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ABSTRACT

It is possible to obtain. the best (in the minimum
meahesquare error sense) linear model of a control Systemzby
" solving a convolution-type integralAfor the impulse response
of the systemq This thesis presents a method for obtaining an.
approximate solution fof the impulse respénsevbyISOIVing a
system of linear equations which is éfatistically equivalent
to the‘convolution integral. An analogue computer which can
“solﬁe thé system of equations is described. |

The_comﬁuter samples: the sign o? the input signal at
an adjﬁstable rate and stores this informationlinva shift
registers The oﬁtput signals from the shift register are then
used to compute functions statistically related to the
correlation functions of the system signals. A set of linear
equations rélating thése funéfions is solved ﬁsing an
‘arrangement'similar to the Gausé—Seidel Iteration ﬁethod. The
compuferAﬁtilizes a time-~sharing technique and the Stép~resp6nse
of the system can be generated'és a repetitive waﬁefor;&

| The overa}l operation of the computer is described

in block diagram.fofm. The individual ciréﬁits are describéd

~and the results of a computational test are givens
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A REAL-TIME ANALOGUE COMPUTER FOR
THE ESTIMATION‘CF SYSTEM DYNAMICS

1. INTRODUCTION .

In the. study of complex control systems it is.ofteﬁ
extremely difficult, or even impossible,,to determine system‘
dynamics analyticallye. Aﬁ estimate of system dynamics must then.
be made experimentelly. In certain eases it is possible to record
fhe systemts response to various.types of input test signals.

- -In this way a_Complefe,set of system charac@efistics can be |

(1) has described a method for'identifying

obtaihed;. Lendaris
the transfer function of e system from the response to an impulse
or step input. An evident disadvantage of this class of‘metheds
is.that the operation controlled By the system is usually
disturbed by the test signal.” An additional objection is that
the»outpﬁt may be influenced by external.disturbances which are
uncorreleted with the ihput.. A practical method for determieing
A systeh dynamics should therefore have the following preperties:

l. It ehould not disturb the normal opefatien of
the system. '

2. It should discriminate between the eff@ets
produced by input signals and extefnal disturbances.

For a linear system with a single input x(t), an’

output y(t), and unit impulse response h(t), the following

* An exception is the application of Lendaris' method to
sampled-data systems, where the input is converted to a sequence
~of impulses.



relation is wvalid:

o=

y(t) = j’x(f—u)—h(u) du . 'f'(l—l)

.0
If Equation (1-1) is multiplied by x(t-T) and a time average is

taken, the result is

S 00
I = [B () n@) an  .0-2)
2 |
where ' B (M =_y(‘t)v X (3-7)
and BT = X0 x (=0 ee(1-3)

are thevcross—correiation and auto-cbrrelatiOn»functions of the
input-output and input signals resbecti?ely‘ Use of ‘
Equatioh (1-2) rather than Equation (1-1) for the solution of '
lh(t) eliminates the effect qf any nqiée disturbances not |
correlated with the inpu£ signal. In the'caée.of non-linear
systems Woodrowf(z) has showhlthat the solution of Equation (1-2)
results in the best (in the minimum mean—squafe error sense)
linear model of the system.

(3)

Reswick has\described4a method for determining thé'
impulse responée, h(t), from Equation (1-2)., The auto-
correlation and cross—corre}ation functions are determined using
a digital computer by analysis of‘reqorded input and output data,

and the impulse respohse is approximated by a sequence of

impulses of the form



h(t) = thzf(t-”rk) : | e (1-4)
k =1

If Equation (1-4) is substituted into Equation (1-2), algebraic

equations for the unknowns, h can be obtained, and theseuéan

K’
be determined experimentally using Reswick's Delay Line
Synthesizer. Gabor(4) has described a large scale analogue-
computer_which‘opefates”oh recordéd data and could be used tb
generate a'pOIYnomial approximation to h(t). >Both mefhods“‘
require processing the reéorded input-output data before
analjsis and therefore Would be satiéfacfory for use.only Vith a
time-invariant system. .This may not be adequate. "The use of a
‘digifal computer to determine system response in real-timé has -
beén deséribed by Conn(s), From the point of view of cost, .
however, a simple on-line analogue-computer would be more
suitable. This thesis describes such a computer, in which'the‘

determination of system response is based on a method suggested.

by Bohn(6),



' 2. THEORY OF COMPUTER SOLUTION FOR IMPULSE RESPONSE

Consider again Equation (1-1), If it is multiplied by
"v(f-Y? and a time.average i's taken,. the result-is -

¢yv(7) =j'¢xv(fl'%u")~ h(u) du - ....(2—1)
3 - ,

- If ¢yv(f) is not to vanish, v(t) mist be related to x(t) by a
functibnal operation."Watts(7).ha5~shOWn that if V(t)‘represénts”
" a general amplitude quéntization of x(t) and x($) is a Gaussian
‘random process, then |

P =C 8 (T e voe(2-2)
where C is éomeiconstant; In the computer to be described

v(t) = sgn x(t) _‘ ' eee(2-3)

wvhere

. +1, X(ti) =0
sgn x(t) = ' .
| -1, x(t)=<0 o eeo(2-4)

¢yv(T) and ¢%V(T) are then defined as the switched cross— -
correlation anduﬁutOACorrelation"functions respectively}'ﬁ

Consider now the integral .



o0 .
1 :f¢xv(’(’—u) h(u) du  (TST)  ...(2-5)
T

For a stable linear system I is finite and 1lim I = O. However,
T—o00

it is not known a priori how large T should be to make I
negligible. It is expected that the maximum value of 11[ will
occur when T = T because ¢Xx(77; and correspondingly ¢XV(T),-

are usually small for large values of 7. Note that for

T =T,

1~f,, (1) g, | (2-6)
where
¢xv(T—u) h(u) du
g, = ees(2-7)
. ¢xv(0)
T

The'infegral I will now be approximated by Equation (2-6) in
which form it can be handled by the computer, Eqﬁation (2-1)

can then be written
T B -
By (T) =_f'¢xv(7;u) h(u) du + §__(T-1) g, e (2-8)
O

The time interval O...T is now divided into n equal
subintervals as shown in Figure 2-1, in which it is assumed

that x(t) varies slowly over each subinterval.



Equation (2-8) can then be written

n ' .
|
Boe (M) = Py (0) g + Z g, (T=u ) g oo (2-9)
m =0 ’
" where ‘ um+1' |

8n = fh(u) du , 0=Em=n-1 «..(2-10)

u o .

m

and the prime after the summation sign indicates that the term

m =k is not to be included.

g__ ()|

XV

UO u1 u2 u3

tO T]_ ,t2 T3 7_/4 LA

Figure 2-1. SubdiviSiQn of Time Scale.

Equation (2-9) is now rearranged into the form

i ’¢x§(|fk-um| ) ém es(2-11)

m 0

§.(0) g = 8..(15) -

Note that @ (T’4um) has been replaced by ¢xv(rrk~um|).

xv'  k

This is justified by Watts'?) who has shown that



.¢xv(7’)" =g (-7) 5 ,.._(2—}2)'
holdS-for,GaUssian—tyPe signals[Equation (2-12) actuaiiy
.follows from Equation (2—2)] ahd is a go&d apbroximation for -
many other types of 31gnals. | |

The quantity ¢ (O) is simply the time average of ‘the.
magnitude of the system 1nput signal x(t). It is assumed that .

the. 51gnals x(t) and y(t) are normalized¥* so. that
¢xv(0)= ]_ . .’ . ° N 30’00(2,—13)
Combining Equations (2-11) and (2-13) yields

gk—¢ (7)) - i ¢xv(|'r ~u_ 'gzmi' o ees(2-14)

m =0 ' :

A simplified block diagram of é'computer whiéh_solves
_Equatlon (2~14) for N is shown in Figure 2-2.. Switch'S>'1s
swept thrpugh positions O, 1,...,m, m + 1,..:, n for each |
poéitionrof Sl’ For éaéh‘m,vgm.ls sampled and‘then welghted

by V(t-lTkﬁum‘) in block 1. The quantity v(t—‘Tk—um1)vgm is

¥ This normalization procedure involves a division, which-is
relatively difficult to realize electronically and would
accomplish only a time-variable adjustment of the x and y scale
factors. For these reasons it has been omitted from the . .
computer, Instead, a control has been included for manual "
adjustment of these scale factors for the purpose of testlng
the computer..
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Figure 2-2, Simplified Computer Block Diagram.

multiplied by x(t) in block 2, and the result is added to the
contents of block 3. Switch 83 is opened for the intervai

m =k, so that the term 1nclud1ng gy is not 1nc1uded in the

sum. The output of block 3 is therefore x(t)}Z v (t- T~ b g
The quantity y(t) is weighted by v(t- Tk) in Plock 4. The '

outputs of blocks 3 and 4 are passed to block 5 which yields

4 gLy | .
= (8) v(tey) = x(8) ) v(t=|mu ) gy .. (2-15)
m = 0 ‘

At the end of a complete cycle by SZ’ Gk is sampled bva4 and

the result is applied to F The sum held by block 3 is reset

k.
to zero, and k is stepped by one. . F represents a time-averaging

operatiqh. The output of F is therefore



G = (1) v - x(8) ) vlemlren ) g,
m=0 | ces(2-16)

Since | ¢¥V( T;u> = X(t—u)lv(tm?ﬁ =ix(t) v {(t= T+u),

it follows that

Gy

gk. 0010(2"'17)

The entife process described above is repeated for
successive valués of ke In this ﬁay the computer solves the
n + 1 equations for go,gly...,gﬁ in a fashion similar to th@t
of the Gauss=Seidel Iteration(8) method. The important
difference is that an averaging procédure is used here.

" The following chafters describe the coﬁputer.cirbﬁits

and operations in detail.
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3. BLOCK DIAGRAM REPRESENTATION OF.THE‘COMPUTER,

This chapter describes in block diagram form the
_.organizatioﬁ and fundamental concepts of the'compﬁfef and its
oPeratioﬁd The description is in two parté; ‘First the timiné
-arrangement is.discﬁssed and waveforms are shown. Then the
oﬁerall operation of the computer is deécribed‘

3=1¢ Timing Arrangement.

The number of subdivisions of the time scaley n, is
chosen to be 9°‘ A complete iteration cycle therefore includes
10 k cyeles (k = 0, 1, ,.¢,9). (A k cyclé is defined as the
time required to compute, sample, and store each G ). Each-

k cycle includes 11 clock periods[lO m periods (m = Oy»l,_;;,,9)
and one sample—sfore and clear period]. A typical k cycle is

shown in Figure 3-1.

e [TOO0UO000OO0T

.
Sample - Store |
and Cleor

Figure 3-1. Typical k Cycles,.

The overall timing control circuit is shown in block
diagram form in Figure 3-2. The four waveforms at the output

of the clock pulse generator are shown in Figure 3-3.
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Clock
Pulse

Generofor

\{_____;__) C
c

N

—/on ),———

FF2

97_/

p Counter

+/Count

" Coutnfef : v/< Counte v

Figure 3-2. ‘Block Diagram of Timing Circuit.
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57
—_—
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*
Figure 3-3, Master Timing Pulsess

Consider first the operation of the m countef; Assume
FFO is OFF and the m counter is in position O, T1 pulses are

passed by G5 and trigger FFm’ which drives the m counter, T2

pulses are applied to FFO keeping it OFF, Each T, pulse
therefore increases m by one until m = 94 The next T2 pulse is

passed by G1

and turns FFO ON.. This inhibits the subsequént
Tl pulse in G5 and FFm is not triggered; The following T2
pulse. turns FFO OFF again, and the next T1 pﬁlse triggers m to

position 0s The cycle is thus complete. Note that m = 9 for
two clock periods. The second of these is used. as the sample-
store and clear period. (See Figure 3-1)..

At the conclusion of each k cycley as described above,
the positive—going edge of the pulse from FFO triggers FFk'
increasing k by one. Ten such k cycles cbnstitute an itera%ion

éycleQ

* Note that C.is the logical complement of C¢ This
nomenclature is used throughout the thesise.



13
Recall Equation (2-15). Note that for each ky the

sequence ky k=l;0ee;2, 14 O, 1, ..;99~k must be generated to

control the selection of &(t —1Tk_~um )e This sequence 1is

| generated by the a counter and B counters

_ Refer again to Figﬁre 3-2., Assume that all counters
are set to pesition 0, all flip-~flops are OFF; and the first
T2 pulse ‘arrives before the first T1 pulses* Slnce a =20

and m #£ Q"’Z passes th1s flrst T2 pulse Whlch turns FF1 ON.
The negatlve—g01ng (lead1ng) edge of the signal from FF1l turns

FF2 ON, enabling G7 to pass the following Tl pulses to'FFb.' The

b counter is therefore stepped by these T1

pulses, Also, FF1l
blocks theéTirst'Tl,pulse in G¢ so that the a counter is not

steppeds The next T2 pulse tﬁrns FF1 OFF, This operls-G6 and
successive Tllpulses step the a cquhter,**except for the",l‘1
pulse which appears while FFO is on. (FFO blocks Tlvpulses in
G6)" This T1 pulse is passed by'G.3 and turns FF2 OFF. -The C

pulse which appears while FFO ie ON is passed by G8 and resets

b
until FF2 is once again turned ON by FFles The waveforms

FF, and the b counter. The b counter is held in'position 0

for the first two k cycles (k = O, k.= 1) are shown in Figure 3-4,
The sequence k, k=1, oaoy; 1; O, 1, 0oy 9=k is obtained from the
Bﬁcounter when FF2 is ON, and from the a counter when FF2 is

OFF, This can be expressed in logical form as followse .

Qi = bi.FFZ + AiIOFFz ' 00-(3;‘1)

% For description of the Reset Circuit; see Chabter 5
*%* Note that the a counter counts down, whlle the b, m; and k
counters count up.



—

'f,‘f-r'r“rrvvrrrrrrrr TTTTTTTTTTTT

'EHYTHHVH’H H.HYHYWHL
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FFI

4

FF2 ,

M‘o¢,/2345678 4 /1213t «4|s]él7}8 g r12)3|4
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 Figure 3-4. Timing Waveforms (k = 0, 1).

T o
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where 7

Qi represents the binary state (1‘é ON, O'é OFF) of
the sequence term i, ‘
ay a,n‘d'bi represent the binary states of the ifthi
outputs from the a couﬁter and b counter respectively,
FF2 represents the biﬁary state of FF2 (if FF2 is ON,
FF2 — 1, FF3 = 0; if FF2 is OFF, FF2 = 0, FF2 = 1),
+ represents the logical OR operation, '
" repfesents the logical AND operation.

The sequences thus obtained can be-seen’in Figure 3-4 to be

for k

It

0, 0,1, 2, eeey 8, 9
andﬂ o

for k =1, 1, 0, 1, ...,-7, 8;
The waveforms as shown in Figurei3—4 can be continued for the
remainder of the iteration cyclé. . The iesult for k = 9 ié_
shown in Figure 3-5. The T2 pulses coincident with the switching
of the k count from 8 to 9 and 9 to O are inhibited from turning

FF1 ON by the action of the m, pulses in G,.

9 2
immediately following the switching of the k count from 9 to O

Also, ?che'Tl pulse

is inhibiﬁed from stepping the a counter by the actiqn of the
FF3 pulse in G6'

It is evident from Figure 3-5 that at the conclu51on
of the k9 cycle the computer begins another 1terat10n cycle.
- 3-2., Block Diagram Representation of Computlng Circuits.

The overall computer is shown in block diagram form
in Pigure 3«6, exclusive of circuits which control thé-fdur

counterss,
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t.—-%»
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Figure 3-5. Timing Waveforms (k = 9),
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Figure 3;6. Block Diagram of Computer.
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The input signal to the control system.under‘testy
x(t),vis fed into the x~amplifier to produce the two sigﬁals
x(f) and —x(t). These signals are.thenvfed to the le cifcdit
to generate lx(t)l and —|x(t)| which in turn are passed to theA

+|x| and —|x| gates respectlvely, (G+| land G_ - |x l) The

voltage x(t) is also passed to a sign’detector (SeD.x),‘the
binary output of which repfesents the sign of x(t). This
output, sgn x, is passed to the-Shift‘Register, which samplee,
stores; and shifts the quantity at a rate_determined by fhev
Shift Pulse Generators (The'time betweeﬁ successive shift
pulses is equal to T/9%. See Figure 2-1).. The oﬁtﬁutS‘from
the Shift Register are sampled accordingdtO'the seduence

o , . A )
ky k=l,¢s051; O; ljye0e, 9-k, and the signal kam = v(t_rrk—uml)

is passed‘to the x—Gate Selector. Also feeding into £he x—Gate
Selector are sgn x and a control signal from the g-Pulse |
Generatore ThlS latter 51gna1 is dependent upon the s1gn of g,
The combined actlon of the three control signals causes ~the
x-Gate Selector to remove the inhibit signal from either

G+|X| or G_lxl. The_selected gaﬁe is then opened by a.ﬁulse
from the g-Pulse Generator for a time interval proportiona] to
e

of the current generators +C.G. or -C.G. for a time proportlonal

o A voltage proportlonal to lx(t)’ is thus applied- to either

|gm|¢ The result is that the voltage on the summing

capacitory VC s changes by
S

(AVC )m x =B %(t) gn V(t—lTk%um') “'.,,(j;g)e
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where B is a scale factor. The process is executed for
m = 0, 1,.;5, 9, except that G is blocked for the interval
m = ko¥ | |

The output signal from the control system ﬁpder_teét,
y(t), is operated upon in a very similar manners Tﬁe cireuits
and operations of blocks y—#mp., |y]s and S;D.y'are_idenfical
to those of blocks X=Amp. |x|,and‘S.=D.x respectivelys The
outputs from.the Shif+t Register are sampled in the Vi Generator-

by the k counter, and the signal v, g v(t-Tk) is passed to the

y-Gate Selector. The signals sgn y and V) cause the y-Gate

Selector to remove the inhibit signal from either G+|y[ or

G-ly" The selected gate is then opened by thé.m9 pulse. " The
result of this action is that VCV bhanges by
. s - -

where a is a scale factor. The total véltage change on Cs over .

a complete k cycle is therefore

. ' n .
(Vg = o y(8) v(s-1) =B x(8) ) ‘g, v(t=|ry=uy )
s ’ .
m = O ' 000(3"4)

When the scale factors are properly selected so that a-=Bﬁ,

(AV)C =aGy | L eee(3-9)

* This is accomplished by inhibiting G by the signal (ao) (b )e

Flgures 3«4 and 3-5 demonstrate that aq and b0 are both ON only
when m = ke : -
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At the Qonclusibn of a k cycle the sample pulse S blocks Gx

and Gy, thereby holding VC constant, and opens the gate G,

allowing a&k to be stored in the storage capacitor selected

by the k counter. The clear pulse CL feStores VC to its.
' , - s

initial value in preparation for the next k cycle, Figure 3-7
shows the waveforﬁs for a typical k cycles |

The organizafion'and Qverali‘operation of the computer
have now been described. The individual circuits will be

discussed in the following chapters.
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"4, TIMING CIRCUITRY

In this chapter the various sections of the Timing

Circuit are described. They are the followings

ls. Clock Pulse Generator -
24 Counters and Flip-Flop Drivers
3¢ Control Flip-Flops

4, Control Gates.

4-1. Clock Pulse Generator.

The Clock. Pulse Genérator circuit is shown in
Figure 4-l+. The clock generatopr ié a standard.astable
multivibratof producing symmétrical square wave signals C and>5.
These signals:are differentiated and clipped ﬁo produce the

trigger pulses T, and.Té reSpéctively. The waveforms are

shown in Figure 4-2. SW1_ is part of a double~pole switch.used . ..

for staftihg and resetting the computer. (The Reset Circuit is
described in Chapter 5). ( - |
4=24 Counting Circuit.

| There are four identical counting‘circuitsﬁin the
computer; the a, b, k,ﬁand m cdunters, Each counter utilizes
a BX100d9 decade cbuhging tube, which indicates its state by :
a -15 volt signal at one of ten output pins. The count is
advanced by alternately'applying pegative trigger pulses of at
least 50 volts magnitude to two inputse. These'trigger pulses

areAgenerated by the associated driver flip=flope. Applyiﬁg a
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Figure 4-1. Clock Pulse Generator.
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Figure 4-2, iClock Pulse Generator Waveforms.
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-5 volt pulse to a fhird input resets the‘countér tq a pre- |
defined O-state. | |

'The counter circuit is shown in Figﬁré 4-3. The
output signals are ﬁaken from the points marked‘O, 1,..;,_8, 9.
The driver fiip—flop circuit is shown in Figure 4-4, The
signals at the transistor collectors,_squéré;waves of
approximately 75 volts -amplitude, are differentiated by‘the
coupling networks (200 pf capacitors ané 100 K resistors) of
the counteres This provides the negativ; trigger pulses required
for stepping the counter. The positive trigger pulses formed.
by theldifferentiators have no effect on the éircuit-

Whenever fhe}counter is reset, it is. necessary that
Athé driver flip-flop Be in the state suéh that the next_codnf
pulse to the flip-flop results in a negative triggér.pulse-
being applied to the correct counter inputs If this is noﬁ
done, the counter may lose the first coﬁnt. A FF Reset puISe
is applied as shown in Figure 4-4 forvthié purpose.
B 4-35 Control Flip-Flops.
| The four flip-flops FFO, FFl, FP2,.and FF3'gré
identicdl.. Figure 4-5 shows the circuit diagrams Negative_
trigger pulses applied to either of twb inputs. turn the flip-
flop ON or OFF as shown, If a Reset pulée'is‘;pplied to the
fhird input the flip-flop is turned OFF-by the negative-going
'edge. The output levels of the flip-flop are nominally O folts
and =12 volts. | 'A | ‘
4-4, Control Gates.

The Timing Circuit includes éigﬂt control gates,

Gl, G2¢¢‘.; G8. The operation of these gates is indicated.by
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the circuit diagrams and waveforms shown in Figures 4-6 to
4-13, Gates Gl’ G3 and_G4 Are standard diode AND gates and
require no further explanation. Gate G2 includes a.fransistor
used to invert the m9 pulse to'achieve gn inhibit_actian. The
 remainder of the circuit is a standard diode AND gate. Gatés
G5, G6,and G7 use single transistors to gate the trigger,pulées
and also to invert}énd amplify them,; providing sharp positive-
going leadiﬁg edges to trigger the=¢9unters; 'G6 uses an
additional transistor in a NOR¥* configuration to provide the
required inhibit'aqtion. G8 is a simiiar'NOR gates

This completes the descfiption,oflthé-timing circuits.
The next chapter describes the circuits of thé remainder of

the computer.

*¥ The output D of a NOR gate whlch has two inputs A and B is
expressed logically as follows:



29

/72 V.

$7K

—r
/z u ‘ O/p

Figure 4-6. Circuit Diagram and Waveforms For G1°

Figure 4-7. Circuit Diagram and Waveforms For G2°.
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(Figures 4-6 to 4-13 inclusive)
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5. COMPUTING CIRCUITRY |

In this chapter the circuits of the computer not
included in the.Timiﬁg Circuit are discussed. For ease of
reference;‘the block diagram of the computer,'Figurei3—6,\is
:reproducgd as‘Figure 5—1.--The following major subdivisions,
~which COmprise'this'part.bf the somputér,,are iescribed as

unitss

ls sInputACircuit
2¢. Shift Register
| e Weighting.Féctor Generators
4, g—Pulse Generatsr
5o x=Term Circuit |
6¢ y-Term Circuit
Te Cspacitor Summing. Circuit
8¢ .Samble and Clear Pulse Generator -
9¢ Storage and Averaging Circuit .

10¢ Reset Circuit

5-1. The Input Clrcult.

The system signals x(t) and y(t) are fed into
identical input -circuits. Figure 5-2 shows the 01rcu1t diagradf
of»thevx Input Cirsuit.‘ It includes the x-—-AMP, lel, and S D.

| circuits indicated in Figure 5-1. The potentlometer R is
ganged to the correspondlng potentiometer in the y Input Clrcult
to prov1de a manual adJustment of the .system s1gna1 1evels.A R2
is a gain control wh;ch is adJusted to provide unity gain in

the inverting amplifier. R3'is a d-c adjustment to remove the
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effect of small voltage dfops in the inverting transistdf.
The output'signals + |x(t)|and - lx(t)l are‘av@ilablé és
shown, Potentiometer R4 is adjusted so that the output signal
sgn x switches precisely when x(t) changes signs .Sgn X
assumes the level =12 volts (represeﬁting the binary state 1)
- when x(t) is negative and O volts (representing the binary
state 0) when x(t) is positive. Thé output represents sgn x
only for levels of Ix(t), exceeding a few tenths of a volt.
This is sufficiently accurate for.the application,
5-2. The Shift Register.

It is-necessary to store the ten most recent valués

of sgn x = v(t) for use as the weighting factors v(t—Tk)

and v(t—lTk—um ) This is the purpose of the Shift Register.
It consists of tén NOR flip-~flops in a cascade arrangement,
with each unit sgparated from the previous one by a shift

gates Figure 5-3 shows the circuit diagrdm+ The quantity

sgn x is inverted by fhe first transistor to .produce sgn X
Each signal is then applied*through a 150K resistor to:a
+0lpf capacitor. The signals on.theicapacifors are gated -
by the shift pulse and passed on to. the input_rgsistors of
the .first NOR flip-flop. The outputs from this flip-flop are
in turn passéd to identical RC network§ where they are gated
- by the shift pulse .and fed to the following flip-~flop. The
RC time constant of the coupling network is 1.5 msecs, muéh
longer than the 20 psec width of the shift pulse. The
 purpose of the RC combihationxis.to hoid eéch outpuf of the
previous flipeflop for the duration of the shift pulse so that

the value of sgn x passed on to (flip—flop)j is independent
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of the new value being stored in (flip-flop)j_l.

The circuit diagram of the shift pulse generator. is
shown in Figure 5-4. AM2 is a standard astable multivibrator.
with a period adjustable from 0.06 sec to 1.5 sec. Its
output is used to trigger MMZ; a monostable multivibrator
which provides the 20 usec.shift pulse for the shift register.

With. the aboveifange of adjusfment of the shiftiﬁg
_period, it is possible to vary the time interval T (see
Figure 2-1) over the range 0.5 sec to 14 sec. An adjustmeht
of this type is necessary ihbofder to éxpand or éompress the
time scale to cover the signifibant part of the'impulsé
response of thé system under_test._

5-3. Wéighting Factor Génerators°

These circuits, represented in Figure 5-1 by fhe,vk

Generator and Vk m Generator*blocks, are shown in Figures 5-5

H

and 5«6, The Vi Generator is a simple gating circuif in which

- the outputs of the Shift Register are sampled by the k counter.
The diode gate outputs are fed to a NOR gate which is followed

by an inverter to produce the'signals'v and Vo wherevvk is

k,

given by the logical equation
v, = koo(sgn x)o + .o + kgd(sgn x)9 oo.KSfl)

~In the Viom Generator fhe b countér samples the outputs of the
9.
Shift Register-in one set of AND gates and the results are

combined in an ORﬁgate, producing the signal H. "H is thus
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given by the logical equation
H}: bo.(sgn x)o + coe + bgo(sgn x)9‘ ees(5-2)

The a counter also samples the outputs of the Shift Register

in an identical manner to produce the signal J. Thereforey
J = aoa(sgn x)o + coo + ag.(sgn x)g oo (5=3)

H and J are fed into separate AND gates with FF2 and FF2 . .
respectively,;dnd the results are combined in.a NOR gate and
an 1nverter'to produce kam apd Vk;m’ wvhere

Vigm = FFZ.[bO.(sgn x)o + oo +'b9;(§gn x)9]

+ F Zo{aoo(s‘gn X)O + so00 + ago(san)g]

eeo(5-4)

5-4. The g-Pulse Generator.
The purpose of this circﬁit is to generate, during
each m period; a pulse propontional in width to the quantity

£

The circuit waveforms for two typical m periods are shown

o The c¢ircuit diagram is shown in Figures 5=7 and 5-8.

in Figure 5=94
The output from the capacitor storagé;is‘equal to

—Yo +‘&gm vplts_where -VO is a constanﬁlsuqh,thaf AVO + Kgmeﬁq,

and ¥ is a scale factor. (Addition of -V, permits the use of
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simpler storage and gating circuits). The voltage AVO +‘Ugﬁ
is the input to the g-Pulse Generator. A double emitter
 follower arrangement at the input provides a very high
impedance to the capacitor storage output. At the beginning
of each m period, the clock signal EItriggers the monostgble
muitivibrator MM3. This applies a8 =12 volt reset pulse of
approximately 10 pSec duration to the.sweep circuit. The
output signal of the sweep generator is shown in Figure 5-9.
Thié signal and the signal —VO +Kgnlare summed by the 100K
resistors and the result is abplied through'an emitter o
follower to the SchmidtiTrigger (sT).

The sweep signal can be expressed in the form
v =4->12 +ct  (t312/¢) voe(5=5)

where ¢ is the sweep slope and t is the time from the

beginning of the sweep. The input to ST is therefo?e

v [f‘vo +bf,gm] -12 +c t.
in " 2

(5—.6)'

ST is set to switch when Vin reaches -6 volts. Suppose it

switches at time t, after the beginning of'the.sweepa

1

Equation (5~6) can then be written as

[V, +¥e,] 12 + ¢ 1,
, — .

-6 = ...(5-7)'

It follows that
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ty = 2—2 ees(5-8)

FF5 is turned ON at the_beginping of the sweep and is turﬁed_
0FF«WE§£,ST switchess It is therefbre.ON for the time'in£erva1
tl. The monestable muitivibrator MM4 also .is turned ON at

the beginning of the sweep. It is adjusted to turnFF "

after a time interval

by = 2 | C eee(5=9)

It follows that a pulse defined as
A : . b' .
has a width equal to

(8t)_ = t; = %,

_(%m/c) gm (gm; O) | : ecw (5—11)

and also that a pulse defined as

g, 2FF5. mm4 eee(5212)

has a width equal to
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+ t2"131

i

(5)

(B/¢) gﬁ ' (gm§ 0) u‘.‘\(5~13)

The pulses g_ and g, and their logical complements are

generated by the circuitry shown in Figure 5=~8 which consists
of two NOR gates and two inverters, The output levels have
been shifted from O and -12.volts to +6 and -6 ﬁolts for use
in the x~Term Circuit, which is described in the following
sectidh& |
5-5¢ The x=Term Circﬁit}

~This‘circuit generates a current, propertional fo

x(t) "k,xﬁ s vhich is directed into or out of the summing

pépacitor Cs for a time proportional tov|gm‘a The gating
arrangement is such that the resulting veltage change'on Cs_

is equal to
(AVCS)X = eBx(t).vkim g, ' w.;(5514)

where B is a positive scale factor.

Consider the'function

A ' o o
Zk,m = 'sgn [vk}mx£t)] .,.(5515)

Equation (5-15) can be expressed in logical form.as follows:

-Zk,m = Vi .peSEn x(t) + v, . esgn x(t)‘

kym T
“A.'-.»(5-16)
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Figure 510 shows thg circuitry which generates Zk;m and
2;7;. Three NOR gates and two inverters are uFed and ﬁhé
.output levels are shifted from O and ~12 volts to +6 and —6‘
voltse

Consider now the circuit shown in Figure 5-11,
Transistor T6 is in the grounded base configuration with the
collector connected to Cs. The voltagé»on CS is always
negativee Thus the emitter of T6 is held very close to
ground potential, pfovided that the associatgd”circuifry
can supply the emitter current as showne This latter
requirement is satisfiéd by the resistor network R6, through
" which a bonstanf cﬁrrent, chy is providedfby the +12 volt

supplye The resistor nétworks R4 'andAR5 are adjusted so that

4..: R5 Rx . on_)'o(5"1'7)

The combined action of the gating signals,zkiﬁy Zk;m' g2y
g, gy andvE:, causes saturation of one of the transistors

Tl’ TZ’ T3, or T, for a time proportidnal to lgmly reducing

4
the collector~emitter voltage of this transistor to almost
.zeros The current through the transistor is therefore

approximately equal  to

poo )l | . " eee(5-18)

This current is added to the current chg and the sum is = -

~passed thfough T6‘ The resistances are so adjusted that
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ch=-1x,'ensuring.that.theré~is always current through T6 in

the proper directions ‘Resisﬁance network R7 and.transisfdr>T7
provide a constant current, ch, through T7 as shbwn;A The

result is theat the net current (IC )#'is equal to # I e
: e I . “c : , ,

" This causes a veltage change On‘CSKQQH§l't°

| (£ 1) 2t . : B
"(AVCS)X =" : ' @wg(5-19)-
S .

Combining Equatiens (5-11), (5-13), (5-18) and (5=19) yields

R (]j X(’b) _gm o 6'06(5"'20).
. X AS .

(A¥Cs)x‘= *

oI

If now the selection of le*sz T3, or'T4 by the-gating signals
is consideredy it can be seen that (AV, ). .is given by the
‘ S

following equations:

X

(AVCS) = ‘B X(t) vkym ,‘ | L ’..(5.—21)

where

oA
£
Q-

66#" ( 5-.'22)

Transistors T5 and Ty are employed to block (IC lx_during the

interval for which m = k and also during.the Sample intervaig.
(See Chapter 3)s This blocking action is controlled by the
circuit shown in Figure 5~12¢ During éither_of these intervals.

a =12 volt signal and a O volt signal are produced at points A
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and B respectively of the circuits shown:iin Figures 5-12 and
5-11, This has the effect of cutting off transistors T6 and T7,

agd blocks (Ics)x.

‘5~6. The y-=Term Circuit.

| The operation of this circuit is very similar to that
of the x~Term Circuit. A current4proportional'to |y(t)| is
gated into or out of the summing capacitor for the duratioﬁ‘

of the mg periody cauéing a voltage:change on Cs equal to
(AVCS)y =a y(t) . - ,‘.‘(5f23)

where o« is a positive scale factor,

The function Wi is defined as follows:
w, 2 sgn|v, y(t) | (5-24)
kK = g k Yy _ s
Equdtion (5=24) can be expressed in logical form as follbws:
Wy = Vyesgny t +A;;¢sgn y(t) _ ‘,,(5525)

- Figure 5-~13 shows the circpit used tovproduce-wk$v The signal
;i is also-produced.but nof used. Howevery the,e*tra part of
the circuit serves to provide the +6 and--6 volt sourceses
Additional control éignals-are required for gating
the current during the my feriod. These.are derived from thé
mg pulse by the circuit shown in Figure 5-14, Thé circuiﬁf

9

consisting simply of two inverters, produces the signals M, and
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ﬁ;, which are logically equivalent to mgy and’E; respectively,
However, the.levels have been shifted from O and =12 volts to
+6 and =6 voltse The signalSQWk, M9 and ﬂ;'are used as shown
in-Figure 5-=15¢ The operation of this part of the eircuit is .
very similar to that of the corresponding part of the x—Term
Circuits The resistances R

1 and R2 are adjusted so that

The collectors of transistors T13 and T, , are connected to C_y

the summing capacitor. ~Tﬁe base of T13 is grqunded,-and

emitter current is supplied through R3 from the +12 volt supplye.
The emitter of T13 is therefore very close to ground potentials
The combined action of Mgf ﬁg, and L saturates one of'ﬁhe'
transistors T10 or T11 for the duration of the mg beriod,
reducing the collector-emitter voltége of this transistor té
almost zeroe The current through the'transistor is therefére

approximately

I = Iyl o ees (5-27)

The current through T is therefore I + I+ R, is adjusted
e 13 T ey — Ty° 3

so that Icy is equal to the constant current through T as

14
shown, The net current (IC )y is_ﬁherefore equal to i‘Iy.
< ,

This causes a voltage change on CS equal to

(aVg )y = =X cee(5-28)
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where A is the width of the mg period. Combining Equations (5-27)
and (5-28) yields - | '

R, C,

(8 )y = & | 5 ‘ ees(5-29)
S . .

Consideration of the gating actionsrof‘M9, M9, and Wi shows

that (AVC )y‘is given by the following equations
s _ :

(Avcs)y.= a Y(t) Vk . ..,. (5—'30)
where

A ,
X = C o'o;(5"‘3l)

R
y s
T?ans1stors le and T15 are used to block (ICS)Y-

during the sample period S¢ The signals S and S are generated
by circuits described in section 5-8, These signalsy applied as
showh‘in Figure 5«14, have the effect of cutting off T13 and

T ,

. ).
14 C.y

This blocks (I

5-7« 'The Capacitor Summing Circuite.

This circuit is shown in Figure 5-16s. At the
cqnclusion of each Sample interval, a clear pulsey CLyg is applied
aé showns - This causes the voltage on the basévof trans?stor T3
to change from O volts to -6 volts and the voltage’on the base
of T4 to chaﬁge from -12 %olté to -6 Qolts. The summing capacitor
CS ﬁs thus éither charged or diséharged, depending upon its

previous.voltage, to -6 volts, After the CL pulse has been
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.removed, T3 and T, are cut off. The currents (ICS)x and .(ICS)y
are then directed into or out of CS,'so that at the end of the

computing period the voltage on CS 1s given by

. , n ., .
VCs = =6 + o y(t) V- E:OB x(t) Vi,m &m ... (5-32)
m = '

If « = B, it follows that

n, P
VC' = _§ ¥ a[Y(t) VK™ Z x(t) Vkrm ng

8 m =0

The Sample pulse blocks»(IC )x and (IC )y, and gates the signal
s ] :

VC és shown, producing Vo
s

ut*
5-8. Sample and Clear Pulse Generator.

This circuit, shown in Figure 5-17, generates the
pulses S, S, and CL which are required in the preceding circuitse.

FF4 is normally OFF. It is turned ON during the FFO

pulse by'fhe Tl pulse;, and turned OFF again by the next Tl‘

pulse. The output FF4 is gated with FFO in a NOR gate to
produce the Sample pulse S which is given by the logical

equation

S = FFO.FF4 .. (5-34)
The NOR gate is followed by an inverter which produces S. The

signals FFO and FF4 are combihed in a second NOR gate to
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produce the clear pulse CL, which is given by the logical

equafidn
CL = FFO.FF4 - : ees(5-35)

Figure 5=18 shows the waveforms.
5~9., Storage Circuit.

The storage circuit, including input and output:
gates, is shown in‘Figure 5>-19. The sampled signal, Vout’
from the Capacitor Summing Circuit is applied to an .input
bus.- in the Storage Circuit. This bus signal is then sampied
by fhe k counter and the signal is applied thréugh an
emitter follower. to the storage capécitor Cl’ which has been
cleaﬁed during the previous k period. The low=pass filter
(Ry, C,y Ryy Cy) smoothes the voltage so that the output
(from Cj) is approximately constant over the complete iteration
period¥* and is.proportional to the time average of the inpﬁt.
The output.signal is sampled by the m counter aﬁd is passed
through a diode OR gate to the g;Pulse Generator. |
5-10, The Reset Circuit.,. | |

This eircuit provides a means of setting the various
counters and flip-flops to- their proper states after turning
on the computer, It also permits resetting the compufer-if,
for any reasony the proper time relationship between the various

units is loste The circuit is shown in Figure 5«20,

*¥This is a sufficiently long perlod for the tests performed on
~ the computer. For slowly varying system signalsy x(t) and y(t),
the filter must have a much larger time constant,
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Depression of switch SWlvcloses SWlby causing a

positive trigger pulse to be applied to the monostable multi=
vibrator MMl1, turning it OFF., At the same time, the Cloék

Pulse Generator is blocked (by the action of SWi, - See

Figure 4-1)s The 40 psec pulse from MMl is applied to the
Reset inputs of'FFO;‘FEl;'FFZ, and FF3 (see Figure‘4—5) and
is also inverted and.applied to the Reset inputs of FFa,“FFk,

and FFm‘ (See Figure 4—4)¢ The Count ResetuPulse is

obtained from MMl as shown,; and is applied to the common Count

Reset input of the a, k, and m counters. (See Figure 4-3).

The waveforms are shown in Figure 5-21. The various circuits

are reset by the ﬁrailing'edges of the respective pulses.
This completes the description of the computer circuits.

The performance of the computer in a simple test is described

“in the following chapter.
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6. . TEST RESULTS

This chapter describes a simple test gf the
computeris accuracye. A‘representative set of'eduaﬁions is
solved using the compufer and the solufionslare compared with
'calculated.values. ' o

In.Chaptef 5 it was shown that the voltage on the

summing capacitor at the conclusion of a k gycle should. be

(Vg )y = =6+ a y(t) v, E: Bx () vk cg eee(5-32)
s | m=20 : :

When the computer is being used to compute 8y must equal By

so that

(Vo ) = =6 + a G

ees(5-33)
< )

For the purpoese of the computational test, any'énale f&étdrs

may be chosens

Let Pk é (V + 6 L ‘ - ‘ vvoo‘;1(‘6-'1)

It follows from Equations (5=32) and (6-=1) that

P, = « y(t) 8 E: A x(t) k,m Pn '?«q(6-2)
m =0 '
(k = O’ 1,01"'.'.9 89‘ ‘99 Oy' 1900.)

where,Pm is the time average of Py and A is a scale factor
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which includes the attenuation in the low-pass filter. Thé

voltages x(t) and y(t) are selected as followss -

x(t) = Xvolts - ‘ .,.~u(_6:—3):

Y volts, k = O
y(t) = »
|0 volts; k £#0 | . voe(6-4)

'

where X and Y are constants. Note that y(t) can be obtained
from pin O of the k counter. From Equations (642)¢ (6-3),_and
(6-4); it follows that | R

Po= =0y LyewsBy 9 awe(6-5)

The computer ¢an therefore'sbive the following. system of

.equations for Pos PysesesPg?

Po +tllx+ Pl + Alxl Py * oo + Alx‘.pg

I
R
M
[4/]

oQ

B

\. %

AMx| pg + T pp +A|x| By + eee + Ax] Pg = 0
r : ‘ , _ _ o
:A|;|k360+1x|x| P1‘+f"‘ + Py +'..¢_+.AIX|P9 = 0
. 4 ]
A|X| g + ceveseniuceioeneiecioens £ Dy = O
see(6=6)

It can easily be shown that the solution téiEquations

(6-6) is



- T1

| . ) r
Pgp =« Y sgn X — 9 (AX) — ces(6=Ta)
f (1492 ]%|) (1-2|x])

(1490 X|) (1-2{x])

Computer:solutions to'Equations (6=6) were obtained for the}A

following conditionss -

= 0005 ‘}Olts-l o
=10, 6, 2, -2, -6, -10 volts: . . .

MM o >

= =104 -8, -4 voltse ' o vo_o..(6—8)

In Figure 6él-tne solutdons'for po.are compared With the
corresponding values of Py 8&s calculated from Equation (6~7a).
| The max1mum dlscrepancy between observed values and

calculated values is approx1mately Q 2 volts, as found at |
points A and B in. F1gure 6—1. Thls‘represents an error oq less
than 6 per cent of full scale. | |

Thése results are quite encouraging; and it is felt.
that the accuracy could be cons1derab1y 1ncreased by using .
dlfferent storage fa0111t1es in- place of the capa01tor storage
- units. Recommendations as to such changes are dlscussed in
Chapter Te |

Prov151on for performlng the test described above :
rcould ea311y be built 1nto the computer for the purpose of

maintenance and adjustment. The results could be compared wrth
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an acceptable étandard to give an indication of the calibration
of the compu£er. |
Two additional tests were performed on the computers
In the first of.these testé, the input signéls to the

computer, x(t) and y(t), were chosen as followss

x(t) = a sin @t

v(t) = b sin‘(Qt—B) ‘ - eee(6-9)

Bohn(6) has shown that the solution for thelimpulse response

in this case must bé
h _b By |
h(t) = ag(t - ‘o) . . . 000(6—10)

Oﬁservations of the computer . solution for g1 indicated a peak
which changed position as B/ was varied., This agreed
quélifatively with ﬁhat was expected.

In the second test, Q random signal was fed to a
simple RC circuit, and the input dndaoﬁﬁput signals were fed
“to the compﬁter, The‘computer solution shéuld then have
indicated the step response of the test circﬁit.' However,
the capacitor storage proved inadequate for prober averagihg

" of the signals, and no meaningful results were obtained,’ \



73
7. CONCLUSIONS

The design of a relatively simple analogue compﬁter
for use in the real—time estimation of system dynamics hds been.
- describeds Test results have indicated that the obtainable
accuracy is sufficient for system design purposes.

.However,.a“more suitable method of tiﬁe.averaging
and storage is required befdre the computer can be used to full
advantages In a satisfactcry arrangement the attenuation ‘

- factors and time constants_of:the individual storage and fime
averaging circuits should be uniform, Also;.modification of
the time constants should not affeéf_ihe attenuation factorse
Iﬁ the jresent cépaéitor-storage‘and 1ow-paés filter circuits
it is very difficult to match the attenuation factors and time
constants unless precision components are used. Alse; very
large filter capacitances would be reqﬁiréd for averaging
signals over a-peiiod of éeveral seconds.

A magnetic drum could be used for the storage and time
averaginga Small drums, designed specificaliy for data
pProcessing, are now aﬁailable at reasonable pricese A method
'for'storing analogue informatidn'on a magnetic drum using a

(10). The following

pulse position-:code has been described
'dlscus51on indlcates how a modified computer using this code
could solve for gk (where g is as deflned in . Chapter 2)e
Let |
: ' n I
e (t) = y(t) v(+-1,) - EZ x(t) v(t=|t-u_|) £y
m =0 C eee(T7-1)
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Now let

af, | |
I = KAek(t) - eee (7-2)

If £, (t) is finite, it follows that

| ;k(ﬁ)'= lim % jfek(t)dt

=0 ‘ _ | . ’ .‘..’(7—3)

Therefore,

n o ' _
y(4) v(t-1)- 5 x(8) vi=|m-u ) £ =0 Ll(7-4)
m = 0
Equation (7-4) is identical to Eqﬁation (2-11) eicept that g,
has been replaced by f . ‘ |

-»'Théréfore,

lim fm = g,

T-—-'OO | 00'0(7"‘5)

It is evident that the solution“of Equations (7-1) and (7-2)
results in the generation'of.gm (m= O,l,...,n). The

computation of';k(t) as given bijquatioh'(T—l) could be done
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usiné the computer circuits'describedAin this thesis., Note that
there is no prime after the summation sign in Equation (7-1).
This would permit simplification of the computér.ciréuits in
that the diagonal term where k = m need no longer bé blockeds
The solution of Equation (7-2) can. be achieved as shown.in
Figure 7=ls The quantities'Afk and fk are stored‘on separate
tracks of the drum using the pulse position representation
menﬁioned abbve. The contents of the coarse séale.aré ﬁsed
for the computation of each ek(t). This quantity is stored in
the counter, and is used to change the position of the Afk
pulse to correspond to the hew iﬁcrement as showns A carry-
obtaihed from the counter is ﬁsed to shift the fk‘puISé
forﬁard or backward. It follows that

Af, = Key(t) At - ees(7-6)

k

The following code is the most convenient for storing
the information on the drum:
Suppose x is the quantity to be storeds Let z; the

computer representation of x, be defined as follows:

b o
Xy Xx=0

2+x’. x=<0 ) 000(7"7_..)
where x is scaled so that |x|=<l.. If x<O, set

Z v= 1 + NA » ) oof(7"8)
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where the 1 represents a sign pulse and y'represents the
quantity which appears in coded form in the various counters and

on the drums Therefore,

y = 1 + X 100(7'—:9,)

Since -l=x=<0, it follows that O<y<1. The contents of the

counters and the drum will represent y, where

x, x=Z0

1+X, X<0 000(7—10)

and the sign of x is indicated by“a separate sign pulse. This
c&de could easily be used with the circuits suggested in
Figure T=1.: |

There are sevéral important advantagés in the use of

a magnetic drum as described:

-1l.. The storage is permanent.
2. The averaging timeé--constant can be modified
simply by changingAthe scaling factor of the fine scale.

3+ The computing circuitry is simplified.

It is believed that modification of the preseht

computer to include a magnetic drum'storage as described would

i

greatly enhance the accuracy and flexibility of the computer.
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