.

Inaddition there are two groups of sockets on the narrow penal between the control
and patch panels. The first group has six sockets connected to the contacts of the adjacent
double pole changeover switch. The second group has eight sockets connected to the coil
and double pole changeover contacts of a relay. Thus single or double pole, on-off or
changeover operations may be patched for manual or remote operation.

(2) Patching Specific Operations

Transfer functions are connected using the patch cords and two-pin link plugs
provided and the integrate/sum switches.

The following operations are patched using the internal computing components.
For all operations using the internal feedback elements two-pin links should be used to
connect SJ to SJ2 and OP1 to the lowest OP socket.

(a) Summing

The switch associated with the amplifier patching group should be switched
toSUM. Internal relaysthenmake the circuit shown in Fig. 13 available; a summer
with 2 unity gain and 2 ten times inputs. This circuit is open to variation. For
instance a patch cord might be used to connect an OP socket to a ""1" input. There

arethentwo 1 MQ resistors in parallel in the feedback path giving two inputs gain 5
and one gain 0. 5. “
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Fig. 13. Summing circuit.

(b) Integrator

.The switch associated- with the amplifier patch group must be switched to

INT.
- The circuit available is then as in Fig. 13 but the 1 M feedback resistor
becomesa 1. 0 pF capacitor for A row amplifiers and a 0.1 pF for B row amplifiers.
Thus for A row amplifiers there are two integrator inputs at 1 sec. time constant
and two at 0.1 secs. and for B row two at 0.1 secs. and two at 0.01 secs.

() Simple Lag 1/(1 + pT)

The sum/integrate switch must be at INT. Connect an OP socket to either
a'"1"or "10" input socket with a patch cord. Then the chosen forward path resistor -
in fact becomes a feedback resistor in parallel with either a 1 pF or 0.1 pF capacitor
as shown in Fig. 14,

PATCH CORD

% e o] > op
| |
o

@ IM i '
k-
"

@'OOK L ~

Fig. 14. Simple Lag (A-row amplifier) i 1
T+p -

OPI

With the circuit patched as shown
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If the patch cord linked OP with a "10" input socket

VO=-1 1

Vi 10 1+ p/10

Other combinations can be obtained as desired. For example, two input
resistors couldbe paralleled into the feedback path, perhaps using the spare 4-way
multiple as further amplifier output sockets if required, merely by linking it to an
OP socket. In this way either 500 KQ or 50 K@, say, could be put in parallel with
the feedback capacitor and at the same time several amplifier output sockets would
still be available.

(d) Multiplying and Dividing by a Constant

Potentiometers are used specifically for this purpose (i.e. as coefficient
setting devices) but they are also very useful as simple attenuators or to give non-
integral values of amplifier gain or integrator time constant. They are similarly
patched in any employment.

An example of multiplying one constant "1" and dividing by another "m" is
shown in Fig. 15 to illustrate the method of patching potentiometers.

AANY

VA

Ve

§(&) @

Fig. 15(a). Multiplying a variable f(t) by '""1"" and dividing by "m"".
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Fig. 15(b). Minispace patching for Fig.~15(a).
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N. B. There is no 2-way link from OP1 to OP.
(e) Example

Description of patching the equationy = kx from CHAPTER 1, Section 1. 3(3),
scaled as in that section. ‘

Use amplifier "Al1" as a scale change and "A2'" as a sign reversal, and

~ potentiometer "Al" for the coefficient k.

(1) Forboth amplifiersthe sum/integrate switch is set at SUM, and connections

SJ to SJ2 and OP1 to OP are made.

(2) Input signal x goes into the "high' end H1 of potentiom'eter "Al". Thearmature
socket Al of this pot is patched to one of the 10 gain inputs of "A1" amplifier.

(3) Patch from an OP socket of "Al"'amplifier to one of its own input sockets.
This amplifier then has the correct gain of 5.

(4) Another patch cord connects a further "A1" amhlifier OP socket toa "1"
3 input of "A2" amplifier.
(5) The output y then comes from OP of "A2" amplifier.

Setting the coefficient potentiometer is described under the first heading of
the next section "Computer Functions'.

(f) © More Complex Transfers

Withalittle ingenuity more complex transfer functions can be patched using
the internal components. Also, if the links SJ to 8J2 and OP1 to OP are not made,
complexfilters canbe used as the feedback impedances of the amplifiers. External
forward path elements can be patched into SJ1 as required.

Computer Functions

(1)

Setting Coefficient Potentiometers

(a) Turn the Meter Switch to NULL and the Function Switch to POT SET. This
latter earths the summing junction of the forward path components. All coefficient
potentiometers are then correctly loaded by their respective amplifier forward
path resistors earthed at the summing junction end. '

(b) Set the reference potentiometer on the control panel to the required coefficient
value.
(c) Connect the + 100 V reference to the "high' end of the reference potentiometer

by means of the associated key switch.

(d) Depress the key switch associated with the specific coefficient pot. This
disconnectsthe "high' end of the potentiometer from the H patch socket and connects
ittothe + 100V reference, and simultaneously connects the potentiometer armature
(wiper) to the meter through the sensitivity changing network.

(e) - Adjustthe coefficient potentiometer until balance is indicated on the meter.

.

(f) Repeat (e) with the 10 V range selected on the appropriate push button.

(g) Repeat (e) with the 1 V range selected: When a null has been attained zero
current flows into the meter, so the reference potentiometer is not loaded and the
coefficient potentiometer has only its correct load (i.e. of the amplifier input
impedance).
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+i00V
REF

Al

i b
NULL REF
METER POT

RANGE

COEFF ELECT
POT S + 00V REF.

POTENTIOMETER

'Fig. 16. Circuit for setting coefficient potentiometer.

(2) Setting Initial Conditions
‘ (a) Turn the Meter Switch to NULL and the Function Switch to POT SET. All
amplifiers switched to integrate .henhave extra forward path and feedback resistors
introduced as shown in Fig. 17.
SJ
s [o] —15]
o —w—ry o +—°] Llop
' SJ2
Bio |—AE—
OPI
D0 f—My=p ——} °
+100V IOK
E -100V
100K
HI

pc;j_ QA

Fig. 17. Setting Initial Conditions.

(b) Link the "high' end of the initial condition potentiometer to the 100 V reference
(select the correct polarity remembering that there is a sign reversal in the
amplifier). Then patchthe armature of that potentiometer to one of the 1C sockets.

(c) Monitor the voltage at the mtegrator output by turning the Selector Switch
to the appropriate position.

(d) Set up the initial condition on the reference potentiometer.

(e) Using the associated key switch connect either the positive or negative 100 V
reference to the reference potentiometer. The polarity must correspond with that
of the initial condition.

et 7 P




22

———

() Adjust the referenee pot until a null is obtained, exactly as for coefficient
setting. The initial condition resistors are 2% tolerance. The ratioof 1.1to 1
chosenbetween the feedback and forward paths thus allows all voltages from 0 - 100
to be easily obtained at the integrator output even under the worst tolerance conditions.

(3) _ Problem Check

(a) Turnthe Function Switchto the PROBLEM CHECK position. All integrators
aretheninthe same conditionas for POT SET. All summingamplifiersare connected
as they would be for computing.

(b) Scanthe integrator outputs on the meter with the Selector Switch, the Meter
Switch being turned to position V. This checks the initial conditions as a direct
voltmeter reading.

(c) The procedure of Coefficient Setting can be repeated as a check.

All summing amplifier outputs may be monitored using the Selector Switch. These
voltages will be dependent on the initial conditions on the first previous integrators, the
correct amplitude and polarity being easily determined from inspection of the computer
schematic diagram.

(4) Computer

. When COMPUTE is selected on the Function Switch internal relays automatically
release the integrators (i.e. remove the initial condition resistors) and simultaneously
reconnect the summing junctions to the integrator amplifier inputs. The circuit is then
exactly as the computer schematic,

(5) Hold

The Function Switch may be turned to HOLD at any desired time after computing
has started.

This disconnects the summing junctions of the forward path elements from the
integrator amplifier inputs and earths them. This leaves the feedback capacitor charged
at the precise voltage when computing is arrested. The problem can be frozen at any time
t after the commencement of the compute period and the solution at this time recorded at
leisure on D. C. recording devices (see appendix).

(6) Repetitive
There are three repetitive positions on the Function Switch, automatically switching

the computer between the COMPUTE and PROBLEM CHECK (called "RESET" for this
purpose) conditions.

Position 1 1 sec. compute period 1 sec. reset
Position 2 2 sec. compute period 1 secr reset
Position 5 5 sec. compute period 1 sec. reset

(M Accurate Measurement of D. C. Voltages

The null method may be used to measure accurately unknown D. C. voltages. The
Meter Switch should be turned to NULL, the voltage patched to the V socket on the upper
36 way patch group, the reference supply of the appropriate polarity applied to the reference
potentiometer, and the reference potentiometer adjusted to attain meter balance. Then
the measured value is obtained as a dial reading on the potentiometer.
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APPENDICES f

Appendix 1.

_ Specification of D, C. amplifier AA 621, 2

DC Amplifier AA621.2: :
DC Gain: =30 x 10%; at 100 ¢/s >10 x 103

Drift : < 100pV (Long Term) Referred to : il
Typically 20V per day Summing gt
Noise : Typically 100V Junction

Unity Integrator Drift : (1uF and IM Q) < 100pV/sec.

Bandwidth (3db) : 16 Kc/s at x 10 gain. !

2 (IMQ Feedback) : 9 Kc/s at x 100 gain. i
- Typical safe capacitance loading with a 1M Q feedback
resistor 10,000 pF at output with 250 pF at summing

junction.

Output : =>4 100V into : 20k Q or 10k,

HT Consumption -+ 300V at 20mA or 31mA
Max : At 4+ 100V o/p S — 300V at 19mA or 25mA

Appendix 2.

The Differentiating Circuit

Intheory adifferentiating circuit is easily obtained. A computing amplifier with a capacitor
in the forward path and a resistor in the feedback path gives the transfer function.

Vo = - pCR (p being d )
i X ’

However, such a circuit has the following disadvantages which preclude its use.
(a) The gain increases with frequency, at a rate of 6 db/octave, so spurious high '-L_
frequency voltages which appear at the input (due to pick up, thermal noise in resistors
etc.) are greatly amplified, perhaps to such an extent that the signal may be swamped. i
(b) The feedback amplifier stability margin is greatly decreased.

Flow diagrams which seem to demand the use of differentiators can often be re -arranged

to exclude them. If this is inherently prohibited the differehtiation may possibly be accomplished
with sufficient accuracy over a limited frequency range with the circuit shown in Fig. 18.

R2
-ANVVV
._ R c .\-I
| M
AMAA- 11 |
1 |/
Fig. 18, V,=- PCR2

Vi 1+ pCRl
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For frequencies at which pCR; << 1

Vo = - pCRg, and the circuit behaves as a differentiator.

Vi

When pCRy >> 1

Vo =-Rg

i R

Thus the gain/frequency response characteristic flattens out at the high frequency end.
Appendix 3.

Computer Limitations

I, To show that the accuracy of computation depends on the amplifier open loop gain.

i*'irstly, to define the amplifier open loop gain YL consider the circuit of Fig. 19.

I¢b
vi. Eg Vo

Fig. 19. Generalised computer amplifier in open loop condition.

The forward path gain is Vog=- &% e (1)

=]

The feedback path gain (with input earthed) is

Eg= Zi e (2)
Vo Zi+2Zp

So the total gain Y, around the amplifier loop when the switch at the summing node is closed

is given by

Y=Ege % = =~ . 2 ieeeskdiecdiecsoessoon (3)

Vol( 1 +1 (1 +1))=- E (see s:ection 1.2(1) Chapter 1)
(Zfh o Zg, Zi ) Z4 .
which may be written
Yo==Zm( . .1 )
Vi Z; M +Zy+Zgy) emmmmmmmmmmmmeeeeo (4)
( o Zj
1

e Thus Y1, must be very high in order that Vg = - Z
: v £fh
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For a summing amplifier Z; represents all the forward path resistors in parallel. So,
depending onthe computation accuracy required and the various values of the computing elements,
the number of inputs is limited. Considering a specific case; assume that the required accuracy
is 0. 1% at 100 ¢/s (neglecting the tolerances on the computing passive elements).

Y1, must be greater than 103
but o¢ > 104 at this frequency

So % 1
e = 10
Zi + gy, 10
Then (a) for a summing amplifier with all computing components 1 M2, the maximum number
of inputs is 9. .

(b) for a scale change amplifier with one input the maximum gain allowable is say 10
(strictly speaking 9).

Simiilar figures may be obtained for integration remembering that the feedback element in
this case is frequency dependent.

Since the amplifier gain '=' decreases with increasing frequency (20 db. per decade) so
the loop gain also decreases.

- The accuracy required for each individual problem of course, varies, but in general it is
not recommended that the computer is used above a frequency of 500 ¢/s. .

(A further limitation on the frequency of operation is the fact that the power output from
the amplifiers decreases with frequency so a voltage swingof less than the nominal + 100 is available
from a loaded amplifier).

2. Amplifier saturation

AtD. C. the amplifiers will give + 100 V output into 10 K2. For nett load impedances less
than this the voltage swing available is less than 100.

3. The limit on computer "hold" time

When the "hold" facility is used the voltages on the integrators do not persist indefinitely
at the arrested values because of small grid and leakage currents at the amplifier input. The
percentage accuracy of the reading depends on the size of the integrator capacitor, the amplitude
of the "'stored" voltage, the input current and the "hold" time.

The rate of change of voltage, dV, for an input current ig is given by
at

dVv =i
x T
I.f lg = 10"10 a_rnps, C — 0. 1 HF, then
av = 10710 - 16-3 yolts/second
dat 107"
Assume the nominal voltage to be measured is 10 volts. After 10 secs. the accuracy of

the measurement would be 0. 1%.

Thedrift current of the Minispace Amplifier isapproximately 5. 10-11A at the input terminal.
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Pot Set 1&3 6-T| 9-8| 6-5 | 6-7 | 9-10| 6-5 | 9-10) 6-T | 6-5| 9-8
FProblem Check 3 6-5|9-8| 6-5 [ 6-7|9-10( 6-5|9-10| 6-7 | 6-5| 9-8
Compute None 6-5|9-8) 6-5|6-7(|9-10|6-5|9-8 | 8-5|6-5|98-8
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Fig. 21. Coefficient setting potentiometers

I



\ I | |13 D

Oi224V|i2] 14| 3.

iy EXT 3| 15|EXT. HOLD |
- | TO PATCH HOLD e |

>PANEL PL4 +24V| 4 5] CR e

+lOOV. EXT.

LB

. / OPy |/\JI9 OP“d

'ECI 8 g, —

)

o b

o |

To CONTROL EC,| o1 [ec, .
PANEL PL8. | rroM ROM
ROWAY BCa
26V I r ECs | '
1 "EX . @

Il
PINS 1,23,13,14,15 + 16 TO PL8.
° PINS- 4,5 +17 TO PL.IO.
, PINS 6,7,18,&19 TO PLS.
Cosp Pel ac. U cpudnoN Conne .
2) =-eqV
(3)  EXTHELD = Anowsd [er [Fer~~ kAl o grealewd
‘ oo -w‘cs:;'\;r‘r'(i@ D 1750 Pved-N .
:__{_rjv!w’ ’)? S ‘-5. +tg0 Vv “" !'N e D {J._r.-i
W 6"“’? ’ ) Rl D comtagt bt X
'Lvm‘ e T Pet St Reanl covdao] Lot
AT %") IXT (ot B opvowed [ev R
Vo b ) CIR :
or < A4 {472~ too v [~ weas pe¥ | -
- Fig.22, External control & record sockets.

e e e ————— -




