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SPBARY

The main subject of this dissertetion is the invemtigation
of the performance of & positlon contmol servomechanism wiih both
torque limitetion and integral of errov control. The effects of
visoous friction were inoluded The nf the
in the lioear regime was investigated using the root loous method,
while non-linear performance wae investisated ob an amelogue oohputex.

The introduction (ssction 1) contelns a shovt desoription of
the importance of methods for the enalysis of non-linesr systems and
mentions the use of hoth phase - plane technigues and en sualogue
computer for the lnvestigation of uop-linesr systems.

Seotion 2 covers diffurent aspecte of the operstion of
analogua computers. This meotion doea not attempt to provide a
comprehenaive description of analogue computexs, bub Tather tends to
higalight gensrel principles and those aspecte of computer opevation
which were of importance in the subsequent work on the Eervomechenism.

Seotdon 2.1 is a general desoription of anelogne ocompubers,
and between 1 anelyeere end dymamic svalogles.

The livear operation of the anslogue ocomputer is cousidered
in seotion 2.2, This eoction starts with the operational smplifiex,
Genexzal eq) ibing the 1 axe given in
2,21, while mevtion 2.211 oovtains informetion on such emplifiex
characterintics ap open laop gain, drift and input and output impedances.
Both vaouum tube end solid stete coplifiers aro sovered. Seotlonv
2,212 snd 2,213 deal hriefly with the operation of the inverting snd
integreting oirouits.

Sectlons 2,22 and 2.23 contain desozdptions of the puoperties
of thome input and feedhack componenty which were used in the work
on the amalogue. Polystyrene capscitors were used, sud ssctlons 2,221
and 2,222 contain a survey of the literature on the properties of this
dieloctrio, 'The important point is made that for poiystyreme it is
not suffioient to conAider the ospaolitor as & eimple series or parellel
ocombinstion of pure resistance and capscitsnos. As the loss taugent
remaine sonmtant the sevies or porallel resistor would heve Yo have a
volue dependent on frequency. The stobility snd temperature oosfficlant
of oraoked csrbon resistors ure desoribed in 2,231 and 2.232, mhile nmon~
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1inearity and the effeots of frequency are covered in 2.233 and 2,234

Section 2.3 qovers the use of dlodes for the wlmulation of
saturation non-linearities on the anelogue computer.

The description of the anslogue computer is conoluded with
a seotion on €oaling, A metliod of eatimeting Boximum values of Eystem
varisbles is desoribad briefly.

Section 3 deals with the prJition control servomechaniem,
oud atarta with a shorh eurvey of previous work in this field. Seotdon
3.2 deals with the linear analysis of the eervcvechunimm, Baslo
equations are darived (meotion 3.21) end theso ore mauipuluted to obbain
suitable equationn for the plotting of root looi, Iu this inatance
the oot ool are not true looi and only have a physical meaning st
the olosed 1oop poles. Investigation of the equsbions with o view o
notmelisation (seobion 3.22) shows that this is not posnible in &
convenient form, In section 3.23 the conditlons for which root loci
were drawn are listed, nnd the calouletion of step funotion responses
from olosed loop pole pusitions desoribed briefly.

Seotion 3.3 covers the use of the avalogue computer to
invertigat in the non-linesr Tegime. ALl the computer
recults ave presente] graphicslly s stap funotion responses. Hesulte
for linesx operation wre compared with caloulated figuves, and were,
with ane excapbion, found 4o.pgres. vessonsbly wells

The appendices {ssction 6) oontein firetly (section 6.1)
fome maesuremente o the nopelinearity of some sotual ervomeshanism
components, It is concluded thet the uge of diodes for the simulation
of 18 Seotion 6.2 the
mossuremont of the input and feedback components which were need on
the enelogue. Tho uge of a simple osoillator oirouit to check these
measured valves is desoribed in 6.23, The Fimal zection {6.3) gives -
the vesults of meagurements of the pen vecorder characteristios,
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1.  INIRODUGTION

Whnile early work on servongrheniem theory was confined largely
tio mathods of analysla and mynihesis of lineer eyatens, ¢ .o snalysis
of non-linenx aysteme hss becons Legressingly fmportamb. Sevklon 3.1
of this contains a o tnvestigations wrich
have besu oguried owh into the pérformence of semate Position wmtral
servomechanisns vith various non-linesrities, and it is apparent
£xom this thet the non-l3 of tnie sexvo-

han received attention.

Veet, Douoe and Naylor® end West and Nikiforuk? heve hoth
emphasised that the presence wf non-lineevitlen iz wot necssserily
undesirable, and in fact an bs made into a desirable festure of &
servomechanism, This can oy be achieved hovever, hrough en

of the of aystems.  West?
hos pointed qut the many 3i€ficulbies which avise in the awalysls
of non-linesr systens, and hes provided a comprehensive desoriphis
of the various analybloa). techmiquen svailahle for this task., In
addltion he emphasises that saturation non-linearities exist in evary
servomschanian, and will modify tho performance of the system to
a greater or lemmex dagree.

The analysis of uon-linesr servomechanisme ia ueually
oonfined to the detexminabion of the iransient remponse, normally
tha 3 Bot 1th? and C‘aalex5 ina
contritublan 4o the pager by Veat, Toucs nd Haylor' hove made tha
point thab vhile for a linear uysten knovledge of elther the
branslent Temponon bt the frequenoy rospomse s, in theory, suffintent
for & full dge of the the zame does
viob necepmarily hold for a non-lineaw mystem. In Shelr zeply
$o dissuseion the authors agree with tils, but dofend their vee of
the step-funotion sesponse by polnting out theb koowledge of this
yospanse 48 on 448 ovm of valus. Tustin', in  contribution %o a
paper by Veot and Kiliforuk®, mekes the sens polut vhen he querfes
the yalue of the st ot o
Ouon ugain, tae wuthoz) agsss, ous veide iney fool. thut the zanton
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input zesponse will prove of mote value, they nevertheloss think
that the evaluation of step-funobion sesrovse will lead 4o a
hebter undevatanding of the pertormsnce of the von-Lineer system,
and a better aseesmment of 1ts sdequacy for o glven set of
vequivensnta,

The most common mathod for the snalysis of noa-linear
syntens ia perhaps tho phasa-plave. The use of Hhis meihod ia

in most o theory,  Go0d
descriptions are given by, for exmmple, Heammend®, Thaler sua
Pastel”, Truxa1®, and Weat?, West hos pointed out tht while
tho phaso-plane method can be epplied bo mauy probless by a suiteble
transfornation of varisbles the method has most meaning when the
yariaties are veloolty and position, for these are eusily visuslised.
In genovsl the phasa-plane method ie mestrioted to the twunsient
analysis of systems of Sogond-order which aze mubjected to inftisl
sonditions only, aw ave not otherwise exolted, Kalmeu'l, however,
has extonded and gevezalised tha method to systena governed by
uigher-order non-livear §ifferentisl equations.

Analogus oouguters ave comonly ued for the analysis
of non-11 Moot published work
geals with the use uf analogue computeze fo the detommimation
of the transient zesponse of the oystem, but the anslogue computez
1n obvioualy not lintted in tuis regard. Vet ond Nikiforuk®S,
for exemple, in bwo papera describe the uee of the analogee
somputer for the af both the responas and
4he response to zandon duputs of & non-limeaw Temote position
control servomechanism. Douce and King o also used the aralogue
somputer to determine, again for & nm-linear eystem, the vesponte
40 both s.musoidsl and Gauasian noise Lpute.

. e
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2. THE ANATOGUE COMPUTER

2,1 GEMERAL

Both Hommnn® and Paual® arew o clear distinction betwoon
Gifferentisl snalysors and dyscalo snalogles. Peul desoribed e
dyamio avalogy as a representaticn of one phyeicel model by suothexr
molel of a differeut thysiosl form, both models having theix dynamio

by identioal
The obvious and often quoted eremple is the analogy betwaen eleotrical
atrouite sud and
mechsnical systems wilh both energy storage {e.g. in & flydeel or
upring) snd Sriotion.

A differential anslyser on the othor hand, as 1ts name
inplies, provides the meaus for the molubion of the differentisl
equations demcribing the operation of e system. This i ocouplished
by the euiteble interconnection of camponents which perform such

a6 a1 $ion, oadibion,
by s constent, avd for non-1i end
aivision. These compononts sxe geverslly complex, snd canmot be
conoidored dizect anslogies of auy part of the Eyotem uner tndy.

Barly were but thoss
bave been by and the
torm sleotronic analogue computer i gemevally teken to Tefor to
an 3 fthia ¥ill be
confined to electronio differential suslysers o anelogus computers.
e of of an 1o vorlogue computer is
wel2 kmows, and bas beon dososided i gukliostion mich oo Hamnona®,
Pour®, Hogris™, levine'?, proctertS, Kopn and Kom' and
Jncksor?®,  Tn tinis ulnsortation various spocifie aspocts of
\valogue camputer oporstion sve sovestigatod.

The heart of the olesvronio snalogue computer ia tha
opexationsl amplifiez. Taiu 1o 4 high negetive gai d.0.

\mplifier vbich 38 ussd with pessive toput and feedback componsots
4 provide the desived brsmefor funotion. Barly operational

-+« /amplifiers
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uwplifiers were, naturally enough, vasum tubs smplifiers.
Vithin the last decade, however, the use of soldd etatm emplifiers
bas increased consilerebly. Vacuun tube amplifiers have the
edventage of being able to opemite at oubput voltage levels about
en order of magnitule higher then solid state amplifiora.

Section 2:21 containe a detasled auelyeis of the

of an 1 amplitier when faput and feedback

impedanoen are compected, This aualysis shows the major xole
played by luput and Zeadback impedances in determining the tramsfer
function of the circult. These lnput and foedback impedacoes can
bt thought of a8 defining the msthemstics] operations pexfommsd by
tre orevationsl omplifier. Herrie'® hos listed two sources of
error 4n nu operational amplifier i-

1. the accuracy apd ptability of the electrical networks
defining the mathematicel operations o be pexformed

14, the presence of amy voliage mignels in the system
other than those corresponding o the problem variebies.

If the network defining the rathemstical operations is
taken o be the ingut and feedback impedances only, a further
exror source can be added to the sbove 1ig%, viz. he effect of
the £ron ideal upon the ope:
of the oirouit,

These $hree sources of erzor ave considered furthex
1o the following swoblons.

prossesi® han given aons useful genersl information
on errorz in avalogue errora
resu2ting from such factorsr 0
and stability oap be as low as 0,01 tu 0,026, Simllarly, the use
of bigh quality imput and feedback impsdences end the hovaing of
these in & temperature controlled oven lesds to feedwack ratios
acenrate to within 0,00 or 0,026 Amplifier gaius ave usually
sufticiently high to cause the error in closed loop gain to ba

/roosiderably
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coveiderably esa than 0,01%, Iosding erroxs are slso gevemlly
voxy 2ow indsed. Rocordexe, especislly shen smell numbers of
opeyational smplifinge ire uwed, Testrlot the overall mccuracy.
Golvanoxetar recoxdexs awm, geverelly only scouzato to within 2 to
55, and while sexvo-type zacorders have 2 considerebly higher
aoourany (0,1 to 0,58) they o heve the dissdvantage of & severely
Tizited maximwe fiequency, weually loss thew 1 He {see sls) ssotion
2.4).

2,2 LINEAG OPERAPTON

2.21 Thy Oporationa} Amplifier

Pigure 2,1 ehows an operatdonsl amplifier with fesdback
iupedence and soveral iupute, odch combecied to the amplifier
theough a sepazate inpub fmpadance.

Korn snd Homn'| have given the following expreasion for
tho output woltage ﬁa in terms of the input voltages By the
input and foodback iupedavces and the goin of the applifior.

e inpub iupedavos of the auplifier is vesused bo be Infinite
and the outpuy inpedupcs zerc.

( Y e oy ay
e =(1- g e, -) e d e B
o ga 0B 2 g, ) 1k By
woze g = (1 +o _z_:__ FRTRL N
L 1k

Both 4, the auplifier giin (negntive and resl ot low

ion), and 4 are of The feedvack

sironit 48 obricusly stoble if, and only if, ell roote of the

chprasteristic equation 1 - A {8}/ (& } have negative real.
parts.

Stability of the ofowit 18 genezelly achieved by praper
Qeriys of the gain characteristic of the operational emplifier,
The for thia cumpensation are
ally tad 1n the for voouun tube saplifiors

veofund
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apd discrete component molid state amplifiers. However.then
capacitors are wsuslly orders of megnituda larges than can be
fabrisated by monolithic teatniquss, and as @ vesult integrated
ciroult opemablonal amplifiers usually roquive externel freguency
compeasationtdr?

When the amplifier i inverting {i.e. it has segative
gain), and the gain A im very high

2 2 3

—-(su%-(-euﬁ&--—— mi”—f&)

The outpus of the operational amplifier is thus the
sum of funotione of the input voltages, the form of the function's
dopending on the ivput end fesdback upedances omly. An
operational amplifiex with only a single inpub hes its output
voltage glven by

Z
£
e n -8, =
1 3 4
When both input and output impedsnces are resistors,
g = B.f and Zi. i Ri.
o = ~o, =
1 Ry
end the operational amplifier meltiplies the inpub volloge by @
negative consbnnt - _n£
R

Yhen the feedbaok impedance is a capaoibor and the ivpuy
impedance a reaiabor, Zf =2 Z = By
x 25 "" o, at
o, = wo, m= =
o i BRic H"G i

and the operaticusl ampiifier operetes as un integrator with

time constent RyOs
+eo/Bquation
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Bouation 1 derived by Korn and Korn™! only spplies vhen
the ouplAfier ha nfinite input inpedance and zoro output impedance.
They have aleo comsidered e situsbion when these two restrictiens
do not apply.

Vhen the load cownested to the cutput of the operatioual
«vplifior ham an inpodancs Z;, ard the amplifier sn output fupedance
5, he offeotive amplifier forwand gain A 48 given by
Ayt E
A

-—-{2)

S

N]hN
e

1+

by

wbere A the open oircuit gain of the amplifier.
The opexation of the occuplete oizoult cen be analysed by
using Théveniu's theorem, The operational smplifier oircult appeara
%o the Load Zy as a voltago souroe ¢/ in series with sn impsdance Zg.
The voltaga source of, s the outpuh voltege of the oporationsl
amplifier without loed, given by equations (1) erd {2) with Zy —> ca
T,
3

A
and A m O %f

(he total oubput veltege e, of the operationsl smplifiee
i then given by

ol e
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%
o= B o
Bt h
The effect of the swplifier input impedance canm be
obtained by i the dnput 1 as the
input; with en voltage source.

The voltege source is of course zero. If the smplifier iuput
inpedanoe iz Z, equation (1) becomes

e z, 7, 7
[N {1 by )(enz_r_+912.ig_+ -+aﬂ‘_z_£_)
11 12 i
where now g = (1422 4% 4oy B L0yt
Ly Byp B B

The praceding fow pages give o complete desoription of
operationsl amplifier performance whev the output volfaga of

the d.c. amylifier i givan by the product of the gein and the
input veltage. This is not geverally correst, for o1l d.o.
amplifiers ave subject to drift, i.e. the appesrauce ot the otput
of spurious voltages. Before oonoidering 1o more detedl the
operation of the most commonly used operational emplifier
configarations some aspects of operationel emplifier performance
will be investigated.

.20 Amplifier Drift

Ao mentioned above the oubpus voltage of @ d.c. amplifier
15 gevexally not zevo whon zero imput voltage i upplied. The
application of a voliage offset to the auplifiex can epsure zero
outgut voltage. When, however, the megnitude of ibe voltage offset
roquired for mero outgut oltage varies with tius it iz not gemecally
poseible to epeure that the aeplifier output voltsge io given by
$he prodnot of gaiu and the inpub voltage, ond drift is present. It

uufis
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18 cuatouary to vefer all voltage offset and drift velue: to the
smplifier input.

There ave many oauees of drift, Korn and Kown®! limt
the followlng favtors vhich cen oause drift in n vaouun tubs
amplicior.

1.  changes in supply voltages
ii. changes in vesistence values
1ii.  ohanges in vacuum tube oharacteristios,

Drift in solld state operational emplific 8 vesults from
the variation of both voltege and current offeet.

Pesr‘mnlg polnts out thet the mtebility of the voltage
offset in a aolld mtate emplifier depends on the degres to which the
peir of input transistors caw be matohed and will track with

temperatuze,  Statalt the effeot of

The base-emitter voltage of a iransistor varies at approximately

2 400 wv/°C. The uss of matched pairs osm result iv net chenges
of sbout 5 u¥/°C when the two tranmistoxs ars st equal temperatures.
4 temporature diffeventisl of only 0,01°C however, would lead to an
offset of 24 uV, or almost five tiues the nominal figure, Siata
points out that temperature differentisls srise not only from the
pbyious sources such as draughte and the proximity of power
dissipating oomponents but also by factors such as varietione in
ampiifier load.

Curzsnt offeet avises when the base current of the input
$ranalstors Tlows Hhrough the dnput impedences’’, Marklula®l has
disousged the affects of both ourrext and voltage offseta on the
output voltage of an operational amplifier, and has shown how
the effects of ourrent offeet cen be miniuised by the selection
of extermnl oizoult cosponente. Houth® pofnte out that the
nput voltag. offset for & parbiculor swplifier is fized, but
the effacts of cuxrowt offset depend ou the eiroult ussd.
Jmplifier voltaga offset 18 prefeminast for low Houros Tesiatunoes,
\bile current offeet becomes more important vhen sourss resistances

cfare
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are high, o necomsazy relationship exists betwasn voltzge and
ourrent offeats, mot even in Tegard to polarity?3,

The magnitude of voltage snd current offests in solid
state auplifiers and of ¢rift in vaoum tube smpdifiers chyiously
depends to a very large extent on the design of the emplifier.
Stata”! malven the very imporbant point thst voltage and cumpewt
offgets in olid state amplifiers are non-linesr funotlons of
temporature, [The ude of average figures can Huo e misleading.

Posrinant? quotes vortage offasts of the opder of 1 to 10
uV/°0 and ourzent offsste of the order of 1 uwA/°C for discrste

G0lid state amplifiers of maker'n dpta®>
for soldA state amplifiers shows that the change of affset voltage
with temperature in the ramge 10 to 60°¢ varies from 0,4 wv/°C
to 60 u¥/°C, Current offset variation with temperaiuxe over the
eame Tenge varies fxom 0,6 PA/%C to 5 nd/%C. Markkule?®, in giving
typiesl figures for several solid siate voltoge follower oizouits,
quotes a voltage offest temperature coefficient of 15 wv/%C for &
dimorete component olxouit end values ranging from 0,6 to 4,5 wV/%0
for trouit curzent offset values were
10 04/%0 and 0,002 %o 3 wA/%C,

Voltage apd current offeets vary with time (4 bour) to
the extent of 1 to 25 u¥ and 0,01 pA to 20 nA in soldd stete
amplifiers?,

Korm and Kows'! quote average dwifts fox chopper stabilised
moutm tube amplifiezs of lods than 20 to 200 uY, while Ffefferl®
veports that good amplifiers (vaowum tube) will have Quifts of less
than 100 u¥, Tt must be yewsubered that it is possible o opexate
vaouun ‘ube explifiers at wich highor voltages (gonerally s 1007)
thon soldd state asplifiers (guerally 4 10v) and drift voltages
miat be asseseed acoordingly.

2.2112  Open Loop Yoltage Gain

Opoe again 4% is aifficult, if not inposaitle, to guote

average figures, ~
ooy T
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For aolid etate amplitiers Merkiule?® gives a figure of
30* for a disorete couponemt amplifier and values ranging from
4220 to 4 x 107 for integral cirouite. Mamstuoimzer's data®d
shows values ranging from 5 x 10° 40 § x 107,

Korn and Kors'! give velucs venging fron 25 to 300 x 105
for Btabilised vacuum tube amplifiers,

411 these figures are for mero frequency (8.c.).

2.2113 Inpuy Tmpedances

Pesrimant? reporta input impedances of diacrete oomponent
80244 atate anplifievs Tanglng fron seversl hundred kilohms to
seversl megohme, fhe dovelopmemt of field effech traneistors has
mnde possible he congbruction of dirent coupled cperational
having input 1n the Tangs of 100 to 1044
oma'®,  Other aources quote figies lylng within the sbove limite,

2,2114 Qubput Impadauce

Korn and Kownl! state that in gensrad the output impsdance
of vaouum %ube amplifiexs varies botween 1 000 and 5 000 ohme.

2.212 The Inverter

In this oizouit the ioput and feedback impedances are
both vesistozs, although in a unity gals fmvorter tha use of
identical xeaotive ox complex impedances will sometimes improve
the freguenoy response.

Tsing the terainclogy of 2.21

;
aou-(;l.___ o,

1)k
TR
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Tospection of the above equations in the light of the
amplifier oharacteristics will generally sllow the following
agproximations to be made

£oelr s Ty
B %

Only when Bt 16 vory bigh or the amplifier guin very lov, will
R,
1

the texm -1—__1-1? gonozally o of eny significance.

piifier drLft Wil sppear ot the outpnt mitiptied

by the gein Ff , avd provided the sigual voltags level ia not too
%
3

low will generelly be insigmificant.
aenf2.213




2,213 The Integrator

Korn evd Korn®/ gtate that "the design of sscurete
dutegretors is a oruslal part of the entire somputex dewigo®.

A general equation desoribing the performence of most d.o.
integrators hes been glven by Korn and Kornl

Bk
o T TE+l %

where b s the tiuo couptant
and ¥ the gnin of the ofzoult,

{This distinotion vetween gain and time co' $ent hau
alao besn drawn by Pfetferi®),

¥orn and Kom oconsider the Tosponse of the sbove system
o & unit step inpub. Under these conditlovs the oubput voltage
is given by .
- /b) k.2

N

oy = bk (1-€ %
when & = &t trve intagration mnt’"u achteved, end the remaining
‘terms m the expansion of (1 «& P} sonetitute & messuze of the
error of the olrouit.

1¢ 0 ¢ %/b<1 the absolute valus of the ezwor will be
loas than or egual o 3 1.

2

trua  Jemvor| ¢ B
t
and the maximun peroentage erzor = 50y

This 1s an extremely useful expresaion, Lor.it allows
inbegrator tims constanta to bo selected In toxau of the meximm
permisoible error and the maximum computing times

Rorn nnd Kowi'! analysed the integrating operational
awplifier by using ean (1) to determine she gain and time conwtant
of the olrouit.
voof/They
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They obtained the expresaions
- = A—--—
gain X foews: RS_G

{1 - 4) RO

-8 42
By,

and time constant = b =

whers By ia the resigtor in javallel with the capscitor to mimulate
the lomses. In meotion 2.222 it is shown tha thin resistor
varies with frequency, for i% is the lupe tangent whioh remains
constent, t least in polystyreue capacitors. The use of a constant
resistance value in wha' s essentially o transient euslysia is
thue incorrect,
If the above is ignored tho expression for meximum
percentage error beoomes
B/, .
{1 +4) B+ 1 .

max, erzor = 50 (FETY] nic

3 1
=50t (f;(? M EEF ) n‘i"c)

Table 2,1 shows hat for polyotyrese capacitors tho bime
coustant B.LU 19 of ‘the order of 30°8. For ap integrator with a
time copoiant R O of s the firot term in breckets will prodominute
when the Bmpl:lﬂet guin 1o greator than 107, and the second tem
i1l pretouinete Tor amplifier goins less than 10°.

Palcing the fivat case (bmplifier goin greatex than 107)

1
mex, peroent exxor = 50 % g“,‘

- 50tx m'6 for a polystyrens gapeoitor.
Thus afber 200 meconds the mximua ervor is 0,01,

wof 2,22
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2,22 Gepaoitor Uharacteristion

Tt hae been “own in 2.21 that the cherscteristios of an
4 fu a8 on {0z

diffeventintor) depend to a very lavge extent upon the properties
of the capaoitor vaed. The losses of tho capacitor cen have &
algnifioant effect upon the tranafer funotion of the opszational
amplifier, and es a resuld 1% s necesasry to ume low loss capaoitors.

Polystyrens io & di.'ectrdc with very low losses, and

with a8 a matexrisl ave comuonly

used i snalogua computerd. As e11 the expevimental work
desoribed in this thesis was done with polystyrene capsoitors
the following colleotion of trde and
18 confined to The ave under
the two hoadinga ~ dicleatrio constant and capaoitenmca, end losses.

2.221 Dielectxrlo Constant ond Cepacitance.

Curtis??, quoting work by Broans snd Miller®> given volues
Tfox the dlelectrio constavt of polystyrese of 2,55 ot 0°0 and 2,5
at 200°% for frequennisa betwoen 0,18 and 316 s Vou HipperZ
reporta valung of 2,56 at 25° for frequenolen batween 10° and 107
Hs, and 2,54 at 80° for frequenodes fron 107 to 3 x 10° He, while
Bizke?] givon a veluo of 2,55 A 20°C for s1l frequenciss up o
1080 5.

While there ave Som. ..dorepancies in the values quoted
above, they do indlcate that polyatyrens bas o dielectrio onstant
©iiloh 48 reparkably coustawt over & very lexgs vange in frequency.
tho tempe of oonmtant drgided by the
above figuren 4a about ~150 x 1076 por %0.  Cherlton and Jhen’>,
howevor, euphasiss thrt the tempersture cosffislent of capacitence
deponds ot anly on the dieleotrio propartisa of the meterial, but
ales ov the themmal of voth and
oloatrodes, and upon the method of copstruction,

«vef The
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The detemmination of veluss fox the bempsrature cosfficient
of capacitance implies that the capasitauce retums o ite original
value after themmal oyolimg, This will only ooour if the ospaoitor
15 properly coustructed. Chaxlton snd Sheu quote flgwres for the
coeffivient of varying fran shout ~ 100 x 10
v ° fox a 0,1 W¥ copacitor to abowt - 170 1 20°7° per °C for a
0,0005 uF capuoltor, fhey veport thet encapmlated capacitors only
resch & stendy state abeut 60 days after they have been subjeoted
to0 & 30°% change, while Toguire
about 6 days. This property of polystyrent oapaoltors cbviously
maken Grift measurenemts difficult, but Cherlton and Shen estimste
that arifts of 0,1 % and 0,15% would nob e exoooded for
and
Fho vse of btemperature controlled ovens for housing fnput
and feodbask componenty in high quality snalogue computers
(Exeriat and Procrar’®) ohvieusly considsvably reduces the
of the u The wozk n
this dlesertation was done without using any temperature control,
bub s the acowacy ves in eny cese limited, and ao the oapacitors
were not used &t bemperatures differing greatly from those at vaich
{hey wore meazured, §t wea ot felt nevessary to take temperature
into acoounta
Damer?) quotes & figare of about 0,9 for the drift
that ocould oecur in & polystyvene aspacitor, and mentiona .
of of up to ~200 T 10°
Harbshorn, Parry ond Dushbor™ oareied out very careful
to the of permityivity
of polyntyrene, end obtaized & valus of -169 x 107 per %, Tt was
ponsible to 53 the of thermal of
polyatyrons from thita vaiue; Shia caloulatod veluo agoood vell with
the experinentally dotersined value of 72 2167 yer %0, It ls
4o nobe thet ot al quote & valus for the
mt of for

6

pex °0.

of —350 x 105 par %0

eofTRb18 2.1
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also the imp effect of

2.222  Lossen

Loszes in a sapaoitor are usually exprersmed either
in terms of a tine constsnt or in terus of the pover factor ox
loss tangont. For low loss oapacitors power foutor and less
tangont are to ell intents amd purposes identivsl,

Table 2.1 sumarises valuea givon in the literature for
the lossss of polystyrene capuolitors, Chexlton and ShenZ® have
pointed out that the large vertation in the values of capacitonr
time constunt supports the view that it is the impurities in the
disleotrio vather than the of the
vhich give riee G loewes.. They state that meximm end wnimom
values of the time ocustant can differ from their quoted figuves
by & factor of about 4,  Harbehorn, Paxry ord Ruehton® heve

Dumor®? hae stated that for capaoitance values less
then about 0,1 uF the conatruotivn of the capsoitor hes a greuter
offact upon the losaes than have the propariies of the dislectrie.

Both Dumer® and Chariton ond Shen’> havo polnted oub
$hot the power faotor ia 1y oz
e implications of £his ave thet the nomal equivalent oiroutts
(gow for cxample Dumer’ ) given for precticel capecitors must
have lose resistauces whose values vary with Sreguetoy.

Gonsider for exsmnia the siaple equivelont circuit
whaze the capaoitor losses are xeprosented by o zesistor R in
parallel with the ¢ e s
then given by

ces/ The
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!
} thnr
| actor | Time | Frequenoy |Temperature
L Bafoonoe | oo lons [comtent | me ) | rop SEUARES
tangent | * 'y
Broens &  |<0,001 - 0,26102 o | up %o 100
. it ) Heried
| Yon lco,00005 [ - 2
! 26 [0 ) 10 25
; merel™ co0n0s | - T 1ot
o,00007 | - 16
: ko,o000 | - 10®
! 10
0,00043 - 10
: 0,0009 - 10 80
<0, 0001 R 104
0,000 | . 15
<0,0003 - 1°
0,00083 | - 101
Birke?? | 0,0002 - 0 10 10*0
chazitgy | o002 | - w to wazking
& Shen vongs

weof2.222
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The lose tangeat tan § in givan by

ton§ = ko

and hency

3 1
20 06 TTTERT ¢ g (49 te08) for mall tan §

The use of the second expression, with teu 3 constent, is
cbviously preferable o the use of the firet, where B is
frequensy dspendent.

2.23 Besistor Charasteristios

Following the saction on cepecitor characteristios,
{2.22) this section will Bo oonfined to e characteristics of
oracked oarbon resletors, for these were the resistors used with
the anslogue computer.

2.2 stabuty

Dummer? staton that oracked carbon veslstors sbow @
fallure zate of abowb 3 per 1 000 after operatlon under leboratory
corditions for 12 months. This failure rate is deyondent upon

use lo ai

resulted in lowex failure smtes, vhile operation wnder sexvics
oonditions of extrems temperatuve sud humidity resulted in somewhat
bigher failure ratos. Maximum relisbility is attaived when

are not o tonperature or voltags
otresses,  Average ohanges in vesistance of less thea 2% eftex
olimatio and othex tests axe typlosl for those xesistors that du
not feil,

Otaroh?3, quoting work by Braver srd Basterisy’>, states
thet for resietors opersiing at full load at 70°C the meen changs

verfof
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of value was between 0,5 and 1%, with ocoseional Temistorm
showing much larger dkanges. The failure rate wae found to be
higher vith full load d.o. testing thow with 8.0, terting, amd
under vory humid conditions and Light d.c. lesding very high failure
raten were sxperienced,

Damiex®? zegorta thet chenges in esistance of 2%

) and ghove have ooourred after storage for one yeaxr at xoom §
temperature, This s confizmed by Ghuzch %, who mentions that B8
some oracked oarbon resistors show sppreciebls chunges after y
storege. i

These figures certainly provide justification for the i

general use of high precision wizevound reeistora in enalogue H
ocomputere, see fox ezemple Rarris’¥, In this partioular instancs ;
howevex, ib was felt that the oracked carbon Teeimbors wers |
adeguate.  Appendix 6.22 given detsila of soms of the }
measurenents oarried out on the set of resistors.  Qocasional
oheoks on the zesistors failed to vevesl sny evidence of signifioant ?
i

repiatance changes. ooourring during the work.

2,232 Temperature Copfiiolent

p— quotes temperature ocefficients varying from
0,0004/°0 for low resistance values to 0,001/°C for high
vesigtance valuss. The temerature nocefficient ia appavemtly
dependent upon the veristivity of the cerbon filu. Tbe 4
messurementa carcled out on the set of resistors (appevdix 6.22, F
table 6,8) are in general agreement with the above figurss. N

The temperature of the resistor is a funotion of both
the anbient temperatuze and the power diasipation and the :
following analysis cousides the effect of the tempezatuxa

't and constant of upon the
opexation of tha amalogus camputer, This only really has
relayamoe o the prement work. As mentfoned in 2,231 1t ia usual

‘ $o use venperatuxe controlied ovens for daput evd foadvack
«ou/impadances
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Jmpedances in high quelity apelogus computers, Usder thase
oonditions the only affeot fo be consldered im that of power

pa The of the wire wound
1wsiators used are likely to bo conmiderably lowexr thau thoss of
" the cracked carbon remistors uged in this work, and it is also
1ikely that yemistors of higher power rsting will be used, he
effoot of power dissipation ig thue 1ikely to he vexy much lesa
L +han in the present inatance.
N The trapsfer function of en opexstionel smplifier with
: foput and feedback oomponents has besn shown (2.22) Yo be given
i

L4

i ) Zp

| «2 w - &  peglootipg exvor torma
% 2y

For the oase when both 3, and %, are resigtanoes

9 ..
°y By

b3
)
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£

Purthor considaration of errors is hest dome by xeferring to

typical ot went values. Table 6.8 givee vlues of of sxd B
for wbe G 4 1,0 meghm cracked. oazbon resistors used with
the arza., omputer.

Counsidering fizatly the effect of embient tempersturs,
referenoe to Yable 6.8 shows that the meximm difference between
individval temperature ooefficient valtsh is 370 pupumi/%C13
#abient temperatures are, wilikely foovery'byimote thap ..,
5°%.£rom the refevence value af 20°C,.sv.. so this leads' o
& possible ervor in the transfer function of about 0,2%.
Voltages in the anlogue vomputer sre rostristed %o sbout 100
volta peak and bable 6.8 shows thnt values of the matle &
vary bebween 36 aul €1 for 4he 0,1 megohm resistors and 41 and
74 for the 1 megohm resisbors. The highsst power dismipstion
ocours when two 0,1 megohm resistors ste used to provide @ gain of
-5 under these oirownstances By = P, = 100 uk and the maximm
exror of about 0,255 oscurs. The increase in resistor temperature
coused by power dlesipation i emsentislly a long fem effect.
the measured values of B were obtolned under steady stete conditlons,
and the chenge in temperatare vhich ccewss when & Yesister is
subjected to a voltage transient lasting for porhape § ox 10
seoonds s nov sy to predlot. The above reasoning thue spplies
essentially to steady Etate operabion of the amplifier. It sen
be meen thab ihe Tesistora used with thy auslogue computer were
such: thot acouraeiss considerably bebbex than 0,56 were possible.

e

o

2.233 Fraguency

Oabornejs, representiog the rosiator by a parallel ¢
of and resistance, quotes
sepnoitance values Tanging from 0,1 to 0,5 fF.  The iniuctance
in mories with the Tesistor varies from 0,018 to 1,23 vl for
0,1 megohm resistors and from 0,04 to 1,8 vH for 1 magohn repistors.
hose figures indicate that, an the reqpency inoreasss, the

«»«fcapacitive
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capaoitive effect predominates, and that, for « 1 megokm resimter
the impedance 13 likely to be ’bout 1 grezter then he Tesintunce
et & froquancy of 30 ks, Tais frequency ie high enough for the
effeat to be negligible in all bub high frequency repetitive
operation of an-analogus computex.

2.234 | Nou-lineardty

Theve exe Bevexsl Dethods uned for svaluching the mom-
livearity of vesistors. Millard! mentions the voltage
oveffioient, which 38 obtatoed by messuring the Tesistonoe ot the
Beximun voltege (naximum here meaulng the highest voltegs which
oan be applied 4o the resistor without exoseding aithexr the
voltage Limitotion ox the maximum powsr dismipation) sed at ons
fenth of the maximum voltage, care being taken to evold temperature
effects.  Dumer’® quotes valuss of the voltage cosfficisnt of
less taen 0,002% per volt.

Both Millaxd’ and Kixby’® sssess the non-linsarity
by measuring the third hazmonlo voliage srising fzom the application
of the fundemsnial to the vesistor. Midlerd plots the thizd
barmonio voltage {frequency 3,18 kiz) ageinst tha applied
fundamental voltage (frequenoy 1,06 kHz). Zypleal values
obtained on two different low valus resistoxs (50 - 100 ohma)
were i) 5x 10" volte gt 2 volts and 2,5 x 107" volts at
7 wolts and 1) 2 2100 volts at 4 volts end 1,5 x 107 velte
at 7 volte. Kixby has poivted out thet provided the power
dissipation 18 nut raiced above the nominl value the third
hermonie voltage is proportional to the ocube of the spplied
voltage. He definem a logarithmio "thind hammonic index” (P.

a8 follows

TsBo8s UV of third harmonie

T.HI. = 20 1031 F.m.8, VoLt8 of applied mmlamanul

ovofand
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avd gives the following valuee of the T.H.I. for & watt vesistors

0,1 mogohm T.H.I. from - 50 to - 60
1 mogohn T.H.I. from - 60 to - 75

T4 would sppnax that non-linearity 18 not a eorious
problem when oracked uizhon remistors are used with the snslogue

computer.

2,3 SIMUIZATION OF SATURATION NON-LINBARTTIRS

Figure 2.2 shows the standard method of ueing two dloden
to simulate a saturation non-linearity. Measurements were sade
on a circuit having the following nominel tranafer funciion

- -1 el OE
%
2l om ‘%17 0,2
1
Figure 2.5 shows the veriation of outpub vith imput
voltege for various values of the dlode biasing voltege E.

Tt is apparent from Figuve 2.3 that the shape of the
saturetion ourve depends upon the value of tho diofle biasing
voltage. Pigure 2.4 showe the curves given in Figure 2.3
¢lotted on & Scale where both the swturetion level and the
initial slope are unity, Tn preotlce this cav be achieved by
ochanging tbe gaius of amplifiers 2 aud 4 (Rigure 2.2).

vesf Figumre 2.2
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2.4 SCALING

The one aBpect of the operation of an elevtronic
anelogue compirter which perhape sauses move A4TTiwwlby than amy
other is that of oaling. e need fov mosling is obvious, for
the computer veriebles are voltages, whersas there is a very
wide rauge of problem vazisbles, and it is omsentisl to decide
on suiteble acale factors. In adftion, many problems requize
soalivg of the independent varisble, wilch is wsusily tize,

Paw?, Lovine® and Profterld have discussed the
factors to be conmidered when eslecting emplitude scale fastors.
Voltages fn the computer sro limited by the operstdonel amplifiey
design, varying from 4 100 volts for vasuwm tube smplifiera $o
4 10 volts for transistorised or jutegrated oixewit smplifiers,
end emplitude soale factora should be chosen 8o that thie maximum
voltege 1® not exceedod.  Considerations of both enplifier noies
and drift in inlogentors will determine the minimum voltagey
onca again ibis in determined by the emplifier design (sse 2.21).
Levine®? hap desoribed 4 varisble scaling technigue vhen the
zange in problem variable i greater than the vange in computer
voitege. Levine hae alfo male ibe Following statement on tas
ameeesment of exvors due to moaling : "A good empivicsl oriterion
for eximbing precision computers is that exrors can result in &
computer if tie maximm volisge does not axossd one wolt duwing
the problem xun®.

Tne election of suitsble amplitude soale factors
obviously requires prior knowledge of the likely rangs in the
problem variedles. While this could be ubteined by trisl snd
error, this would be very tedlous on a levgs \1:§ouem, and aome
othor method iv cbvieusly desizeble. levine™’, quoting work
by Jackesa'3, desoribes ¥he following method.

The differentlsl eguation desoxibing the system io

2,

5 o~ &
y d g =B alt) here
gtn*“n_z;F:‘lL*_‘““‘l Froy=puld)
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ihe a's are ocoustents,

29,

I£ B u(t) ie & step foroing funotion of

meguitude B, amd if all initiel conditious sre sero, the maximm
valies of the variables can be spproxiusted by

Ii‘i

&y
at™|

Plew -
max °

.

=B 1S € o2

x *

E]
s

Tovine'D states that "there are mo analytlosl methodn that will
indivate #he paxizum values of w1 u
vartabla cosffiolent prbloms®.

Pretter’® nas 1icted five fastors to be taken tuto

acocunt in the determination of time soale feotors -

@)
(1)

(11)

(iv)
4]

Tulem for the application of both amplitude and time ecaling faotora,

integrator erzors are inorcassd by long cwaputer Tunsi
long computer runs are umelly associsted with low

and 1

In geveral, it 1is possible to tolerata xans of many
minutes dumiiony

sbort computer rune axe assoclisted with high amplifier
@iins, and it is frequently necessury to casoada
amplifiors to provide sufficlent gain. his lende

+0 cumclative phase shift, sud imposes a maximum
froquency of abowt 10 Hz, although in eome cages wxwoxs
are significant at lower frequencios;

the high frequencise asscofeted with short suns cause
phass shich in awplifiers, and thus lead to errocs;

1% is necemsary to conwider the dyoaeics of the Tecerding
devicen mo that the response charmcteristios of the
recorder do not affact the Tecording (ses 2.1).

sarriolt, Tovine®® avd Koro and Eorn'T heve given useral




33

of the pexformence of a rvemote Position control eervomechaniem
when various non-linearities exist.

& falr nuaber of papers has bean written. As the main topioc t

of thig 48 the investigablon of the of ' ‘ b
u remote position oontrol servamechanien mubject ta torque <

limitstion, this section costaine a short sumsxy of previous ,@’ s
work, : il :

30,

IEE POSTTION CONTROL SRRVOMECHANTSM
TR POSTIION OQHTROL SERVGHECHANTSM

RMERAL fi

Both Vest" and Eamons® have given goversl dasoriptions

Thie is & subject on which

West, Douce and Naylor® and West and Deltoni® have

the ol & remote position control

the use of the phaso-plans to detezmine the stsp function respones of
the fzdciionlenn symtem whep velpoity feadback stabilisatlon ia weed.
Went and Deltou investigated the response to inpuh stops up to

one hundred times that just reguired to produce ssluration, and
oonoluded that the effect of saturation is to meke the system

moxe oscillatory.
b very largs loputs, and the ovitically demped system fiTst shows
ovexshoot when the input step is twenty times that just mecesenry
for saturstion.
error linttetion as a method of stabilizlng the non-linesr system,
and show hov to sslect the value of exvor limitation whioch results
in optimm response.
the guthore carried out some
during which both velooity fesdback and phase advance
stabilizatd o wan used,

method and an shalogue oamputer t> imventignte the performance
of & zemote position control servamechanism with @ ‘bhrd~spring!

forque Both popers demoribe

i sffact, hovevor, only Secomes appazent

Weat, Douce and Maylor investigated the use of

In addition to the phesa~plane suslysiz
vork on &

Vous ang Fikiforuk’'® have used both the phass-plane

it A "herd-spring! 14

++/ohazacteristio
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shuractexistls 1a oma 4o vhich the Zatio of wutput to input
inorossos with input, West” has justified the study of ‘hand-
spring! cheracteristios by pointing owt that it is thought that
migcle tensioning in animals follows a 'hard-springt
onszacteriatio.

In their firet paper the suthors usw en enalogue couputer
o both and The a
zemponss investigatlon was eimed at the locabion of points of
discontinuity in the galn Ve frequency and phase vE frequenoy
plots, The transilent response invesiigsuions rovealed that the
noo~lineazity improved the step funotion renponse witoub
epperently effocting the stabslity of the syshem,

The @eoond papex desoribes the uee of the phese~plane
method to investigsin oygtem when the
wee pproximated by & cublc eguabion,  Veloolby feedback
stabilization wae used, and the degwee of demping was defined
with reference to a Eimilar linesy system with a geln equal to
the emall signal gain of he non-iinesr system (dee 3.2). Both
the phaso-plane method and an analogue computer were veed to
investigete sysbem performance when the mon-linearity ves
agproximated by a cegmented ine. The vee of phase-advanoe
tabilization was al8o investigated.

Douce and King'? deporive the use of an analogue
ounguter to obtein ekperimental esulte on the perfomance of
& position control sesvomechanics. The systen had 2 satumsbion-
type unon-linsarity, apd its response was obtaiued to repotitive
atep Duustion irputs, @ simsoidel input eigoal sud en lugut of
Geupaian noise With ¢ aimple gover epectrum. The mervoneohanisu
wan fitted with a system whereby the demplug faotor wae
autamatically edjusted to give a niuimum mean squared 6XTOT.

st und Somorville™® considered the third-order systen
rovultiog vhion dmbegral of exror control in added to the
wormal sssoud onder frictlonless position sontral servonschanidn.
Mo affeots of torque Unttabdon vere Investiguted, and 1t aa

coof/Toomd
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fourd 4hwl lostability arises when the system 18 subjeoted to
lavgs lnput steps. The phuse-plane method wag uded +o analyse
the third onler system, but oould only be used for misp duput
funotions when Initisl velosities and socslerations wers zoro.

e authess found that the additien of intogrator outpat Mmlting
was shle to stebilige the system. Saotions 3.2 avd 3.3 ave
devoted to a study of a similar ayetem, the only differences being
the addition of viscous friction and motor field inductance.

nvem-m42 investigated the transient respanse of a
position control servomechanism when backlash wee prepent,

‘the presence of backiash wes found Yo mske the system moxe
osoillatory than the lincar eystem.

Fallwide avd Baeflo?’ aud Falloide and Pate1®# bave
dnvestigied the effsct of a back e.m.f. mon-limearity on the
porformance of 4 positlon control Servomechemism., This mon-
1ineayity arises when the armature current supply bes & uon-
infinite oubput impsdamce. Under thess conditions the effect of
armature baok e.m.f. 1B to vary the armature current, and mobor
torque then becomea a non-limear fut.tion of £16)d curvent and
motor sgesd. vhe firet papev spplies an amalybiosl techmigue
46 the analysis of the non-linear system, while in the second
paper 4ha phase-plane method 18 used to obtain the etep fusction
response of the cystem. The authors of this paper refer 1o the
thesie of l‘aunide”, which daucribes work ov a similer system.
1In {his work it was found thet the effect of the back eum.f.
nop-1inearity dependsd upon the amount of viseous fristion
present, Tho uon-lineaxity had little effect on system respooes
vien visoous friction was suall, bué the effect inozessed as the
viscous friotion was inoreased. This could Be offgat, however,
by & reduction in the velocity foedback, so that the Potal
asmping vemained constant. i e the approach adopted in
the foliowing saotion, where the amount of veloeity feedbaok
depends on the viscous friction, the totnl dampivg remzinieg
covetant.

/32
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5.2 TEROHEIYCAL ANALYSTS. OF LSMSAN, OPERNRY

32 Genezal Theory

The trelc eqvationa desoribing the linear operation of '
& poaition contol servomachanism wilising veloolty feadbaok and
integral of error ooniTol axe glven helow. The Servomecherimm .
48 aseumed to use a split field d.o. motor, control bet , obtained "
through vontzod of the £1e14 ourrent. Douce” bas considered

the effect of fie’d cumrent induckence and it cap be seen that

the effect of this has been fncluded here.
frdotion bave aleo boen included.

The effosta of visoohs

=X (1 +—;};) (8, - 8,) ~ k0,

2
Leiia, °°%%% * %%

Yo acuovnt has been taken of. the back e.m.f. nop-lingarity
danlt with by Falislde awd Bxetlo®, Farlsite mna Pater®d, am

Faldoided?,
Ihoss squationa lead to the Biffersatisl equation
the of tne whon the foedback

1oop is olomed.
2
2 (x or,) 6+ 8% {KB (1 + aly) + xexé} 8,

i % (t+ ?TLI'“‘* - %Kl <1+:,%1) gy e (2)

't thin
Vhen 1, oo 208 %y = 0 4% ozn be seen ha .
2 to the familier second order system equition

equation reduce:
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azgo+h%(x.5+xax4) e°+£;;x3. e - xl_xz

" %

If tbi6 is compared with the 'stundard’

fom of the
socond order equation, ..

2 2 2
59°+2)\vn50°+vnea - wlo

1% can be meen that for tho second order syaten

. - 2%
ana
x_w

2@

The open loep tmansfer funotion for the system is

'lx:l.xz G+ 'T—i)

_1-"2 {gam2+ (1,+E;‘n-m-?-) n+%(x3+x2x4)]

This equation can be ze-wriiten in tems of w and X
&n defined above, and the two dimenaiodlesa vurisblex o axd X.

2 1

ww (s 153

'5_0‘ n %
) 521'2 (? +§,l (1+x) 8 +-95‘-)
2 e
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The Use of the above definitions for v, sxd A cen be
compored vith the method used by Vest and Nikifomud 1n defining
the demping coustant 3n A non-linesr ayaten in terms of the
deaplng conetart 4n the susll sigoal linesr system.

The. open loop trensfer function oan 2lgo Lo written

2
) -, (H%-)

;T '2T2{”*?%;(1 +o(x+y)} {-«.2%‘,2(1 »e‘x-y)}

v J ) - aet

Thus it 1a the velues of Woth of anl x which determine
the nature of the open loop moles. 7ho open leop transfer
Ponotion vill have veal poles when (1 +of x)2> 4 of, end tuwo
conplex poles Waen (1 +of X)°< 40(+ A xeal pole of mecond order
extats whon (1 +2{x)° = 4o{, Figure 3.1 48 & Flot of the
funotton 4 o= (1 +0¢x)2, and thus shows the division of the K,
x plene inte complex and real yole regione. (The pointe mavked
on tais figure show the o, x oombivations for which the servo-
nechaniom response was caloulated).

The root loous methiod is comzonly uned (see e.g. Trwea
or Thalex and Brows'") for locabing the poles of the olosed Loop
4zonsfer fumotion once the positions of the poles and zeros of the
cpen loop transfer funotion are known, The root loci consist of
411 points dn the s plane ab which the pheas of the open loop
‘tranefer funotion ie 0°+.n360°% whexe n hos any lntegral value.

As nomelly wesd, 1% is the veluo of the gain of the system whiok
detornines ot vhich pointe on the looi the olosed loop poles aze
eituated, and 1t ie essuned theb the gain ip an independont varieble
which oan be changed so as fo obtain a suitable ologed loap pole
configeration, Inspection of the equation for the open laop
txansfer funotion of the position control servomschauien shows

elo

whera

110

thet the 'gain' W, 1n 4n this case pob un independent vardsble,
2 Py /v
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¢ the gasitlons of the open loop poles axe determined by the
valuen of both W, and ¥,.  Thie does not meas thet the root loous
mathod caouob be applded %o the problem, what it doss mean iz
that, except in oifoumstancen to be covered below, the zoot Lot
ha;‘ no physion} Biguificance except ot pointd where the gain is
. .
i- » in other worde they are no longer, striotly speaking, ool

3.22 Formalisation

In the equations 8o far developed both & und x axe
dimevsionless quantities, and iu view of the very much inoressed
usefulness of genersl solubions it seeusd wortawbile to ivvestigate
tho possibility of nafug some fom of bins nomalisation in the
avalysia of the mesvomechanim operation.

Following the desoription of tine nomelisstion given
by Tustin®, the closed loop transfer funotion is firat obtained

Go 1+81

% 1+5‘1‘1+a22)_m_1_+n3£1__(1+-<x)+a4'5112
3 3 =7
0w "

Eg this expression becomes
2

o

2.
B,
s 32 /r‘ [
%, 2 ) 3 1 oKx) v ot
1 M=+ B ——3-%14‘ x} 48,
1*%4 7, % T ° 4f v, %,

+oof/Thie
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Thia indicaten thet system xesponses can be cbtained
as a funotion of dimereiunless time

dimangionless paraneters,
!m )
, 2|5k am —ﬁ-g (1 +o(%) teing zequired ¥
2 wln, 1.
K
4o Bpecify the eystem covetants. b

If the three dimenaionlese perameters sre deoted

by by g -

= 2ML ¥

w - f ;
A = T (4 +otx) ¢
Vn Py i

4hs cloped loop tramefer Sanvtion ‘becomas "

R Y — :
G T Twagty + Bl 8

while the open luop trapsfer funotion ie

) ~(1+8,4)



3.

-(1+90A1)
nuz{=°+i‘A3+J’A2.*%z}éoa.iA}_om

While analysie of the Eysten uaing the wormalised
open and olosed loop tyausfer functions derived above must lead
to & betbter of it , and of the
of the verious 1% 18 not 1y the most
wethod of approack. Thus, av iuvestigation into the effents of
the value of the integrator time constant ('1'1), By meaus of the :
oot 1oous method, will only iwvolve the caloulation of one Aet of . ot
open Jcop pole positions should the original equations bo uaed,
Tse of the nurmalired equations will involve the caloulations !
of & complete st of open loop pole and wero positions fox each
value of ). '
It i6 worthwaile lnvestigeting the siluation whey
time o 'normalised’ in terms of the maturel freguency W,
On the amwumption that the closed loop ivensfer function
Bas beeu obtained for the case when 2, = T and wy = ¥, ax the
ntegrator has a ime constant T, a general solution is reguired
vien vnTz = WP and o and x ave unchenged. The integrator in this
case hoe a time constaut of T{‘
If @, = BT the requiremont that v T, = WO leads fo
, apd if in addition B = BE the following expreseions

1
sox m open loop tranater fumotions can be obtelved.

() wyaWT=t

o

—wz(a+

E:— Z‘E{n+—-(l+-¢x+y)}{a+-—-(1+o(x—1)} :

ACY




A1) wy =¥, m, -,
'Vz(lfT}_;) :
s%%{.+a+,(uxx+y)} {“ﬁ(lmx-,)} ‘\

if 8 = Bo this becomes

- (s ‘"'F;')

BSZT{S—w'z%(l+o(x+y)}{s~¢,?;-(1.\,(x_y)}

P‘olbo

These equations show that closed loup characteristios
oamnot be obtained dn terms of these ‘normslised! values,
but on the oiher hand, all systems with consbant values of x,
oy vnml, and v“ﬂ'z have identiosl open loop polea sud zevos, and
hence their olosed loop poles lie on tho same Toot 'Zeol'. fhe
@ain term now beoomen %:_ .

3.23 Step Function Responsag of Selsoted Systems ((
4
In further investigatiog the operation of the positien

sontrol servomschanise, the follewing mwerlosl velues wers choson -

- . 2 2
v, = 32667 L owf o« a0 ‘

N =10
The folloving combizations of x, 3, avd ¥, vexe el -

(4) With x = 0,5, Ty = 0,08, 0,2, 0,5 8 (o = 0,1265, 0,633, 5,16)



a.

Tlvalvnmdfmo.luuw(i,i- fxom 0 40 10 971)

kN
(31) Witk B)—my a(i “0) x=0, 1,003 T, = 0,02, 0,5 8
(ot = 0,3265, 3,16)

($14) With 0 “’(T: ~0) %000 (of = 0,6%) x wem
varied from O to 1,0,

Flgures 3.2, 3.3 and 3.4 show the 'xoot loaus' plots
for the combinations mentloned in (1) above, The pointe on the
Lok whews tha guin = w® ave shown; these are the positions of

%
‘he closed loop pulem.

Figures 3.5, 3.6 and 3.7 show only the open loop pols
positions and closed loop pols looi for the sbove figures. In
811 cagos the effaut of intugrator bime constent T, wpou the
stability of the system 18 avideot, lov valves of Ty lesding to
Poles with positive real parte and hence to an unstable eystem.

Piguro 3.8 ahows the varietion of opeu and olosed loop
poles for oondition (1ii) sbove, whexe x is varied from O to 1.
The open loop poles (for 0<x<0,934) van be zeen to lis on &
cirole osutred at the origln, and this follows from the fact
thet ovwen loop polem exish where

8. - ZTLZ (Leotxx} ’ 4ok~ (o + k)

Sinoe & = o+ jw

Tt follows that d = ga- (1 +k3)
2

ad wow - 51; (,_[40(-(“»(:\5)

+osfwionce
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sionce o +38 = (J%“)2

Thua, for aonstant o, open loop poles aze rituated
ou & oircle centred at the evigin with vetiws Y
2

Knovledge of the closed loop pols positions lesds o
the olosed loop tranafer function in vetionsl elgebweio form,
e evatustion of Bysten remponses to given input fumotions in
then ashieved by the vse of laplace - tranaform theory. (See
for example Tl ar Bromwel1®®). In tnis instauoe tne atep
funotion responses of the varlous syatens were celovlotell. Figams
3.9 to 3.14 show the results obtained, aud ouce again tha parked
effect of integrator time conslaib ov system stability is apparont.

#fhe step function respousa of the system desoribed im
{333) sbove (figuve 3.13) is wortby of mention. Examisation of
figire 3.8 shows that the closed loop pole configustions for the
three cases x = 0, X = 0,5, ¥ = 1,0 differ conriderably, with
surprisingly 13t4le effeat upon the step funotion rasponsa.

3.3 ANALOGUS COMPUAER AWALYSIS OF BOIE LINBAR AND NOU-LUHEAR
QPERATTGR

» operation of the posttion control servomechamtienm
in the v+ linear Teglon vas luvestigated by using an analegue
computer. Tt was assumed that the torque of the system wag
inited, and the analoguy computor was used to determine step
Sumotion pemponses in the linenr region, end in the nop-limer
region where the den vas d to torque
and to torque Limitation togsther with Jinitation of the integrator

outpus.

The most ocmmon method of almating esturation type
omputer is by the use of diodes.

analogue o
non-lineerities op an 8ue in on

Appendix 6,1 gives details of measurensnts of pou-}imearity
<. s fugtuel
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actual. saplifier-split 71610 3.0, uotor systen wbile 2,31 glves
the resulta of tesiS on un svalogue clrowlt ueing diodes, . It can
‘be seen that diodes cen provide a goodl approximetion to sotual
saturatlon ourves.
In pimilaking the opezetion of Yhe position odntrol
1t vas o o uee thres oirouit
layouts on the amalogue computer. Thete thres cimouits a)l
bad identical charsoteristios in the linesr regicu, the differencen
arising in the for the on-
lipeavities. Figures 3.15, 3.16 and 3.17 chow the three olveuit
layouts used, and also give the irannfer functions of the ludividuel
operationsl smplifiers.
| In all cases the differcntisl equaiion degoribivg
operation in 'h!:s linear region was -

o (140,098 8) 8, + 85 (K; (L4 0,0198 8) + KE)) 9,

+ 10 (1+-ﬂ%1) 5, = 10(1+-°—};) 8

CGompariaon with squetion 2 shows that ¥, « 3.1€ st
s0d T, = 0,098 5. The constanta §1 abd "3‘5 could e varied

, but these o yore in most cages suoh that

K,
?"”ﬁﬁ“ 2 ‘ 10 and therefoze h = 1,0
and ol = 0,185

tepts vers done 4o Jeteraine the step tunstion
ferent valusa of the damping

tant Ty« The vesulin of
20, whove

yyitten are

Toitdal
responge of the livear systen for dii

faotor ) and the integrator tise cauat
thems taste are eumarised in figures 3.18, 3.1% and 3.
the riae time, overshoot amd pettling time of b e

ou frotted
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plotted ag.-vat 2."1 for vartons vaues of X .
1,05 son. m;i:‘:e;ix:nt a::: :: :::z;ua out swith A= 1,0, 2 -
Uinear system for various valuss of m‘ e oo of the
These resulta omn be compared m: P o7 dnvegeator tion comtt.

lgure 3.9 vhioh shows the
ealoulated results for the same sytem. In ganeral the Tesults cew
Ve seen to e fairly wll, with tue exception of the curve for
B> ®(g = 0). Hore, the emlogue xemlts dndioste 8 folrly
#low vesponie, about 5 & Deing requized for the output to Teach
within 1% of the input. Tne time fur the 2
=agulta is about 2 8. A possible reason for this diserepancy fa
+he @ifficulty experienced in reading sceurately ihe unelogus
rocords, for the full defiection due to the mtep fupuk was only
about 20 za.

e step function nesponses for the mon-linesr Ayvbems are
ghown in figuxes 3.22 - 3.27. These o1l Show “we servomeohontsm
response to en juput step Which 16 10 tizes the aize of the step Just
necossary to cause the torque o resch 1te setvrstion levsl, The
aaturatdon level of e imtegretor autput is defited in towms of the
‘tomque Boturation level. A saturetion level ratlo of unity aoowrs
when the saturated oubput of the integrator is sufficisut to cause
the torque to becone saturated, in the absence of oher signale.

The curves fou e infinlte seturction level 3tio given
1in figuves 3.22 = 3.27 show that the effeot of viscous friction is
+o tebllise the system. (An infinite ssturation level ratio
corresponde to torque limitation on.y). IThe stabillsation,
hovever, s not acoompanied by # merked improvement io mysten
reuponue, wiich becones oselliatnxy with very livtle dusping.

Figure 5.28 is a phaseplane plot of the gtep fusction svoponge of
the aymtea with influite saturation level zatio. Iuic plot empbesises
the periods of constant velosity opersiion of thode eywiens with lazge
amounta of visous friction.

Tigures 3.22 - 3.27 aiso show
of sysbems with fiuite valuee of the saturatien laval Tatic.

the atxp Cunablon respouses
She

+../atabilisation

B — £
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stabilisation and duprovenent in systes Tosponse brought sbous by
the intzoduotion of iutegrator. Liniting is apparent, The prelizs:
eeleotion of 5t optimus value for th sutumtion level satie can ;m
sade tzom 4n examinetion of the step fusotion Tespouses shows tn
Ziguzen 3.22 - 3.27, aud it would ssem that matios betwean 0,47
and 1,18 would provide fie ophimm reaponss to o step funotion
{nput ten times that 0 ciuse torqua

Plgares 3,29 - 5.34 show the responss of @ system with
equal saturetion lovels (woity ssturation level zatio) o
different pizaa of inpwt stey. These figures show that the system
response, if judged ou the basis of bize o equilibrium, or settling
time, iz, for uny partiocular value o¥ x.{the proportien of.the demping
due to visoous frictim), substentislly tudepandent of the Bize of
the input step, As would be sxpacted the Bsttling time depsnds to
a very large extent upon tha amount of visoous tristlon.

Plgures 3,35 - .30 aze further jlobe of the response
of the Eysten with equsl saturation Levsle when subjeoted fo an
fnput step ten times the size necsssary %o ceuse torgue sutuTation.
Tigure 3.35 is a copventional output ageinat time ulot. Tho sffech
of variations in x ie very mavked. Iigure 3.36 le & phese-plave
plot, while figure 3.37 ehova the veristion ip outyul valoolty with
tims. Both of these Plgsves show thet torque limitation beoomer in
effat velooity limitation onos the smoums of visoouz friotlen .
becomes spprecizble. Figure 3.38 i ¢ plot of torgue aguingt ime.
The graph for x = O shows thet the systen twioe entered the region
of torque saturation, and it 1o svident thet the positive oud
pegative torque Aatrratiop lovels weze not dsutiedl, and in fact
aiffsred by about 106

Thie ssction will be conciuded with @ few general commante
on the operation of the analogus computer.

The determinsbion of the respougs of = Hon-lineas Byates
4o vazlous tnputs can be mads very easily on the amlogie compuSer:
fhe sooureoy should be adequate fox most praotios] problens.

Experience on thie work hes coutizmed tbe comments mads by Pfeffer
vvof (Baction
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(section 2.1). The recondsr weed wam probubly the majsr mewropod error
In the solution, swd in 23d1tion o great dewl of tiue apd effort
waa spsit in reading and emmiuning the vary smoll recowvds, The
uge of § potentioneter type reccrier, or  serwo x - y plotfes,
would have Tewulted in largs improvements in encuyeoy wnd wowld, in
wddition, bave made the readiug of Tecords very much easler.

ifhe disndvantege of usivg ap suslogue computer lies iu
the fact that it doea not gemexelly lead to e proper inmight into
the viole problem, such as is generally cbisined from ep enalysis
of @ linear syctem ox fvem an analyis (ouch as the ghese~plune)
of @ nov-linear system. The amalogus oompaber can oniy solve
+4hoss problems put o 1b, and it resains for the operator to Bask
4o gt a gemeral uuderstanding of the pystem.
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5. LISE OF SYMBOIS

Toig 1iet of syaboles 16 not couplete, for thers ere Rme

pyabols wbich axe adequately desoribed in the text aud heve ot besu
inelvded. Thevs is siso noms duplication of syihols. Whevs tnis
a8 oovurzed the confext shomld generully eliminste confusion, “

Teaistor temperature cosficient, eystem constant
capacitor loes avgla
demping fackor
wotox flux pex pole
angular position
puzber of paira of perallel sxmeture circuits
exror volbage, voltage
-~
systen moment of ipertis
vumbez of pole paire
complex Taplace opsrator {= & + ¥}
suguler freguency
netural frequency
proportion of dsmping dus to vieceus friciion
constant
smplifier giin (A = £()), coustant
yesistor tisgipation conatant, coustant

eupasitance

voltage

conutant

mobor borque, inductance
mutual ivductance
Tesigtor power dissipation
resiatance

Tesistance
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8 ‘renisiance

? tlme constunt, teopernture

LS intagrator $me constant

Tz motor field olzouit tiwe conabunt
2 impedance

z 4otal number of axmature condvobors, amplifier lmput
= impedanse

iy, sanplifier load impedance

Subaaripts

£ feadback

1 input

output




|
|
!
1
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6. APFENDICES

¥papurement of Saturation jn

Tosts were caxwied out on 4 d.0. power auplifiar smd opisy
£814 $.0. mOtoF to dstermine he shepe of he setvzwbion curve.
fTable 6.1 shows the Pesultm of tests on tho emplifier, while tables

6.2 avd 6.3 give the Temilts of the mobor tenta.

I con be seen

thet the motor vay tested at no losd (takle 6.2), the wrmatuze
ourrent, with the oxveption of the fixst two teste, being about
0,1 amp, avd at zero speed (table 6.3), the avmstuze curpent i this

case being 0,78 amps.

The resulis of bath teste were uved to

calonlate tho profuct 52 3, 4.

Outpat. owrrent mi

Input voltage J— e
volte

Field 1 Field 2 Fath

- o 32 32 0 B
0,02 .21 36 ?
0,04 23 0 27
0,06 20 42 22
0,08 17 45 L
0,10 13 L] 3%
0,15 7 55 4
0,20 2 51 55
0,30 0 59 59

TBIE 6.1

o fuim1 6.2




7.
Vett flold | Amature | Ammeture | smmature} 2
Hot, ot xo ve
o /ah, curzent | voltege | curvent | o %P
A valte amps volts | wevers
754 10 7,2 0,216 3,5 0,280
760 0 9,1 0,125 7.0 0,552
9 30 1L 0,206 9,3 0,744
™ 40 132 0,103 1,4 0,912
760 50 M7 0,103 12,9 1,006
755 60 16,0 0,105 14,2 1,128
750 ™ 16,8 0,207 15,0 1,200
48 80 7.4 0,109 15,4 1,248
(Armature veelstancs 17,44 dums).
TABIE 6.2
Nett pisky | Avmata - orque 28| -
meM 5“:'; newton motzes webexs
8 0,718 0,0218 0,176
16 0,78 0,0460 0,372
2% o078 ©,0666 088
32 0,78 0,0828 0,668
10 0,78 0,0977 0,768
PABIR 6.3




7.

Pigure 6.1 shows nett field ourrent plotted ageinst
gerlifior Luput voltage, bille figure 6.2 fs 8 plot of the prodict
gzags against nett field curvent for the motor. The effest of
amature resction vpos the flux im eppevent in this figure, The
individual pointe plotted in figure 6.3 shov the veriation of
%,:z 2,6 with iopuk voltage vhen the amplifier is cormected o the
motor, while ‘he ourves are oblaiced from figure 2.4, being plotted
80 a8 to have fthe mams initinl slope snd mwturation value as the
ohserved pointa. I oan be seen that in thig case 2 diode bigsing
voltage of 30 volis would have proviied e reasousble fit fo the
coserved data.

6.2 Capacitors

6.211 Sapacitance

4 Carey Foster bridge vas used for the measuremeut of the
capacitors used with the ssalogue computer.

Figore 6.4 shows t9e Dasio cirould of the bridge {no
oirlelding arvangssents are shown), balanocs being obteined by
vorietion of M, Q, R and 5. The balsnos equations sxe

% s
¢ =5 epd b = 1&(1+i)

The bridge wam calibrated agelost & etandsxd capacitox.
The ghielding arxengements shown In figure 6,5 wers ussd dnitially,
and table 6.4 (sets one and two) shows tho Temulbs cbtained. 1%
appears thet stray capacifances of the order of B0 wuF existed.
Set 3, tatle 6.4, hows the results of oalibration mepsuremente
nsde with the shielding arrangsmenis shown in flgure 6.6; thope
ghielding orravgenenis have reduced ipe mizey oapacktances to gbouk
45 wuF.

«oo/T4BIB 6.4




Nelt field g
surrent

tma)

0 n 02 03
tput voltage (vorts |

FIGURE &1

% 4 y
S i

{webers} et

[’} OSSN S

[Y} S——

LYY S/ S~

L 10
Hett fieid current imA}

FIGURE 62




5 020 025 030
Input veltage tvaltz}

1]

a8

Z8

2
T
{wehers)

FIGURE 63




FIGURE 64

FIGURE &5

FIGURE 68




Sot No. | Feequonoy Standarg Meagured
Capacitor ) Ereor
wF apacttonce | o
— ]
b 00 500 578 "
NN
1081
1 000 500 576 %
750 827 L4
T 1078 .
2 1 000
517
750 HA T
1 000 1077 I
3 500 1 000 1047
600 1 000 1046 gz
700 1 000 1046 6
800 1 000 1 045 45
900 1 0o 104 4
1 1 000 1043 43
TABIE 6.4

Table 6.5 glves the resulis of msusuremsnts on the
polyatyrene capacitors used with the enalogue computer. Some
of the capacitors were measured twice (set one and set two) and
there appears to have been & unifomm veduotion of sbout 6
in the values of the 0,01 uF capacitors and about 15 wiF in the
values of the 0,1 uf capacitors. Theme reductions are mowt
Likely due to chapges in the bridge end not in the capeitors, but
86 they were yell within the sxpectsd soourscy of the bridgs they
weze ignored.

waaf TAHCE 6.5
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F\h\_
Capacitence | UePasitor L Auparent changs
uf Yo, in Oapecitance
up
e
0,01 1
, L . g
3 0,009801 {0, 009875 z
4 0,010203 10,020193 -§
2 0,020172 | 0,010166 -5
0,009879 | 0,009872 -7
;I - 0,010124 -
- |o,009989 -
9 - 0,00993; -
120 = }o,000075 -
——t ]
0,03 1 - |e,030010 -
2 - 0,030496 -
3 - 0,02985¢ -
4 - £,029959 -
5 - lo,0312ia -
é - |o,030061 -
7 - ]0,032129 -
8 - 0,023804 -
0,1 1 0,10026  (0,20025 15
2 0,10076 |0,10074 15
3 0,10132 {0,105 15
4 0,10073 [0,10170 29
5 , 0,10097 |0,18096 15
13 | 0,09935 0,09934 14
7 <7 o001y -
a - {o20150 -
TABIE 6.5

So_p measurements were made to determine the
sensitivity of tho bridgs, and takle 6.6 shows tue changes in

values o ocause a in the
‘hridge. The accurscy to wilch the values of the verious
components of the bridge weze known xesulta in on overall

«»+/aconTacy

e ey
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83,

accuraey £ 0,1,

and 1% oan be meen that i
e isty Y (e 4t with the exoeption of the

‘36 ralue i ot Tequired to oaloulate o) the

sens, 4 8 at lsagt on optes of urgnitude better than the
acouvacy
rﬁﬁ——-—a_ ——
Q R 8
ol u | & 89 AR 48
¥ @ ¢ [ L
Wl ) % | ohms % { ohms % | ome { %
1
0011 i |o0efor fom |01 | o000 0,2 | o2
0,20 { 1§ 0,00 | 0,001 [ 0,00 { 0,1 0,001 0,1 {0,6

TRLE 6.6
6,212 losses

The capaciter losfes wexe obtained during measursinsnts on
a Schering bridge, and were found to be genexally in sgreement with
values given in Table 2,1,

6.22  Besistors

The vesistors used weve high etebility oracked carbon
components (§ watt, + 1%). Boue initial teste wers carried out
on one Tesistor (0,1 wegobm) to determine its temperature
coefficient and disaipation constaut, Table 6.7 gives the
resulta obteined, aud figures 6.7 and 6.8 show the varistion of
resistavce with temperature {at oonstant power ddssipation) amd
with power dissipetion (at comstant tempexmture). A1l resistauce
woamuremonts were made with & four disl Whestetons bridgs,
(acouracy 0,04%) and the resistor wag alwaye in mtill aix. he
ordivate in figures 6.7 and 6.8 im the ratic of the sotusl remistance

wosfty
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to 48 value whon the tesistor is in s¥ill sir at 20%0 with zero
power diseipation. The temperature coefficiant iz - 310 pup.m./C,
vhile the changs in due to power ia 32 500
Dupom./watt, leading to a dismipation constant of 9,54 mi/°C.

uivient Renperature | Fower Divesps Resietapos

¢ e megobue
19,0 100 ©,20061
32,0 200 0,10022
36,0 100 0,10008
40,0 100 a,099%2
45,0 100 0,09975
43,0 100 0,09974
5,0 100 0,09960
18,6 2 30097
18,6 3 0,10098
18,6 4 0,10098
18,6 9 0,20095
18,6 % ©,20092
18,6 25 0,10089
18,6 % 0,10085
19,6 49 anee

‘ ¢4 0,1007¢
]1':' 5 oL 9,30070
18,6 100 9,20064
10.6 1 0,20038
.6 244 0,10050
8 : < 169 0,20043
6 196 0,10055
1.5 205 0,10025

I R—

GAPIE 6.7
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oo full tet of remistors wsed with the apslogue compuber
were measursd ot temperstures of about 20%C and 60°0, end with power
dlepipations of 1 x¥ aud 40 ¥, TaWle 6.8 gives the resulting §
‘temperature coeffloients and Aiasipation constents for these :
reaistors, together with their resistance at 20°% amd zero power i
diepipation. It oan be seen thet the 1 megebm vesistors have both ;
AaTger in a8 well ap & levger ]
temporatize cosfficient, then the 0,1 megubm reeis<ors.  Dumuer C |
hom figures showlog the propertles of the carbon layer used in i
aracked carbon reesstors which confim thia finding. ‘The ;
dimsipation constants of botd the 0,1 and 1 wegohm vesistors vary E

|
)

congiderably, but it is not poamible Yo svate whether this was due to
4o the of the or fo in
the heat trensfer oosfficlent fram the resiatior to the air,

' T Nosload Beatetsmon wadun

]
i
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€~ The enalogue oitouit shown in figure 6.9 provides we
solutlon to the aifferential equetion b

The analogue oizoult shown in Digure 6.9 provides o
solutlon to the aifferential equetion

Wiy w0

This equation has a eolution v « A ain (wt + §), 4 avd
# being oonstanta depecding vpon the initiel conditions, The
angular frequency w ia glven in terme of the oozponent vilued of
tigure 6.9 by

By
A o
By 0470,
Thus the oan be ir Rluee
are inown, and of the can be used

o check weasured oomponeut values.
Table 6.9 glves details of the ocomponent valuew uaed fn

2 saries of tewis, together with both meseured end caloulated valuos

of the period of oscilladion. The scoumesy of resistance

measurerent was + 0,04%, ard cupeolibors vere measured fo an

aocuzscy of 0,1%, thus the weximm error in the perled of oseilletion

would be expected to be about 0,18%.  Iv a3l but oue of ihe tests

the disorepanoy belwaer observed snd calovlated perlods 19 less

then 0,16%, and the ave. e oirouli can be ccnpidered as opszating

setlefaotorily and o have glven reeults &n acoordsnce with ihose

predivted from component velues.

a0/ TABIE 6.9
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Gy
Fo. | M w xn »F ¥n x -£I.
2 [0,506 | 0,10076 0,4993 | 0,10026 | 1,0082 | 1,0062
2 10,5004 [ 0,00990 | 0,499 | v,m7 1,005 | 1,0057
3 j2om5 foaoso | 1,005 | 0,20057 0,10002 | 0,10063
4 1,0055 | 8,30025 0,093%] 0,10074 | 0,10051 0,09978
5 j1.0002 fo,00025 | 21,0008 | 0,009990 1,023 | 1,0006
Yonsured | Colputated Brzop
o8t | rerion Beriod
ma me ™ %

1 316,14 316,36 ~0,22 | 0,67

2 3,736 31,707 +0,019 | 40,06

3 645,20 644,03 +2,07 0,17

4 63,364 63,5% -0,472 § 0,27

5 63,930 63,971 ~0,001 § -0,002

TABIE 6.9
Tt 4 perhaps to compure the ‘betwaen

observed and calowlated periofs vith @ "maximm" expected ervor derived
from the of the of velues. This
labter figure ahould move ooTTectly be regerded an tbe average amvor
which vould Tesult after a large mumber of chaervations. The

scatter of individusl observations about this aversge will depend

upon the of the used for voth
canponent velues tnd he periods of oscillation. It Ya thue

igual volues of the to excgad

In view of the good egreezent

not for
the "moximu! cxpected erzor.

«uafoetueen
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between obmerved and caloulated periods, this uatter wae not pursued.
6.3 Pen Eegorder

The peu wocorder vas ot
The rws value of the applied voliage wes messured with » vacuum bube
voltweter for froquencies higher tham 20 Bz, A% lover frequencios
an osollloscops calivrated sgeinst the veowum tube voltmeter wam
umed, Teble 6,10 shows the resulte obigined, sud figure 6.10 s
a plot of the seppitivity (du 48 with the @.0. value o8 Teferevse}
agoinet frequency. b oan bo seen thet the rospouee 1a essentislly
flat from d.o. to about 50 Ha, where it £ down by 3 dB.

Beunii‘.éva

Tofh hynd pon Right haud pev

= afvolt 8 wm/volt B

0 0,970 o 0,926 0
0.1 13052 0,70 | 0,390 | 0.5
03 9,997 0,24 0,958 +0,25
1,0 9,993 +0,12 0,958 40,29
1,0 0,972 40,02 0,831 0,3
10 0,947 0,21 0,870 0,54
0,965 ~0,05 6,891 0,74
30 0,35¢ 0,15 9,912 0,34
40 0,903 ~0,5 0,859 -0,65
50 0,784 -1,85 0,749 ~1.Eg
60 0,63 4,02 0,632 :2"
a0 0,417 =1:33 0,417 +93
300 0,254 11,64 0,272 ~10,64

THBIE .10
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