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Il1TRODUC:L'ION 

,::!'l)f)ut; the J:'"Bgiol15 oi: tIle Sl)B .. cC to· vlhich the space vehicles 

are nat aCC08 ble. ~hus, astronomers have great USB for 

the apparen~ b~ightnesBes of celestial objects in several 

It in less diffi~ult to det0rmine accurate magnitu~es 

because the photographic process bas the more complex 

nature. ~dreover, photoelectric data are more readily 

Therefore, the electrometric methods are superior to 

other methods for the astronomic observations. The main 

advantages of the' electrometer amplifier to be designed in 
.. 

-th5-s i<'ilcrk cl}:f~ i t~8 1011 coat and reJ .. 8.'tl veJ .. 3T high s8rlsi ti vi ~tJr ;; 

Dortable and the.possibility to 
.~ _ L :frorn a 

d" Co 8'!..'!.pply \. ca:c i:oJ: field .. 

1 



a. Electronic section 

h. Mochanical ana optical sections 

In this worK, the electronic section is designedgand 

The sectlon consis*'Gs 

lQ Elect:r.:'omater. 

oi~ I~r"'7' _ V~_ pa .. :ets: 

}. 12 - 220 V Inverter for the field operation. 

+. Photomultiplier tube. 

each part is discussed in the following chapters. 

Fig. 1. 

') 
'-



E L S G T R 0 fu E T E R S 

tinea re2istance. 

tage :tr':'J!ut from source vii th a hig1.1 internal impedfmce or a 

very ].O,";,J Cll~::j:e:;:1"t such as th8 current from the pnotomul tip-

lier tube, ionization chamber etc~ 

:t'he elec:troi;1(;tc-:rs can be classi.fied as direct indica.ting 

electr.o~eter8 or 81Qct~olli0 electromoterso Whereas direct 

indicating electrometers rely for their opeiatlon on the 

electrostatic principle, electronic ~lectrometers operate 

rC8:ts-!';2.TICe ( llSuaJ.l~f above lol3L ); 

These electrometers ut11ize the force of attraction or 

repulBion existing between to electrically charged bodies 

to produce a. phyoical displacement oi' one or Do"l:;h members 

3 
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an irlc1icEttion of .Jc:l1e 

8. ilH3[~.8ure of thE; magEitud8 of the cb.arge. 

The gold-leaf electroscope employs two thin strips of 

If an electr.ic charge is placed 

through~-

is negative, each e~cess electron is repelled by all other 

excess e]~ect:r:ollS 8i1.(1 aSBll.mee· a posi.tioll of equ.iiibriUlll 

vIl tlll.l1 the bounds of the conducting Bystem. Since the cha.rges 

on the tvIO leaves are of l.ike sign~ the Joree between them 

e~n(l a~:t~$ 1lseCl to 111e8 .. stir~e 'Tol tages 8 .. S 10\1 as lnilli '',101 ts a11d 

'. as high as hundreds of kilovolts. 

Fig~ 2 Gold-leaf electroscope 

The guadrant electrometer~ 

A movable vane v, free to rotate against the torsion of a 

suspending it!i.re ~ :ts connected to quadr8,:i1t 1 and 3. If an 

electric potential is connected between terminals A and B 



lS 2 ;:~ncl !~ an.d is 

angll1ar -, , 
~li:~'"'' 

placement of the vane indicates the magnitude of the poten-

E18ctron~c electrometers exploit the ability of an 

electrostatic field to control a current flow either in a 

1.2.1. Vacuum tube electrometers 

basic is 

adjustecl to ha,J.atjce the plate current of the v·acUUr.1 tube 

to cstabli~h a zero reading on meter M with zero input 

,n 
(~'U'I·I~~l1.t; ~ If F~~r j .. s CJltiSen as lO"l..:'rl-_ 

L· 

provides a curren~ 
. .... .. .... 8 galE ox Iv • 

]ng~ 
J 

change 1,n. ~;rid vol t3{:;e , 

in plate 

and. the vacuum tube has 

only 



designed vaCUl~ tub~B are capable of operation in electro-

meter applications. 

~)en}i conctllc'tor cJ~ectrorn~~ti3r8 

transistor) dev5 .. c6s of 

realisation of a range or f.e.t.i (field effect transistor8)~ 

from an obvious disparity in Sl.ze between tubes 

semiconductors other advantages of semiconductors are 

freedom. f1:cm Dl,c!.'ophony 1 potentially longer life and absence 

temperature tracking of che::r.'acter:'i.atic8 obtainable Vii th 

hJ..gher-th.an<-rated cl) .. :rrents and voltages ~ In -the case of 

:la tV1);~ca11v 0.1 Mfl1 thiek~ is particularly prone to break-
~ - ~ I 

down if sp-,.:ct'ioUG charges are induced. on the gate 1 either 



In the systems discussed in this section, the electro-

meter stage fOZ~B the input stage of a multistage voltage 

Fig~ 6, feedback (not 

a closed-loop voltage 

all voltage feedback to the basic amplifier with an open-

loop @:a ... :tn 

D;Co an~lYBiB of electrometer 

'7 
I 

I.t: is in the caee of the voltage 

voltage convertor, the fractional error occuring at the 

output of the elct:t"ome-Gr;;lr':due to the input leake.ge cu.rrent 

R.; a:nd offset voltage ... 



1. 

i, 
... ' ... 

'-, ~ 

:t ,; 
"':"1'5 

t.es to 

«:'J 
. t)!3 

f";::" .. ::l-."_"'_,, .... ,..,...... ~~ 

v 
os 

"' .... < ... -~- ... -

J. ~31~.f 

V 
.8 

1 

.A~ v-

(1) 

'p 
........ .:;) 1 1 ..l- t' 

.~:~ ) I .. , (2) 
f~ T? R ""'v .J.'t.s ..l. 

vol t:age conv8rtor~ the effect.s 

COl"ldltio:n, eqn" 

(3 \ , ) 

8 

From eqn. 3. the MlnlDrum voltage ihat can be measured for a 

given allowable error is determined by theamplifier offset 

1'40' - '. 0._.,,8;;;1.< dominates. 

... For the current-voltage convertor, the last three terms 

:tn eqn. 

These cono.itiol1f3 a:J:.'e usually met in most px'actJ.caJ. systems ~ 

resulting in 
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(4 ) 

~Q obviate these offset-voltage and leakage-current 

errors i~ is theoretically possible to set the quiescent 

conditions of an electronwter stage to effectively reduce 

commonly used to 

trim the offset vol t2,gC; of standa,J]d operational aml)lifie!.~s 

to zero). At sam~ time it la possible to inject into the 

Another possibility 

is del:J.berately to set the electrometer quiescent conditions 

80 that tli.s oiL'set voltage assumes a value that sat1sfies 

the COJ1cli 1.:io1"16 

-- 0 ~lYld "IT 
~ () 8 :::: 0 (5 ) 

for the voltage-voltage and curren~-voltage convertors, 

respectively. In ~he8e cases~ the' offset voltage effect is 

uBed to ba.lance the leakage--cu.rrent effe ct:; and a 

In practice marginal advantagos are achieved by 

these rn;82A3l1res, as,both \T arid . Of~ are generally temper2ture 



, 
• 

10 

dependent. ~:hn3, although the effec-ci·;.:-e error terms may be 

presence of' 8..n error in the electro-

For these reasons it becomes apparent that when the 

'3lec';:romc"t8::'? is 8l1.bjected to ambj,ent-temperature fluctuations 

neceSE:ar:r co:ndi. tions for mazirnum electrometer sensi tJvi ty 
dv _ ~~ 

'\ .. os!! ~"I ·2.<t.l , 
are tr12:t V03~ -~-,-~-- an!;. )'1' -~ ~mould be minimized. 

dT . d.T 
The COllflLleratioD.B effE!cting offset voltage and leakage 

currant are considered in the next section. 

1 Q 2.3. OFl!'SET VOl/rAG}; Aid) IjEAKAGE ()URH.EI~T 

}'~2.)~1~ Offset voltage mechanisms in single-ended and 

balanced input stages 

~'O illu.str'a.te the factors reoponsible for amplifier 

offset yolta::;3, of the schematic 

current-voltage convertor of Fig. 7 will be referred to. 

H",cnanneJ e:nhancement-mode i~g.f.e.t. devices are arbitrarily 

chosen it these 61rcuits, but the conclusions arrived at 

8.pply alao to simila:!.' circuits' using -the other i. g. f • e. t" 

variations as well as b~jet~B, provided suitable bias 

changes are made. A single-ended i~g.f.e.t" inpu .. t s'Gage is 

is hho\,lh it. Fig. 9-? It is assumed that ~ in each case, the 

. .;. J.npu" stage alone produces insufficient voltage gain to 



a 

Fig. 8. a. Current-voltage convertor with a Bingle-ended 

i.goi.act. input stage 

in the piftch-off region fo~ two tempcraturs9 

11 

• I 



t;crrllin,~l. (j:f tl1(: tl to g e:r.~ C ~ .;: ·t~. 
L 

For both types of input stageD the i.g.f.e.t.s involved 

by virtue of the high vol~age'Bain of A. For Fig. Ba, the 

I Q 

cU .. r·!.'en t s 

rc:..) 
I. v 

are determined 

"by t11e SQl]}:~\::·t."! current 2Ir . ·~;-fr}.icll COllld .. be realised by a silnple 
>;; 

a bil;j.t~ 

If Q, are reasonably w~ll matched, 
..L 

ting in the normal pinch-off region (~) is shown in Fig.8b-. \. / I _.u ..... _ ..,c ... Io. ... 

~l' (1£ \ _ { V 
"1>""0'5'" oJ \. ¥Qt) 

, 
V ... "\ 

1] ) 

IQ at 2. datum temperature 

gate-source bias. 

i~3 gi veTl j~or T == 

1.[ 
Qo lS 

(8) 

T o 



, , 

r . ., \ 
V \.:.;,' I Nm os 0 

as srl~')'tH!l e I.f~ ·V 7:
y 

.1.,,) 
.rlOi~ 

V 
08 

,-
"... ~..... \~ "if 0 .. V 0 " ) 

'Qa (~J. 

i~Bro 1,:f V u 18 
~~ 

:ceadjusted to 

v Qo 

13 

teml)el~a -tu.:r·e 

to· shift to 

is 

is is zero all temperatures. 

a' of 
J~ 

nonzero. (The act jon of tne amplifier A ensures that, even 

be maintained at similar levels, and the mismatch between 
-

~i-}1r. .. .. t-.~.r0 t-1C;~-;O-;'~i [~e~',' ; C! a1"\8n ..... J..,~bnd -b~CT ei 1:11e~ ~r! increase or" a. v_ ... o:;,:; W\ •. 'J·...,.. .... "' .. _ ....... ~ __ ,_", ~ ..... ~ ... - .. _ J __ ..c.. .. A>_J.. 

reducti6n in the gate-source bias of 

This produces a positive or negative vos,respectivelYJ. 

11.0,i1Z eI.~t) 
, , . f' '. '1 -" • re8ul~lng _rom mlsmacnea ueVlces Carl 

resistors in Reries with the S0111:'ces 
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a nonzero v"~_ For the electrometer with the single-ended 
~,""lb 

• . ( . 1 f ~ ~ lnput s~age, t~e O-Ise~-vo~tage uncertain·ty results from 

o.p{?l~a.JGe(l at a constant drain current, i.e. 

(10) 

the offset-voltage uncertainty 

results from the difXerential temperature changes in the 

l.tnde:~· C()I1S·-1C,:?~Tl t",-cl:t .. "ain-cu:cr."erlJc condi ~ti 0118 ~ 

II 
I , . ! I!I - • •• ~r ) I 
" Q Y r. i,' • (1 \ V G <.' 1 ~. ~ 0. q 2 I o O. t 'Y ~) t. ~~J 
.------! = l-----------------~-
I, il 'j1 i i ... 1 rp I,~l. ~ 1 h*..... i i ,,"-,.,..... ~ 

I I I 

(11) 

an 0.. 

In.~erpreting eqn.lo for the case of a single-ended 

(12) 

It lS well Known ~hat when a b.j.t~ is operated at a fixed 
~. 4 .. 

tleVl ce lS 

bias potent5.al 

- " .. 1 "}'/ /0 .... aecreaS0S DV auurOXl8a~e y ~m~ u. 
"" ,.\,; ~ .... 

This is only weakly de-

this magnitude would normally preclude the use of a .single-



ended b.j.t. stage for most applications. 

On the othc~ hand, if a given j.f.e.t. or i.g.f.e.t. is 

~ariationB ih gate-source potential can be positive or nega-

tive depending on the drain current selected. For a unique 

.1:'0:;;: a j. ~;;. 0. t .. , Honei and Weir (t}) were f:Lrst to <.1.18-

the magnitude oi the gats-source voltage to decrease when 

tho drain current is constant and the tmperature increases) 

]jlO:r- i.g.i.e.t<? a zero-drift operating point similar 

1:118 1Joint(5)~ 
~ ,. 

In principle, therefore. l~ 15 possible to employ a 

sj .. ngle 
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drift operating paint, being a pOint of inflection in the 

~.')~ P .... -l·} i .. ~.r •. T.~.pc.+ .....•• ~~~. ~-~+-~n~ ~ _ ..... _ _ ~ .• t:.... .~ - - ""'" w'_ L.o.... ..l. ... u.w ~.;('~'J .... d.,-C, temperature departures of 

drift by ~ 0.2 mY. 

1 ~ is made in biasing the i.g.f.e.t. drain current, cauBing 

current required for zero VGS drift at a given ternperature~ 

Ca..D. exceed ·0 q 4 mV :eOl~ telil]!erature depftrtu.res 

(liT .I d'P \ .. as' - I 

Fig. Sa is used. Interpreting ~qD. 11 for a balanced b.j.t. 

! 
i 'a ~-. ) i V -.. V ~ 
i ,\. . HF" ' :BE] j - I------=~~------~---
: r-1 ffl 
~ \~ ..... 

! 

I 
iT T 
!""'Cl,-,-,.1,., ;. ......t~ 

(13) 

cliff e reTl ti a:L (lrift of the 

individuil transistors, which should Ideelly be biased at 

equal currents. Clearly the resulting (dVos/dT) that is 

TloasiD.le is determined by the degree of matching of the 

'si gIl..1.f i carl tly 81l 1)8 I' i {) j~ 
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..;:. ~1 I 

.l.. 0 r (d.12 S c.:ce l.ar-

of tl1.9 

( ,... T j1r'p)' fP1.; i s ,.,q---.c J ~ ... _ flo ~.!,. ......... 

. foat0re of the b.j.t. ensures that the various factors such 

which account I'or m:Lsma.tches In nominaily identical devices 

~eBult in smaller corresponding, VGS 

mismatches in the case of i.e.t.s. For b.j.t~ pairs, o~f8et 

are ror:.tL.1ely available:, l.t/hile precision-matched devices 

eU(:!l as HAT-Ol (PhI) and.. LN 94· (National Semiconductor) 

can offer corresponding figure s approaching 25 p.V an.d 30nV /0 \) 

In the case of f.e.t., the 

I 

beet v M matchipg generally 
o~ 

aval~.able in j~i'oe.t.,s is 5mV: corresponding v;Jth a (dvos/ciT) 

value of 5 p.v/oc;, for the AD 840 (Analog Devices), 2N' 5520 

EFQ 10 (HuJ.lard) • 

. ~ ":"'1-' b r ox'" m'- -tchrc> Q' l' r" l' p t: 'Oa1·,.·.J ypn S a·T~l· 1 n . .!. t;.l..l.ougn a. l1um e let,~ - • g. _ • _. ". - • .... G t:: v <.10 -

ahle f:;:'om va-r'ious manufacturers a:-ce potentially sui table 

for el~ctrorueter applications the typical VGS matching of 

50 mV is I'elatively poo:;:> compared '!Lith j.ti..e.t.s and no firm 

in.formation an (dv /dT) is normally given. HO\"lever~ H 
i, as 

selection procedure has been used to select devices with 

1.2. 3. 3~ Input 10ak2.g,8 current 

The input leakage current of electrometer input stages 
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i~ _JJ 

including the effects of recombination~ back injection into 

I!() sin1ple :relat.ionship 

genere~l 

some idea of the .1!)Vie]~'> Ij.ftli t can rJe obtained 

by considering the colle~tor current COmp011811t 

temperature, 

Ibw as 0,1 pA far devices such as the2N 4044 wIlen operated 

\vi th V_I Vo This estimate suggests that 
~ tj;E~ --

CB.·se of the si ~t1J.a·tioh sim:pler~ as 

almost the entire gate current is accounted for under normal 

of t118 

tha:t 

• :-t. • 

EtT.l 1.!tg.c.I~.(?!t>1;~ 9 

. 1he dev~ce or device pair is mountad in a header of the type 

base of 



('.J .. 11l1rnber 

not apply to i.g.f.e.t.e with intggral protection diodes, 

applications as their gate currents are relatively large)~ 

standard device header, b. Header providing 

c.~ 1I03,.der gu.a~c(L fo}~ gate lea.d 

-1 5 ( ... 10-..... I.) 
\ '7-'- . 1"\. I but 

no rel:l.at>lE; .:Ln.:formatiol1 on ldI ... /C'tT) can be given, as this 
u 

dependent OIl the natiJ.:ce and composimion of the various 

ir.t1~ri.D.si{~ r11?:Jl e]~tr.:L118ic leakage currents ~ 



errors discussed in former sectione With the balanced input 

().f' 

I'c,)):' r), iJJ.gnifiecu:'lt improvement in input current error, 

(~tcrf:t~f;:O:t;f3 . o"il ()~ 2"l1r1 Q .. , io ~}11i8 l.~eqlli:r~ement is more readiljr 
""J... 1._ ' 

achievable in b~j.t. matched pairs than in f.e.t. pairB~ 
l' 

In addition., for mcny applicatio:na R]' lO';'~.D-, which 
, 

gives rise to significant extra expense if Rp is duplicated 

significant extra noise. 

for j.rt.e.t. input stages is the use of similar magnitude 

a b ~ j ~ t ~ 0:: the gate cllI'rent of a second j. f • e ~ t. has been 

used for this purpose (Fig. 11). ~his·approach can be ,. 

s·ig:ni:fican.t err-ors if 8.11 e;~tended ·tel!~peratllre range is 

consiciered. .~~ 



2J. 

F.igfs 08.n CB ~i] .. .st t i Cl t1 

in the fact that its magnitude normally decays over a period 

of time froM initial switch-on. This is associated with 

1:-ela.}:at:tol1 e.f·ft~ct8 1rl ~t~he. insttlt3..tor \t.JhicJ:1 have long tinl€! 

if operating potentials are minimized and power dissipation 

Or8rat~ with zero input current. In practice this 

-·wn1 ch may not al\vCtya be attatnable while at the same time 

ratings and achieving a good 



very sensitive to 

small variations in operating condi~ions and temperature, 

It is somstimes possible to employ en operational ampli-

9, ~'li th 

the addition of fiFo 

Su.oh un.! tEl ~ apart .from Yaractor bl'idge types considered 

those discussed. G,:::.rlL:;r for an 1L'1guarded-ga te input stage". 

More recently, fully integrated operational amplifiers in 

CA 3140·Series (RaA)~ Their potential in electrometer 

Buullcationa is, however. limited by the incorporation of 
"~,,.l; • ., 

:.l111;egx'a:t,.-gi3te-!)ro tectiol1 d.iode s~ 

For some applications, operational amplifiers such as the 

j.f4e:..te i11Pll.t :.::tages ca.rl be used, SllCh rlevices 11 av f; iripU"C 

--, '-I-' t' -I~··'~ ., -)" _~..:J (f('V fa."T)' 0"'"' +1"1 r , or:r8e1~ curz'eu·VI] OJ,;.' :,\1,8 oreel: 01 ... 1·-;'; d.l1U ,J., OSI ~ '-' t:: 

d .C' - ,-lOr' or .er OJ. '}U, oJ. 
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Tablf~ 1 cOElpn .. ):es the, perfo:cH1Et .. 11ces ()f differe11:c ·tra11918tOl.~ 

match~d peirs an well as a number 01 operational amplifiers 

that may ba t;ui ta1}le forelectrometex' applications. 

Table 1 

Input sta.ge 

LN 194 

, 
Do j. t. op,-amp j 

2N 5520 

j ~ f" e ~ t ~ op--,. 'I 
&11:9. 

'. t 

f 8()O'l 
t 

j 

1 
matched pair I 

(guarded gate,! J 

HEN 551 

50~200 

151\.--36 

1.2. ~-. llOISE I.N BLEC:l:ROHETJi;RS 

O~15 l',T /0 f'. 
"'( i 'OJ 

O~l 

0" ~: 

5 

:;; 

h 
~, 

3 

5 

50 

50 

] t:;(' .. _~ .. J 

150 

28nA 

hFE=450 

O:7nA 

,~lOOpA 

.-:.<.250pA 

«100:pA 

(IOnA 

50pA 

10fA 

If A 

lOfA 

10fA 

8pA/oC 

O~lfA/oC 

In addition to,the errors resulting from offset voltage 

and input current in the electrometer stage discussed earlier 



, , 

additioftal limitntini_IS 0;.~~·llr .A.~.~ ~ .. ~P~,I,,_,.+... " •. - - - ---- -~ ~ ---- - OI c~rcu~t nOlS8. 

ftormally this is mainly composed of noise generated in the 

.. , 
e:'JllV e:r"'l;O:"~: 

Even with noise-free components in the remainder of the 

0'£ ':GCnl1)erD~ .. t~*,1~(~8 c-t.l1d f;"\l[:: t,:::TIl ba.llG.\fJicl t'h ~~t() t:'J f-1-{'feao 1 ut"1 on 0 f' tl) l.:l 
.A. .. • .... 4> , .. • '"'r - --. ~ .... - -- ~. '-

-' . 

- , . JOnnaOD-nOlBe power, call oe 

known relationship 

l~ :::l1 .'.} k ~l: f n 

11 is 

ovsr whieh th8 me8.su:ren~eY;.ta;~i~'lJ"'~"~r~\:1i5 ma.Q8<:F'rom theabcve 

"'~·F"'l~"""...L..) ..-)'- TO "~, .. , ~ ~--'n '~J() l'ta,.Q:e·/;:o:L S(:; -devel.()-_ucd~ .tn a I";~ EJi ~{·t:0:r.~ '0 \;: ..... i:'"!.c~ \; .. ::..~ ;':'1 w rU!. ... W~.... ... _ .:..tJ? 

(16) 

The Tl0is0 

.Jonn[Jon noiso .is rnlr.r:LmJ.sed if 
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tlo.ise and ban[~.\.t}.t(ltl1 ell[1-f:r"acte:riG-t;i.(;~j iJ~e l1igh 1lalu.e I~esi.s·t;ors 
.• ........,,_. _,= ... __ ~ .... _"'..rJ.-...--__ ~ __ ...:...,..~~--......-.. _ ........ ____ ~ ___ ;.....-__ "~_. _. _ .. ~ __ ..... _______ .... __ ~~~,. ____ 

J1. 11lV 

O~80 

..: j ..... 
... " nz p~ 

A 

'15 
2- ~ .,0..,.. .... 

........ X...L 

O 2t::v-10-15 
" :;} .. n .. 

In principle, it i8 p03sible to artificially restrict 

the electrometer ba:nc.hi:l.dth to the point W11e1.'0 Johnson 

:noise-;1.nd other no.1,se sources with a constant spectral 

densi ty; become ins5_gnificant, compe.:r:ed ,,·Ii th the drift 

er~orB. However, the excessive rise-times incurred as a 

I'esult of the rest:ci.ctE:d bandw:Ldt.h, together \!lith the - fact 

these eondi.:tions, - ma1.cG anything other than a modest bandYlid th 

reduction an l)..n:regardi~ng exercise. 

:nOiD6 

Transistor noi3e in general can be modelled on a small 

signal basis by the addition of noise generators to the 

o'sand::ird 8ra21J. s:;.gne.l models such as the hybrid-I( model of 

:noise genera'cors • • 1 .+- '.... I 

represen~ ~ne e ... Iec~s of indivJdual noise 

.-., ...... J-' .... ~ • +"'~ . j, ~ 'h mechanl.sms prese.n t •. 1:1 the vrc4'1SlS \.IV.!. 9 \1.LL C normally fall 

into one of three categories:Johnson noise, shot noj,se or 

low-frequftncy nois~o 

BOGAZiQ,i ONWERS\1ESi KOTOPHANES\ 
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Snuill sienal model of a i.e.t. incorporating noise 

,... C'" 
C!'.,,:~.·) a noiseless two-port network with the 

g;enera,to:cs.1.. clYld v 
Xl :n. in Fig. 13; this 

diagram. which is relevant for a current-voltage convertor 

also includes the nOise generator e f , relating to the noise 

generated in HF" 

In determining the overall noise the electrometer a 

a. 



b. ~he fact that each noise tourcG can interact with the 

ampifi0r ctitput ~hrough a freque~cy-sensitive network 

must be considered. 
-, , ..... : 

D:~) ~L~~j8 eil the arnpli fie1.~ 

noise generators. 

~,""\l'"-__ -'_~ i:t_,.~ ,~r"'~'·-.Y.-_·I~_·_-,C~~I' ~.· •. ]·rrljt.~-~ r'~- ~- r,n-';c~ " -- . ~ - •. ~ r- ... _____ " __ '. ___ ~, _ _ .. ~..,:"... . ..,~~;..!. :..;~ C'i> .... ':-'J...J.:,.,t...;.I"A. ·NI1~.!:l lnt,;egr=±:tln.g 

ri ,"'"n e:: ~ .j. i \.~!:: r. f ~l" -j .::: c. r; +. + '} e ,.., 1) + T''' 4 . ....... _-._~ ..... '-.~, ___ ...... ;,Jr ~ ... _ .... ;...1'\;. ... c-. ..... ,.. '1.'1. '~.l. v;;,.JL.t 1..,. 

e <t G.~1'18 ~tot;a.J_ r.~ [;1 Gs.~ 110ise .is e"\f8.1lJ.ated 1~L~()ln the .i'ndi v".id11al 

Most of the above pOln~8 have been considered in some 

detail by various authors.(11-13) 

In an electrometer,temperature and other drift mechanisms? 

'. together with nOlSG, will be preserit at all tlmes. ~he8e 

electrometer performance. 

White noise becomes apparent if a wide bandwidth is 

required and relatively ahart-duration signals are being 

In a situation wherB a relatively statlcsignal is Delng 

processed for a prolonged period~ it would be possible to 

r(::si~x:ict sie:nificc.mtly the electrometer bandwldth 1 
'- , 

thus 

:f.~ernoving efi'ects -to a :targe degree .. 
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U""'J..·.d.-. PT' .Ll,b.0fl.·."-' C.·t)"c';.rn.·.S·~~'Ol.YIf".:".,.' ... • " In'" fT'C' "'l"'r cor .,.-,(. l' so be " -- -. '-' •• - IA_ u_>___ I..!<i-- ._c.:;~.t,,:; 1 .j .e.O.·c -comes 'ene 

dominaht noise 80urce. 

effects can add to the excursions produced by the low 

frequency noise. If the ei·tuaticn pe~mitE, it is b~nefi~ial 

effe6tively ~8dvC8S T. 

Over a period Qf time, the combined effects of low-

frequency noise and drift will cause a slow fluctuation in 

the output signal of the electrometer. In,the case of 

current-yolta.ge cOD.vertor,-the output voltage will contain, 

in addition -(;0 the sir-mal com-nonent (iR,.,·)', an effective 
.~ l:' , S ..!.~ 

relative .contributions of notse and drift are 

'/ . clearly dependent on many factors~ including the choice of 

~trclns5 .. stor t~pe, range resistor etc. The'electtometer with 

. 
and drLfi;, 2.IH.l the .:L ~ €> t d;!. t. senai ti vi ty vIas primarily 

limited by 

I~l eonclr'..Ciing this section some mention should bo made 

of of the hi~h-value resistors u~ed 

In elect:r'ometcrs. As well as 87 .... 1-.I.ib1 tine; <Johnson and excess 

noise ~ higp.-value resistors are ehare..c-Cerised by ralatj_ vely 

poor linearity 1 temperature drift and general stability, 
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temperature coefficient derived from-published curves for 

Table 

Vol tage 2,nd i;emperatu.I:e coefficients of high value resistors 

"] J 10---· 

'? 10..l.<--

Volte..ge coefficient 

--0 Q02 

-0013 

1.2.5. Spacial Techniques 

Temperature coefficient 

0.08 

0.15 

0.22 

In addition to the standard electrometers discussed in 

the p:r'eceeding so·ctj.ons, 2. number of othe:r te chniques have 

been used to improve various a?pects of electrometer 

192.5~1. Vibrating capacitor systems 

The main features of a vibrating capacitor voltdge~ 

voltage conver~or·are illustrated in Fig. 14. c __ represents 
v 

a per1od.ically ya.rying capacitor ';Thieh varies in synchronism 

. with the phase sensitive detector at a frequency 

input voltage Vs charges c_ through R" the time 
'\: .... 

constant 

GvRI being large compared "Ii th the Cv variations but small 
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].4 capacitor elect~ometer 

voltage-voltage CODvertor 

compared w:Lth any s.ignal components to be measured. An 

altc~lative voltage of amplitude v (l\ c Ie ) and fundamental s v V' 

:freQuency f' 
~ IW rn 18 developed across O".J where . .6e~r represents 

T v 

the fluctuatioil in C~., ~h.is voltage is amplified by an a. c. 
" 

amplifi0~ tuned to amplify frequencies in the vicinity of 

by me2.ns of t.he phase-sensitive 

detect.(;l"" 

Various types of vibrating capacitor have been emp16yed. 

(l~)' 1~oTl'I'al1v e'le0~VO"laa~o+i~ cou~l~n; l'~ Rmpl~vvea' to \ .,.; • 'Ii ~- ... .......... ../ ~ ,"- _ v_ ...: ~O .... A- \J..- - .tJ .!.. 0 -- - - J _ 

vibrate the capacitor electrodes relative to each other. 

Frequencies up to J. kHz are usually employed for this purposeQ 

In some caoes it 1s arranged that the moving element vibrates 

at . i -tn nc.t11.:::'2.1 frequency, causing the movement to become 

cinusoidal and reducing the drive power. 

Electromagnetic or electrostatic coupling can be employed 

to vibrate the capacitor electrodes relative to each other • 

. In the absence of eny polaris2.tlon (magnetic or electrostatic,. 

respect! vely),- both systems will cause the capacitor to 

oscillate at twice ~he drive frequency. Suitably polarised 

both systems will oscillate at the drive frequency. 
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d .J... ~, • 1 '. ai. 78.n vage OI a V2 Jrzn;Log-capaei to:r system ~ ~, , 
18 v!.1a-c the 

input stage 

of the hi~hDa38 flltsr between C and the amplifier in_D.ut., 
~ ~ v 

\\"hicb. prevents modulation of Cv by loVI frequency noise and 

drift. 

As with p2.ssive electrometers, a fundamental limitation 

on drift perJ'o:::-ms.rlcc is: due to con'cact potentials associated 

mainly with the vibrating capacitor. 

The oc.nd\'l.:i.d-'ch of the Dystem is linJi ted by the presence 

of the rolatlvel:'l large time constant C~rRl at the inputo 
• 'i: ...:.. 

Typically 5-10 cycles of vibration are needed for the 

system to :':'espond adequately to a step iu.1'lction. This 

Itmitation is not normally important in maximum sensitivity 

where the . . t' rt....... ~·..j...h '"Clma cons ant; IJphTol OJ.. ,-,.e .r .:..' 

1.2.5.20 Varactor bridge systems 

current 

Varactor bridge systems use a principle similar to that 

of vibrating capacitor sytems. In this case, use is made of 

an element such a8·,.2. semiconductor diode Vl11ich exhibits a 



,~......-~ 
._ ... _ ... ~ i 

--".-.~-~-,--.----I..----.----.----
~·-=:';-"-;:i~ .... fr·Je=-~;,:: tl~':;S 0 fCf\yord bi;:s-" -t'<;:::~~ 

capacitance characteristic varying with applied voltag~, 

as ill J:'ig. J .. 5 ~ 

Two diodes are normally employed in a bridge configuration 

D !:!nti 
~,I."'·';·.l ~ D21 respectively. Under 

of 'the a.c. 

amplifier. When a voltage Vo is applied to the iriput, , ... 

these 

differential biasing is applied "to D, and. D,), causing the 
..J.. ::.. 

o:f -v novi a-ppears at tIle s ~ .. ~~ 
input to the 

a.rnpli~r5_eI~ ~ lIh:ts is arnpJ .. ii~ied and clctected in a ruan.ner sirnil~:ir 

to that of the vibrating-~ap2citor system. 

Fig. 16 Main features of a varactor-bridge voltage-voltage 

elec.tr.ometer 



As with vibratinB-c~pacitor systems) low-frequency 

charact8:!:.'i8<~:ics of -crH? 1)a:r,,,,.11el c(Hnbination of' D, and D?' , 
.. I. k_ 

This later figure can be 

increased by an order of magnitude if reverse polarisation 

is applied to the bridge diodes.(16) Since the input current 

input-cur~~ent tempera-

iure drift J8 appro:.::im2.tely ]. fA/DC, 6.ff'set; vol tage<drift, 

"'-~roi(·:::JlJ.··v ':'0 "'l'iJiOC' "e'~ul-;"Q j·".·ru~m Q'_if.L·"'e1"e...., ... _'+..L.~al Q.'"!"'l·f'+ of -c'he 'J~) ..L: _~ .., <"_ . .:1 J / .... ~ / J 1 ""'-"" -.- L..-' v • .-. _ u - - u 

diode C2.p8,C:~ tarlces and the passi ~:e b:cidge components. 

Modulatj.on frequencies of the craG:£, of 300kHz permit 

signifi ,::!a.ntly higher bcmdwid ths thc:m are possible \'lith 

vibrating uapacitor systems. A voltage amplifier with a gain 

of 100 dB hatl a -!.:;ypicCJ.I unity-'gain bandwidth of 2 kHz. 

1.2.6e Conclusions 

For lntermed1ate sensitivities, electrometers using b.j.t. 

j.f.e.t. and i.g.f.e.t. input stages can be used. For higher 

sensitivities, b.j.t. and j.f.e.t. input stages are limited 

limited r:le.:1.Uly by Jow-frequency noise at the higher sensi ti-

vitles .. 

l::rJr 

Vi brating~capaci tor cUld varac/-Dridge 8I0ct::cometers offer 

superior performance in terms of low-frequency noise but 
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;" ,...·0 ~O ,. 'o~ 0..- r.:.. _") UVl Ut 
- I ' 

:l:ablo 4 

Compari80D of p2~amet~r8 of main electrometer systems 
.~----. --...,.,....-

:Lnput X'Gsi.ste.llce 

d.r-./nT 
.t.' 

long-terB r).rj.:f-c 

i.g.f.e.t. varacto~ 

poor 

bridge 

. 12 14' " .... -. 1 :""\--l.L' -_ ... V 

, 10 fA 

1 fA/cC 

?O --I {jOn _. v... v 

good 

vi bi'a ting 
capacitor 

1 fA 

good 

Recant dovelopments in i.g.f.e.t. processing technolgy 

8u.ggesi; that J.01.iI-:rreQ.uency noise performance can be improyed 

by an ox'del' of tldgni tude, and that superior device matching 

shoJ.d be possiblG, which should reduce offset-voltage drift 

effe cts 0 Wi. th the ge:i1.e:cal acloptlon of gUG.rded-ga te devices 

foreleGtromete~ applications, the • ...)"'..;:., . .,L • ,+ 
1... 0 •. I..e. l;. l.npu.., electro-

meter ~5hou.lcl be CGnlO ccmpet:L tiYe in perform2.nce with the 

varactor bridge systems. Although 

gate-protection schemes (vh.ich tenet to degrade the i.g.i.e.t. 

can be mitieated to a large degree~ 

:E;ven wi th cur}::'ently available i e g ¢ foe .1~ ~ S ~ iml1rovements 

in low-frequencynoise can be achieved if the devices are 



oper~~tod 1L7Jcl i?Jr D«tlb-lGrlr·es1101c~ eOllt1.1 tj. OTIS ~ i~dd .. i t·io11al :::\d",\rantaga8 

al~E~: ft) -the bias pots::tials 

and h8nce the gote current are minimised, b) the low drain 

curl:'en-c makes 1 t feasible for the"'input stagcto be left 

continuously on, powered by a battery. fhis avoids the un-

ctesirabJ.e :;i:.nit1.al d:cift effects. the.t occur folJ.ovling swi tchon. 

The vibrating cap3c~tor electrometer, involving delicate 

mechanical mechanisms in the capacitor unit) is likely to 

remain e~pensive.For d significantly superior performance, 

until nevi devel':pments take place j.t may be necessary to 

resort to the use of a passive electrometer. 



1~2.7. Circuit implementation: 

........ T 
l{'i.\ .: .. ~ 

;: 

/' 

vlhere R,:\ 
.J.: 

, ..... ,. 

is the feedback r~sistance 

a high-gain End high··-~!.nput i,I1pedal1ee ampJ.ifier. I"or the 

device implemonted, 
, 
ilC!,3 been introduced in this 

relatiolle Its value depends on the ~ange selected.lIC) 

36 

th.e 

of 

~rhe gain of the amplifier in F:Lg. 17 may be shown to be 

1, the gain 1; .... il1 be; 

R +R 1 2 

and 
R-+R 

j e 

On the schematic shown in fig. 18, two switches have been 

added :Co!'" the opttonal sel.8ction of resistors Rl and RS. 

III th1s way four pOf.lsi.ble values of gain are available. 

1. ~witch 1 cloB~d, switch 2 open: 

2. Switches 1 and 2 open: 

B e 

, 

Fig. 17 Operational amplifier using fixed positive-voltage gain. 



_1,. !~) ~'.! \-.,·1 ··1.-,1. ;~": r~_.:.' \~ ,..., ""'I' D- 1 w! flo..:: " .. -', 0 -9 t":,'_ - .... ....... ........... ,/:::., - CI..!~ _ ~<.-.L..l.. .:..t:J.. .J. • .J: -""6" 17 with four possible 

;;. Switches 1 and 2 closed: 

BI 
e 

ItA Rh ::: • ________ <_1-_ .... -:> _____ _ 

R3 ( R4 + R5 ) + R4- R5 

4. Switch lopeD 

four decades of gain have been 

\ Gs-L:ahli shed: 

A., ::::; ]. :B ::;: IlJ. .J... e 

-it,.., , " r. :B 1/10 ,- -'-/ .... u --c. e 

1'......, .~ 1/100 :B!:::;: 1,'1000 ;; e 

A4 -1/1000 verify the above relation. 

In order to obtain the above values of gain the relations 

between the values of the resistors need to be: 

37 

The switches used are analog Bwitches, the off resistance of 
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which can be considered to be infinite. Hov!~vG::C~ "the on 

=esistance is significant and will be considered in the 

the on l~esistance of the s\vi telles, ciS Oil reGisi~c..lnc0 ch2tngcs 

with tem~eratureo 

~hc resistor values were cho8en as follows: 

:::: Rr.;· "" 1500SL. ~ ::: 168300SL, -- 1515 k 
-' 

~'". 

Fig. 19 shows the complete loop vlith the COilllnv:ted gain 

amplifier which changes the veJ.tage on -;~h8 f'z:edbadr resiGtor 

The current to voltage corn:rersion equat:.toll cc~n bu ;3hQ'.~fYl 

to be: 

v s 
:= 

G 
--Hw I, 

1 + G A ... 
and if C-A, 

., -, 

.1 •. - , v s A 

As (lescribed 111 the prev.ious section, A tClkes the valuGs 

are 

Fig!) 

COll'-lersion in 

p-nd -the cOJ:t reSI)OI1o.:Ll1.g 

...p"""""\,,,,,:~ 
..;.. \..J l"'~..;.. 

_~ .. c.::: 

j~~a!lg88 

of V 
8 
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-., - ~-RT1T ." 5J,,- J!' 

dsc:adeS has been 
i l· "' • ... ......:lh o C"G8.l11EHl u::nng on.!.}, onG :reeu,~a.ck.~.resistor 1 and it can detect 

a currant one thousand times smaller than tha.t detectable 

vii th tnt:) same i'(;c::dbaci: resistor :i.n the conventional v8:r'sion. 

..... -CJ.2.o.:t co c:c the ope]:'ational amplifier is very impor-

tant" 'the elect::ccmet.er operational 2.rnl)lifier of gain G . 

mltst 1l8..'Ve very low input le<;~kage current, vlhile the amplli.-

fier of gain A must have very 10\'1 offset vol t<:l-ge. 

'fhe feedback resistance used is 10 hQ and allows 

~ ,nTIOA -6 curren t mcasu::'cmen't ..:rom -LV to 10 it. 

Ths ad';J.~ntaGc of the automat5_c range switching is that 

it !.las':Vlide dynamic range, and yet retains the high accuracy 

of a linear By-tam. This system com:paraed ':lith others, has 

'the foolowing advantages: 

1. Better accuracy and smaller thermal drift; this 

resul ts LCOill an accurate and low-drift lO~lJ.'esistor 

thEd:; is easier to 0 btaj.n t.han a 101~l- resistor;. 

2. Shorter time constant on higher sensitivities; 

:5. plimimal GJ.~e and vleight; 

4. Shorter switching time; and 

5. Elimination of vibration or oscillation produced 

by :;:elays". 

The method for indicating the range in use at a given 
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Fig. 20 Circuit providing pulses, to logic circuits when 

siv.nal is over-rang~ "r l"l'de- ~Rna~ _ _-.~ .;. - .l..-' ... ~~ bC, 

time 2.3 8ho·.~m i.n Fig. 20. 1''''.'0 operational amplifiers, used 

~ -.. 7 • . I ~ 
J.rl on. open-. .tQo:p gal.n COnlJ,gura1j:L;~Jl11 axe employed together 

with a 1mijunction t:cansistoI' 1t'fhich commands the logic 

circuito¢ The relationship is v = G(~ - Vl) and 
c "s 

:L'he amplifier: has a JeTge gain (> 50 000) which can be 

considered to bB int±nite. (It would ~e possible to realize 

the infinj.te ga:l.D. by 'JGir:.g tJosi tive feedback, but it is 

not necessary :i.n this eC'.lse.) The sum of voltages V c ahd V d 

is appD.ed ·to th"2' unljunction -r.rfu"1.sistor such that 

b. 

---- - -- ---_."-- -~-- -

sa:tura-

-'Gion 0:::: ·:-12V $ the voltage on is zero and the 11.:ni-

jV.Dc"tio:c. trcIlsi.rrcor is off. 

or y~<v 2~ . then V G or V d is e:t the positive 

satuX'2tion of +12V 1 v,rhich :L8 9.pplied to Rh , 8.nd the 
J 

ll.n:i. junction transistor will deli vor one' or several 

positiVe pulses, depending on tho range to be selec-

a.pulse rata nroportional to . . 

1 
" 

I 
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beeIJ chosen as 10.5 V 

Tv;o flj.IJ ... -floJ)s E.:re necesza:rY:.1;() cornm1lnictlte tIle position 
"-

two switches. The truth table for 

the 2JLa. I'rom this table the 

tl~1!t:h tal).les ~ increasiJJ.g gain and decreasing the 

to the corresponding state BO that the gain increases if 

the input ct;.rrent .is SHl!::;.ll and the gain increases if the 

input current is high. 

allot;' to establish the following logic 

equations::. 

D .A. -i~' 
nn n BD"fA; R IBn n onn 

;::::: JJ\ .. " , .vB -- A 
""- r\B == Lv 

h 
1 .... 

The com"lElct:Lons Ere realised j.n the 1,:.Jay shown in Fig. 221 

where 8vli tches J_ and 2 are conneeted to A and B ~ res11ectivelv. ... ~ 

Fig~ 21,. a) table of 
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I~ 2 

.... (g- 2? 
~';":.:...;. _ .. - Log:Lc: circuits used to select range 

To facilitate the reading of the levels, it is added 

four indic:::ting signals':-vlhich 'consist of the J.J<.:D s ~ ~l'hese 

indica.ting signals 8rE controlled by the logic clrcui t which 

consJ.sts of the Nil.BD and li.}1D gate8 ::md its diagram is 

given in the Figq 23. 

1 ~p ';--------.----------

Fig. 23 Logic cir~uits used to reaa range. 
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I?Ol'IER SUPPLIES 

Electronic equipmant operates largely on d.c. power. 

The SOUT.ces for thia encompasr;; many different types, inc-

ludLag such prime sources 8.S b2.tteries a.nd gerlerators~ as 

well a,s ale ctronicconve:eters ~ \-,hose task it is to cOl1ve:r:-t 

the output of a prims source to a useful form. vIe will 

concern ollI'sel Y';;!Q with converters called the ale ctronic d. co 

power Buppliss designed for the purpose of changing a.c. 

" utility-line eJectrical po,:wr to d. c ~ ,. 

2&1. ~lernentB of an electronic d.c. power supply. 

Electronic d.c. power supplies -generally consist of the 

four sect.tolls a pO\ilsr transformer, a rectifier, a fi1 ter and 

a regulstor.(P1g; 25) 

Fig. 25 Elements of,a regulated a"Ge-d~c .. power supply 

44 
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The povw:t" transfol'ffier conv'erts the a. c. line vol tage 

into a higher or lower (or sometimes equal) a.c. voltage, 

depending on the application, and isolates the remainder of 

the circuitry from the power line. The transformer ou~put 

is applied to a. :cectifie:e, which cQnverf~8 the a.c. voltage 

into a d.c. voltage. Unfortunately, the conversion from a.c. 

into d. C Q is not perf'ect f and a certain amOUi·1.t of a. c. 

rosiduG or lrippla' remains in the output of the rectifier. 

~lhe rectifie:c is usu2.l1y follo\,-led by a filter section, which 

reduces this residual a.c. component to produce a more nearly 

pure d.co voJ.tage. ~he filtered dQc~ voltage is then applied 

to a,n electronic feedbacl~ or control circn! t, called a 

regulator, ... ~rhich maintains the d"c. output voltage essentially 

constant for changes in load conditions or variations in 

line voltage. 

Details of transformer, rectifier and filter construction 

and operaticn are treat,ad in introductory 'books. (19: 20) 

Therefore, the regulator details are explained in the 

following sections. 

2.2< Basics of voltage regulation in d.c. supplies 

In ordeI' to maintain a constant output voltage from 8-

power supply, two basic devices are necessary: a measuring 

a:"J.i t and a regulating u11i t. 1'he purpose CI th.e measuring 

unit in to detect any dep8.rture in out-put voltage (oJ:' 

cu.rrent, if' 1.t its "a current stabilizer j? from its correct 
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ve.lne. This thell feeds a signal to tbo regulating uni t) 

1:'11':.1 eh fDalCGs ne ce 8fJaI'iY 
.1 

(!orrectiO!l to the output. ~:he 

:-cegulating uni t may be placed in one of two positions and 

the measuring unit in one of three positions. (21) 

2.2.1. Position of measuring unit 

The thi'3i:; yasl tions in whi ch the measuring uni t may be 

placed F.il"e asshov!l1 in :Fig. 26~ name.1y 

a) IJlecl.Sl1rirlg llItl t across 

n n II output 

c) !l in scries with the output 

In this diagram 0711y one of the two possible positions of 

. the regula-ci!.:l.g· lUl::t t is shown. In order to 'explain the 

. operation of these arrangements a factor called the 

:t'eeula tor - . ,,'. . ... amlH:u,: l cat,lon, introduced, this being 

given by. 

Change of volt2ge across regulating unit dVRU 
---------------------------------------- = 
Cbsnge of voltage across me3suring unit 

Q 

. Fig. 26 P,osi tiol1S of measuring unit in vol-r;age regulator 

il'lIJut b) Across output c) In series with load 



Gortsider ~ig ?~~\~le~e a en' ~'l,pe ';";-"0 3 <--..,..:---, .... - ......... -0 of input voltage dV. 
l 

occtnl?fJ 'dhich results in a change of output voltage (1 V • 
o 

J2'rom the cJrcui-c, 

(17) 

where Ch~-1.r1ge of voltage across the regulating 

unit. FrOB the definition of regulator amplification, M, 

dV o 

But dV MU = elV i , sin~e the measuring unit is connected 

across -'elle in:put. '1:hus 

d\l _ d\l. NdV' or 
dV 

o :::: 1 (18) o ~ 

is 

aV. 
l 

If H j.s m.:':.cl.e equal to unity then the regulation factor 

beC0mes ~ero anel the output voltage is independent of 

Alt;hough this may sou-Dd ideal the arrangement suffers 

:fx"om t-\:-;o disad.vantages: 

B. ) R~· is to be zero 
J. 

then 1'1 must be exactly unity. 

If M changes by 10 per cent to 0.9 then Hf becomes 

1-0.9=:0.1 and the performance is poor . .For ideal 

opera:tion I"l' must be exactly vni ty and. must not vary 

vd th ambient, temperature i a.geing 9 etc. 
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It is impossible to satisfy this condition in 

b) Change s in loc'.d cur:.ccm-c \,1il1 cause changc.'s in 

output voltage since regul_~ting unit will have some 

internal resistance. :::iince changes of current do not 

influence the measuring unit? no correction is m~de 

fo:;: load changes. 

is in fact an open loop control system. 

2.2.1.~. Measuring unit across output 

Consider the circuit of ~1g. 26b. As previously, 

d V "" d V. - d VR'~ o :l _ U 
and ilV - T{ldV ..... RU -. 'HU 

but nO',"1 the measuring llJ."li t 1s across the output, and hence 

d V~ __ == cru 
flU '0' 

d- '1 d- T ,- < d1T 
l_ ::: V i - 1'1 'I I[U o _ .1 

:: dV. - ridV 
1. 0 

or 

1 (10) 
... -- ,.I I -~ J ...--:-.-------""". 

1 -I- Iv'l 

The ~ceg1.l1ation f8-ctor is now rae.de small by making rfl 

large, but it con not be made zero without making M infinite. 

In spj_te of this disadvantage the regulation factor is not 

critically dependent on M as in the last case. For example 

suppose M = 500. Then 

Rf :: 1/ (1+500)-':: 0.002 



RR - 1/(1+450) - 0.0022 
• .1.. 

This arr0~ge~ent is really a negative feedback closed 

has to be modified since the measuring unit is detecting 

changc) s of cUl'J:-ent and not yol tage. 11'hus 

dT 
o 

~r11(': ci.rC'L1i t 11clS beell rea.ra\{l1 ill. Fig. 2(1, \vhere a resistJance 

R h8.s been added to ropresent the intern2..1 resistance of 

If the input ¥oltage V. is assumed constant, then 
J .. 

I 
,~ 

---, _~,, __ . ___________ .-1-> 

Fig. 27 Hffect of ~easuring unit lTI series witn load 



I 
> 

dv 
'0 

dV =: ~-dI R -{- NdI o (j 0 
or 

The effective ii1,ternal l~esistance is 

dV 
.0 

dV 
o .. - It7 - R 

the minus ,:;;ign being l.'eqlJ.ired bece:us6 an increase of 10 

J:.'Gsul ts 

R i 

in a dGCreaS0 in V • o Hence 

(20 ) 

Thus .if H is made equal to R then' the-'inte:r:'naL resis-

:::! On 'l'he arrangement has similar disadvantages to 

the circuit of Fig. 26<::: .. but may be used in conjlL.'1ction \'I.t th 

the circuit of Fig. 26b~ 

202 .1.A. I",easuring units) across output and in series 

\'11 th load 

In 2. similar way ~ 1.:[' thsr~ircui ts of l?igs. 26 band c 

are combined, the internal resistan<.:e is given by 

n ~Jo }1 
"rl.o _ t"l 

. '---~ 
-.-_ "",...... ... "" _.-. ... .- '"-"'" r~'~ ..... (21) 

J -'. 1"\~ -
-. • '10 

where r·1~ -- Regula.tor amplification .of measuring un! t in 
;;J 

DGries with output 

M - Regulator amplification of measuring unit 
o 

across outnut , ~ 

Again any error due, to 1.1
8 

not being equal to R is divided 

50 
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Js large~ good 

mance is obtained for change of output voltage due to 

change of current. 

The two possible pusitions of the r~gulating unit are 

given in Fig 22, only' one possible position of the measuring 

~::i tIl 'che lo~:;d., (Geries r8gulc-:;"t;or systems), vlhile 2. t (b) it 

is load together with a series resistor 

Rs (shunt regulator systems). In both these cases the 

thG P0\,/6:;:' in the reglllating unit is \'V. - V )"T ~nd is a :L 0 ~o '-"'. 

maximum under c01'1eli tions of maximum load. current (other 

is not much les8 .than the input voltage, the power to be 

di;.:;slpa.ted j.n the regulati:ng unit can be much less than the 

output power of the stabilizer. 

Fig. 28 Positions of regulating unit 

a) In seriea with load 

/ b) Across output together with series resistor Rs' 
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voltege is 60V:~· 10 per cent. The maximum dissipation occurs 

the outpu~ power io 5Cxl = 50W. 

input voltage increases then the current 1n the regulating 

unit must increaSE f 80 that the increase in voltage drop 

acrOBS the aeries resistor Rq just equals the increase in 
'"" 

the drop IlI e!uail1 

If the same power supply is considered but with a nominal 

input voltage of .75V then drop across R . s is 

. - . 
tile 

aSBuming under these 

and that no current flows in 

R is 32.5V. For the same 
8 

The resis-

conditions 

the regula-

i.e~ 75+7.5= 

QutPl1.t '101-

1.86A, 2.nd 

the aame load. current, the current in 

unit is O.e6A. Thus if , . 
l:;!.1e 
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load current lthe worst conditions as regards the regulating 

ir n must still - .. "'-'"'6 be all thi~3 

, , 
-ene 

unit disBJpation is 

1.86x50 _. 93'!l. ~;hus "is greater than the maximum output power 

(50W) and much greater than that calculated for the case of 

the exact figures will depend on" the volta~es used, but for 

Fig.28b the dissipation of the regulating unit must be 

g.reate:e tha.n th8.t of the load. if the stabi.lizer is to operate 

occur:::: o.t no load; whereas it is a maximum for F'ig 28a. 

"under concli tiona of ruaximum load. UJ.rcui t \ 1;) has the advan~· 

tage that a 8ho~t-circuit of the load dOGS not overload 

'. of the Ioad causes full voltaee to be applied to the regu-

lating un5.1; w.:'!. th a current equal to the' short cireui t 

current, tHnce the d.issipa.tion of the regulating unit (for a 

. .',. 1 . . ., ( '\.. . i ., Ib) given au~pUl;1 18 _eSB In ClrCU1~ ,Sf tnan In c_rCUl~ \ 1 

rnoI'C cOlmnonJ.y used., but circuit (b') is sorne-

2.3a Li.near and 3i.'Jitchecl doC. voltage regulators 

D.C. voltage regulators can be classified as linear 

linear regulatoro disGussed i.n 



above sections, the regulating unitlser1s or shunt) el~-

ments continuouslY dissipate some Dower in keening the t.. _ ... ~ ... _ 

output load contiitons. 

The switching regulator gets round the low efficiency 

of th.c:: Line2.r :regulator by using controlled ou--off 81;1i tching 

of the power supplied to the load to keep the output 

ln series form of the switching regulator illustrated 

in Fig. 29s, the series on-off swi'tching control element~A, 

ami output :is 8W:l tclled on and off by a controlled on-off 

circu11; As a .r·8sult, current Jrom the 

input is released .in pulses, which after smoothing ~ provide 

a control10d d.c. voltage output~level. The switching duty 

'. cycle of X adjusts itself 80 that the mean output voltage 

remains constant irrespective of input volta8e or load 

current variations. 

~he same principle of rapid on-off 'chopping' of ~he 

Vout 
r<Z9· 
d.c. 

Ot1 ~cdt cuty 
qq:t<t c c t. 

, 
b 

29_Principles of switching regulators 

_a) switchin~ series b) switching shunt 



reguJ.ator 

eycle 

switching oscillator Y switches on and off the shunt 

~.:'tJi.t;ching .regulators can be more c:olilpac"t then equivalent 

1.inc2.r ones tH;lCD.llSe of the high effici.ency of the swi tehing 

mode. This efficiency has to' be paid f~" in greater circuit 

COlTI}.110X:f.ty 2.nd In diffieulti.es with r. f. "radio frequency) 

204~ Overload protection clrcuitn in d.c~ voltage 

E·eea11se voltage-regulated .supply circuits depart 

from simple robust rectifiers into the area of more sophis-

eircul ta pl.::W a laz'ge part in the design of d. c. vol tage 

!.'egt:.latorE1. Pi.g. 30 shows various point at which over-load 

protection circuits may commonly be found in a regulated 

d.c. supply system. 

Prot0cting the basic voltage regulator, A in Fig. 30, 

'again.Eit Gverlo8.cl 2~11d :caul t concli tlons calJ_s first o.f all 



Fig. 30 Overload protection circhits 

for adequate fusing, both on the input, as at E, and on the 

Olltp·U-~, as <~1; lis VJllere a circuit-breake}~ J.s sornetirnes US€l1o 

A very common protective c5.rcu.it is the input current 

lind te:-c ~ C can take as simpJe a form as 

a \;{i:t'81:!Ol.md pOl"lel' resistor. Current limiting at the output, 

as at J i:n t.hr,:: cHagrarti ~ 5.s often u.sed also. l"requently also 

\ sorne form of ! t:r-ip I $ as at D, is used, \-ihich awi tcIles the 

supply to r:'. sa.faty concU tion (off or low current only) when 

cuts'off the supply when 

excess heat appears inside the equipfuent case, and the over-

or reverse-voltage protector at G, prevents voltages of the 

-'"'· ... t 
I,,} .J.. above a predetermined level. 

2.5. High voltage feedback-regulated d.c. suppliBs 

The high,. \'01 tagef3 rc:dse difficulties of their ovm. A 
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full output rail voltage (often with a high resistance 

between base' and emitter, under \1hich cODdi tion a transistor 

has the lowest voltage rating). On tho other hand~ a series 

pass transistor has to withstand the difference between 

the unregulnted i:nyut and the regulated ·output, which can 

By careful control of input voltage range, the voltage 

easily. For this reason the most practical examples of 

high-voltage a.c. regulators are designed a~ series typeo 
I 

When lt gets up into several hundred volts output, the 

costly special high-voltage transistors or some method of 
~. 

spreading trH~ vol tage in steps across a number of lower 
, 

vol tage ul1i ts by st;.wkill{!, them in such a way that the vo11~age 

8~cross ee~cl1 tral1sist(J1.~ is J.j"rni ted ltlUst be used. 

Fi~. 31la) illustrates this in a linea~ series regulator. 

arrarlged ill a series string 

1':i th eol1eetor-to-·emi tter bias i:'(;sis-cors ot' El sui table 

val ue to. spread. the high-vol taee 0 D.t across the ind:i. vidual 

transiGtors. Usuully the voltage is divided equally by using 

a single· value of r1esistance for Rl ~ R2 ~ etc. The design 

value the resistor for the string is worked out on the 

basis of a resistance lew enough so that a ~ull output 

eurrent ~ the base current demand o i.' the trailsistors does 

not 8ubstanti2.l1y alter the voltaGe drop between transistors·. 

A 1.weful rule of thUIUO is to bleed dcym the resistor chain 
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Fig. 31 Totem pole stacked composite high voltage transistors 

in. high voltage linea.r feedbackd.c. regulators 

,-, \ 
0" I 

a bias current of one-tenth of the full output current. on 

the basis that most modern tr&lsistoys have a minimum 

current gaJ.:n of 25; and a bias current means that at full 

output current the transistors will take not more than one-

cp1.arter of tIle ;:;ria3.1able resistor bias current. As they Vlill 

all be taking roughly equal base current,the voltages across 

the transj,stors w111 remain fairly constant. 

The comparator feedback and drive is not shown in detail 

in Fig. 31a, but is merely indicated by output sample and 

reference vcltagecircuit feeding a comparatbr and phase-

An series-regulated 8upplics s under normal working, the 

series-pass element sees only the voltage difference between 

'the input and output rails. This means) uTlder normal \'lorking, 

a relatively small·volt~ge drop. Of course. if the output 



\ 
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is chort-circuited accidentally, the series transistor sees 

the full input rail voltage. This is Mhy, .in series regula-

tore, the quite elaborate protection circuits to prevent 

this,will be very often found. O~-cource, ~ith the avail~-

bility of suitable high-voltage tran~i6torss the 

With shunt Eupplies y on the oth!~r hand, the ;;nUl1t control 

be used, or recourse made to a stacking of transistors to 

divide the voltage over a number of lower-voltage devices. 

V_~a .. ~~.'~ ,~.·.~.,'_Ol.~,r~ t .. h. e ~n~-J·"~~·h +h~i' 'n~n b~ adOl)-.·e~ ~o~ SbUl1t J,: !-':"" / _".' , __ "-'~ c~r.j! .vo.~, ~ __ '-' v'.-'_ ~ "" ,c" \,L - ...... ~ , 

regula.tic!.'.. Once 2Gc:.iu, the bases of the string 01' shunt 

trarwifltors &.1.'e clamped to Im·,rer voltage steps along a 

base bias chain indicated by Rll, R12, R13 for three devices 

any rn.unber of elements c011.1d be 

provide ~ resistor chain current of about one-tenth of the 

2.6. Circuit implementation 

In tl':d.H work r C:l hlgh voltage a.c. pov!er supply with 

hJ.gh stahili ty for a 9 dynode photo!U1iltj.plier is pr'oposod ~ 

wh.:t ch is J.11 the fo·.tm of series lin.oar voltage reguJ.ato:r-. 
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In· thif:3 c.ircui t ~ be CaU2G ~chc ':;:::::'1'01:' signal is transmitted 

by an optical coupler to the control ~ronsistors in a high 

voltage circuit, high dielectric breakdm'l:Ll voltage is not 

required for most of the eloment~! and therefore the 

circuit becomes simplified and less expensive to build. 

The built up circuit is sllov/n Fig. 33. Unregulated 

high volte::;;;; producod by t'\'IO voltage doublers is connected 

to the output ter~inal·to 'give 2. stabilized voltage v 
o 

after paasing through two cOlltrol transistors Ql2.nd Q2 
and a c1.u.'rent detectoro The output voltage is reduced by 

a resist1ve divj.der and compared with reference voltage 

that is realized by bener diodE: at the input of the op-amp. 

The voltage difference 1s then amplified by op-amp and is 

fed as all error signal to the opt;5 .. cal coupler which is 

connected.· the baaes 'of the series control transistors. 

If the output voltage Vo increases beyond the initial 

6{;tting voltage, an 8.l:'ror signal from the' error detect 

amplLfj.cr <2nd .cilr:;::·ent flowing through: the opti.cal coupler 

iJlcrea.ses ~ the base cux'rerit decreases and finally equivalent 

collecto:::' em:Vcte:r resistance increases. As a result, the 

output voltage devreases to return to the original setting 

valUe and vice versa for the devrease of the output voltage. 

In aeries reg~lator circuits the current which is 

(The comparator Olltput) and the base of the control transi$--

tor must be stable. -This one is provided by the circuit 



]'ig. Prsxegulator providing the base current of the 

control· transistor 

appearing 

across the resistor, and this current should be at least 

An accidental short circuit across the output of a regu-

l,a.' -rOY' 'm~!cy (_'i,_~c.··-I·"_;·oy ,1-1-.1 ,,, "'('\''''+-01 'l-~~i"1""J' s+O .... ~( 0)' _ "" _ _ ~.. ,0 . 0,.t.11 ~ \.,: ..... u. v.i.. v.i .. G .. l.-;::' ~,. v .!.. ... s..;;, -(! Fuse or circuit 

breakers are usually not fast-acting enough. Therefore to 

prot(~ et~ -t,b.G corl"t::L'cJ,~ .!~:rlof.tl13i3 to:.rs (s) Borne form of currellt 

limiting is 

A sma.ll resie.'Gance R inserted between the contro.l 

t:t'ans:i.sto:r: 2;nd load :::8stricts t.hs load current. Its value 

is selected to give a suitable voltage drop when the current 

approaches the maxi~uc to be tolerated. For currents up to 

little effect. -When the load current exceeds a predetermined 

value, e.g. 10 rnA in this circuit, op-amp turns positive. 

drawing current a.way from the base of the control transistor 

bv the ontical-counler. Reg~ulation is no longer (in the 
~ ~ ~ 

determined limits) effective and the output voltage dropB~ 
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L N V E R T E R S 

It is often necessary to operate 220V AC equipment in an 

1)£; ot" any value 

produce G.C. the switchss must be tlGar ide31.~wo sernicoD-

.,'.', 

. - 63 



lS, from a conductihg stata to a non-conducting state, easily 

ana at will. In the caso of the thyristor, this can be 

easily Bwitch0d on but switch off requires more complex 

with changes in supply voltage and load. In addition, the 

the freque~cy precisely, then this can be done using ~ 

crystal oscillator. It is the drive circuitry v~lich determi-

speci·-

ficatione arc not critical. 
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ci.rcuits of most c c~ !11rD i,) 11 

c~f :rl-V~ .... 
;..:; 

is impressed on the secondary. :J.'11 0 

Si~ce each pulse applied to it io of the same polarity, ~t 

if the on time of the transistor has been t, then, since 
1.. 

4 

trlBl1 ;:1, re~l Gl."o-e 2..1!l]! 1 j,. -t 1.1 d. e of V 
8 

t1:.8 .. tr:.l.l1Sis-



that the operating power is limited, as a transistor capabl~ 

of withstanding twicG. the supply voltage in its open ci~cuit 

is only switched for half 

inverter is the logical exten~1on of Fig. 34; a second 

. , 

c~cle of oneration. that is . in each 
~ "" .. ¥ 

come, but errors in switching characteristics can still 

result in some saturation difficulties. Although it has 

been stated that the full time can be utilised, this is 

as 

double the supply voltage 

is only true for an ideal tranaiormer 7 for any imperfe~tions 



a-,-·--....-,!.-__ .--_. _____ ._ ...... __ .~_. __ ~~ .. <. __ •• ~ ........ -

~ i 
C:'i~-'e ~ / .... ~,;~ ~ __ .L~. 

--I-. 
t ":'~i --T~ 

\ 1 i 
r----~=~~J~~~~:~;:------l 

1 11 t ( 
t I i 
1 a I __ L 

r~i2::2:~L .. ~, .. j '1-
l'Q I 

• .,-----~·:r_t -------.------t-
Fig. 36 Half-bridge inverter 

~2g. 36 0hows a-non-symmetrical push-pull inverter, 

provided, usually by capacitive division 

noi~ 

q:C Fig ~ 1..8 S110V!11 ill 

fl.~GIn V " s 

the full bridge i~verter in which the capacitors are re~ 

ment, sWitched diagonally. ~he tull supply voltage 1s 

67 

in alternating directions and the 

not exoeeding VB is-still 0ff~ctive, but lack of-balance in 



Fig. 37 Full-bridge inverter 

the circuit ~2n result in transformer polariB~ng. 

major reason for using thyristor inverters is 

In these inver~er CiI'(!U:L ts i' the 1101e changes required 

to turn out an 

In order that a thyristor may be used as 0. a. .. 

~witoh, it lliUSt be quenched at suitable instants determined 

is usually store& in capac~tor8 (c~llimutating capacitors). 

of 

The basic connections are presented in Figs. 33 and 39. 
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c 

Fig. 38 Single-phase parallel que~chea inverter. 

2,) Simple parallel Quenched .inverter 

b) J3ridge n n r: 

onsuring the quenching of the conducting thyristors~ and 

(8.) comrauta"i.;ing inductc~nce L ensurin~ the correct oneration c ~ -

of the qUe:l1Cllil1G Gi:ccui t. This la.tter may be 01 ther of the 

coupled or of the uncoupled type. The quenching-circuit 

arrangement 1TIe;Y lJ8 parallel-type (vli.th the capacitor 

storing the quenching charge connected in parallel with the 

controllable elcr:lcnt), or series-type (\'1'1 th the quenching 

Fig. 39 Single-phase series quenched inverte~ 

a) With single quenching capacitor 

b) II ,two 11 " 
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caraaito~ connected i~ series at the tiDe of corr~utation). 

Cormectlono 38 i'eatl';.re ;::)8ra11e1 Cluencll~ing 9 39 feature 

series quenching. 

Inverter connections usually incorporate feedback 

diodes CIl:;UI'8 the operation of the inverter at no-load or 

under en illcluC'tance" .. type load by making possible the re-

verse flow of pO\'Je:c between the inverter and the d '" •. ...,. II 

3.3. Circuit implementatiori 

IT!. this war};: 2. clri ven type of transistor inverter is 

bull t up wb ,}_e .... [lc'lR_i cnl_l-Y. cO"':P. -i 'Clt-s Cll~_' a -Du~'n pull '''rranrrenlent _ • - ,J,'- -. - _ u __ ~ - _ D. - ~ ~~)" 0 • 

Here the power amplifiers are driven by a crystal contpolled 

oscill2.toJ:.~ 2_nd therefore, the frequency is precisely fixed 

at 50 Hz. The output voltage is controlled by the pulse 

width modulation. 

A conventional ctystal oscillator CD 4017 decade 
4 

eli vielel:'3 ~ J.:lw C.l':tatu1 frequency is 10 I''LHz so the re suI tant 

frequency is 100 Hz. ~his is then fed to a CD 4027 bistable 

wired in the divide-by-two bode to give two antiphase 

outputs. 1111838 outIJuts are fed via .Ntl.l'iD gates to d.rivers 

consisting of two series-connected darlington pairs~ The 

IV1~D gates are canacitivelv connled to the drivers to 
... " .. > 

prevent one driver conducting should the oscillator fail. 

'" , 
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ensure adoquB.te ga..in~ the typical gain of 2. 2K-j772 being 

20 at lOA~ a~d 10 at 20A. The use of the transistors also 

reduces the saturation voltage s..ince the current in ea.ch 

ted~ the 8~turation voltaGe drop~: to 0.9 v. 

sistors take on equal current is to use emitter resistors 

chosen GO that the voltage across each resistor is of the 

order of 0.5 V. This applies negative current feedback 

which redu.ces gain and saturation voltage variations 

between thE three transistors. However, this is rather 

wasteful of energjwhen large currents are involved. To 

,:lvoid thi:::' ~ ;)aflO reoistorf::l H14, H15 and R16 along with R17-; 

R18 cmd H19 .... Jere used to equ.alise. transistor collector 

currents. Current sharing using this method has proved to 

be quite satisfactory .. 

30 A wh~~ the power factor i8 0.2. HowevGr the conduction 

period j.B s~ort and diode specifications indicate that a 

2.5 A rating is sufficient. 

The 100 Hz square ':l8.V2 is pickGd cff the input of the 

CD 4027 Rna differentiated by C1 and 02 wi. t11 W::5and R5 



72 

before being fed to the inputs of each phase driver. This 

slows the Bv!i tching times of the drivers and therefore 

reduces the maximum possible pulse width of each phase to 

slightly less than 1800
, ensuring-1:.hat under conditions of 

maximlun pOl-leX' transfer, the current in one branch begin to 

conduct. 1t also slows the switching time from 10 ps to 

in a switching loss at 

only 0,6 V] \'lh! ell is negligible. 

The power output of the inverter is determined by the 

pulse width of the signal fed to the driver stages. This 

is controlled by error voltages derived from both the output 

vol tage and cu:crent. A sample of the output voltage is ob-=-

tained from secondary winding S1. This voltage is rectified 

by the full wave bridge D3, filtered, 2nd applied to the 

inverting input of op-amp IC4(a) via the output voltage 
, 

control potentiometer VRI. The resulting DC voltage is 

" compared in the amplifier with a 5.6V reference from D5 to 

yield a voltage error signal. 

~ 

'1'0 ob-'Gain 2. current error signal the supply current to 

the output t~an8i~tors is passed through H20 to develop.a 

vol tage proportio.nal to current. 'l'h1s is averaged and com-

pared with a reference derived from diode D4, which is pre-

regulated by D5. 

Op-amp I C4 (b), \vhich amplifies the current error signal,. 

has a large feedback capacitor to ensure stabilitly when 
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the inver~er is In the current limited mode. The ~nplifier 

has, in this configuration, a large de gain equal to the 

open loop gai:n of tl1.1:': 2.mplifier-about 100 (lli- and an ae 

gai,n of almost unJ ty. 

:L'11G otli~p1).t8 c~f lC4·(fJ.) a,11Q 1(;4(b.) clre fed ·via a diode 

A. dela~r cireui t? 

consisting of R43, R42, and U12~ controls the rate of change 

of voltage on this input. ~hiB is necessary bacuse the long 

time constant of the voltage sensing circuit would otherwise 

ca'lwe the output vol tags to overshoot when the unit was 

svli tched. on. H4'2 is included to allow a sma.ll ralJid change 

to be made to the output voltage. IC4(d) is wired as a 

The de error signal applied to the inverting input is 

compare d with a 100 Hz 'triangular '.Have fed to the non-inver-

ttng il'lP~lt" ~l'he triangular "dave is gentn'ated by 1C4 (c) t 

YJhich i:n .. tegra:tes the 100 Us sqt.'..are 'If/ave obtained from the 

CD 4027 input" 

1'h,:; result of the compa.rison La IC4(d) is a pulse'-\,J1c1th 

modulated 100 Hz square wave. This signal is fed via an 

j,nvel'-~er' -Co the l'uUiD gat'85 of each phase of the 50 Hz dri va ~ 

the phasing biing such that the off~time of each phase is 

proportional to thb error signal. ·40 ) 

A liatlonal IJ,rl,24 Quad op-amp is specified for 104-. ~J.ihis 



Fig. 40 Th~ formation of the various waveforms 

lct)c cu~put 
error voltage 

c 

Sand C 

OUTPUT 

was chosen because, fox the current error amplifier, the 

inputs are <?lmoc;t at zero volts 0 The ill 324 can be kept in 
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thr? linear mode ~ even 'when the inputs are at ground po tential. 

The outputs of the error amplifiers are ~ed to discrete 

to indicate the "'un~; np moa'-...L ... .1.1_ .. J.. .. O .. ~ . c ~ Lamps were chosen 

'becaUSG LEDs are difficult to see outdoors or under strong 

the lamp. 1'11i[; }:eeps the flame:nt just less . than red and its 

resist:llJ.ce some\'Jhf~t greater t:na11 its '\talue vl}1ell colda In 

addition] series resistors, R32 and·R37, are used to ease 

th(~ load on the Be :>37 drivers? thus enhanc.ine;their 

reliability. 

~he current sen~ing resistor consists of about 100 mm 
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of. 60 I:. '\:-.1 irc~ rfrOUl1 te d. 011 either a componen~ board or 

but any COPI)2:C vd.X'e with a.. d.iameter between 1 mm a.nd 2 mm 

would be satisfactory. 

The o11tptr-t~ tr~l2-1""~sistors are rnOuIltecl OIl 30 ern of ext!.'uded 

8.1umini1..wi he8.t-sink. Al {;hough the heatsinking requirements 

are quite small in the normal operating modo 1 all the power 

,ts d:Lssipa.tecl in the output tranl:1ist;ors ""hen the output is 

thermally connected to one of the output transistors. 

Il'he ti'ansformer may have a specification similar to a 

~uggested windings are; 

10.5 - 0 - 10.5 V 

220V s 1.5 A 

300 VA 

Ten-turn trimming poten~iometers are used as they allow 

setting of the voltage and current limits. 

The complete c'ircui t diagram ].S sho\·;n in ji'j.g. 41. 
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GHA:PTI~H IV 

PHO~OHULTIPLlbR TUbES 

a co~mQn device for 

converting l.ight (usually star Ij.ght) energy to current 

through a process of photo emissioti. Unlike the sim~le 

phototube or photodiode~ ~he PMT amplifies the current 

prod.uced. by photoemission making it far more sensitive than 

the simpler devices. Gains of up to 1 million are common-

4.1~ Photomultiplier structure 

The photomultiplier tube consists of a light-~ensitive 

c2.thode. whieh emits electrons in proportion to the photons 

striking it. The electrons are then acc~lerated to a Dext 

stage ~~lcre they impinge and cause ~mmission of 3-6 SBcon-

dary electrons pe~ primary electron. The process is 

continued throigh 6 to 14 stage (called tdynodes t
) depending 

on the tube type. 

Electrons 3.J:e accelerated by Hl.sJeing each GUCCeB6i ve 

77 



78 

b 

Fig. 42 Photomultiplier tube structure 

2..,) Scttcrnatic (li..agram b) Cross Sec-tiOl,} d.iagranl 

the tube more positive with respect to 

the previous one. This is most easily accomplished by 

the dynode voltages off a voltage divider as shown in 

l?ig. 

~~he \Tol tQges that should be applied to each dynode are 

and are specifed for each tube type. 

The total resistance of the dynode resistors (also 

known as the 'dynode string:) should be. such that the 

C iJ.:r:e e 11"t~ through the series resistance is at least 

100 time:..; the (~xpected 3..t'1.ode current of thetube. 

Host photoDlul ~ip'licl> tubes require anode to cathode 

potentials of between 1000 and 3000 volts. Since the anode 

is the read-out point~ it is usually advantageous to 

at high~ negative ~otential. 
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vity. The 10 .... .; .inpu-i:; voltage cb:'op o-:f such a amplifier-when 

used in the feedback configuration-keeDs the anode at 

virtually ground potential. A typical hook-up is shown in 

]'ig ~ 

Fig. 43 The measurement of the anode current of ~MT 

4.2. The selection of the photomultiplier tube for 

astronomical use 

it :2H~2 usually has a small amount of current flow1ng 

even when~hc cathode is not illuminated. This phenomenon 

e1ectr1cc:~J.1y or \'lith dry ice "often red'nees the dark 

/' 

The followin8 examples of the tubes shows the importance 

01"- (i;~r1:~ CUl.-ot:cent \' IXl a seJ~e cted. and inexpel1si "~le 11~iI 97f311\. 
, 

sid.e \{.li11C~O'/L <tllt1e. froru l~rtli.t:t"'5oT!.i cs , tl18 value of tl1e darlc 
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cUr"I'Gerl t: 

star by l!tGans (jf 8. Iv inchas telespn~Q (?9)' For an unceoled _ ........ :...... _ " .. _ ~"- ..... ~~..:''"~ ..... Io... 

and chca:p RCA 1:i?21 or 931fl. side windo,:: tube the dark current 

Because in these tubes the d8rk current is about lO-9A.(30) 

from Emi'tronies the d~rk current is a hundredth of the signal 

Such hieh. signL'.l-to-r:.oise ratioE1 are important ,for accurate 

measv.remel1'tr..." be cause the dark current of any :J?l'1T may change 

slightly during a Bet of observations. 

~lhere:fore the se1.ecti.on of .PJvEI' is ,yery • .......J.. J.rnpor van v in 

the astronomical usage. 

,* Iv;agn:l tucie: A numerical desigllati'on of the brigh tnes's 

of a celestial object; by convention, the assigned number 

increases as the brightness decreases. 

,• •• -,ire<:- ·;'.,· ... 0 "'oo-p, .... T,"l'" ,"''-'''t', +1'l'~+ ""J.'C''l''''11. s""ns"'tl'on V'~'l';es . JO.n.. i.::! ..1-""-_ t; Ci........ l ... ..l. ... v ,,1 "-' _ c.::,..;.'V . ,v.l c.;.. v 'I.- lo.';) \..-.. c, :.. C ~ ,-...... ,,~ ..... 

logarithmically. Forexample~ d two c&ndlepower light will 

look proportionately as bright to the eye when compared 

with d, one eand.L?pOWeI' ligl1"t as \,,111 a lOG cancllepower 1 

• - , · ... r .-. ,-., ...... ... lS e-,,-pre,,,::;,,,,a. 

mathematically 2S follows. 

l>rn -- 2.5 

where I 18 the br1ghtness of the source (candlepower) 



CHAPTER V 

OPBRATING RESULTS AND CONCLUSIOHS 

5.1. Operating results 

The operating results of each part of the sy~tem 

are given in the following sections. 

5.1.1. Electrometer 

In this work the built up electrometor is the confi- . 

guration of the current-voltage converter. 

The instrument uS8smainly two operational amplifiers 

of type LF 13741, one feedback resistor of the range of 

in the 

uaing only ene feedback resistor. ;" 
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The operational amplifier of gain G m~8t have very low 

input leakage current while the operational amplifier of 

\~olt:ag.e • 44 j 

BRplifiera of type LF 13741 (from National Semicond~ctorB) 

the I'egistor of 10 % "'Go1era.nce used, the current in the 

,~ • cl . t to 10-10 
COll.J..u De rueaSUI~e' (J Btl l1e :t"'ange _ :'\. 

of current could not be measured. bec~uqe tllese "D-~Dtl'011Ql - ~ - - '-' ~ \;:;- "". . ~ 

have a leakage current of 50 pA, offset voltage of 15 mY, 

and input resistance of These put a limit to 

the lowsst measurable current. 

Thii3 is seen easily from the analysis of the circlii t. 

F'rom eqn. 2 the output error C i 1,,/h1c11 is due to the input 

operational amplifier,~is given by 

i .. ,"\, RF " 0S 1 1 1 E-; ~ 
.J.. ( -I- ) ~.->--~ ~.""" .... ~"""'~~.,..,.. .. -- ~- .-~ \ 

.)., 

j~ 
. n! " >' Av R Ri 8 ~~f ~s i:iv S 

~~ig. 44 :l'he schems:t;:lc diagrfllIJ of the ele ctrome tel' ampli.C.ier 
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v - Offset voltage os 

i-Source current 
Ei 

of 

11. .. - SOll1.:.ee :c0.s:ist;a!1C!t-J 
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R~ - Feedback ~esi8tor 
.~ 

"0 t 
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J.. 

The corresponding fractional error 

C. 
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1 
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\_.! T' .'..) 

The fractional in 
··_"10 ra - '" "!,~ .J. , ._ ngt:. .~J A is ~ '7 '+1 
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1 ) ------g , 
5xlO 

~e:b_erefore \'1i ththese operational 2.[plifiers the 10-10 A 

ra.nge can :not be measured. and tb_e lo\'lGst currEmt which 

can be measured by using these operational affiplifiers 

can be calculated. 

The fractional error; 



, 
• 

-';:t 

~~. 5:cl(J('./_C'L_ ; 

= 0.05 - 0.03 = 0.02 :L 

The fractional arror in the ] .. 8 

experimental 

Thus:, the operational amplifiers used in the electro-

ffiete~c8 En,:u3t be very eensi ti ve amplifiers and must have. 

very ~ow input leakage 

PhI 156/,. f:com .PHI, e007 from Inters,il etc. Once again 

resistors used nuat have the tight tolerance. 

5.1~2. High volt2ge d.c. power supply 

In this work a high voltage power supply is built up 

In this kind of the regulator the power dissipation is 

drawn fro;;: the input rail is very low and under load ~ the 

small ctl.r.:cent d!.'D.wn from the input ~ . 

This high voltage d.c. supply is capable of providing 

5 rnA current at tri8 ran.go 600-l200V, and it has +0. ~), % 

stability for changea in load conditions or variations i~ 
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The inverter which forms the last part of the work 

Therefore it acce~ts 12.8 V d.c. power a~d provides 220v] 

50: Hz a.c. power for various i~atrumentGuch as oscilloscope, 

test equipments etc. 

The lnstrwnent operates excellent under the loads so 

The :Ln8trume~lt can handle power factors from zero to 

unity lagging or leading. The output voltage is within 

5 % of 220 V except for zero load and power factors devia-

circuit vihicrt reads th,,? average voltage rather than the 

It also has the tempcr~tur~ shu~down and overload pro-

tectIo:o .• When the ·transistors cases reach a 60 C, the 

tempe~aturc limiter circuit switches of the transistors. 

If thl;; lnput current drawn from the· supply exceeds 30A 1 

the current control circuit cuts the power by going into 
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The inverter output wave shape: is of the form shown. 

]'j"g. 45 :I.'he output wave shape of the inverter. 

Co:neJ.usions and J:..'ccommendations 

This work is the beginning work on the electrometer 

amplifier for astronomical use in our state. 

In the overall systems, the choice of the operational 

amplifiers in the electrometer section and the selection 

of: photomultiplIer tube is very important for measuring 

the signals from the 11th and so. on magnitude stars. 

In the electrorr:eter, an f.e.t. input stage can be used, 

if the suitable op-amp can not be obtained. Also the high 

value resistors also must have tight tolerance. 

The PC board ~ust be designed "so that it does not 

gener2.te tb.c add! tional noise 0 The leads C?f the op-amp 

must be guarded. At the same time the PC board should be 

as small as possible. The converter section of the electro-

meter and input rc;il must be shielded. 
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III the :LT1·~lGl~.JCe~C; :Li~ -th.e 11U!nber of tl1{3 po\vsr tl"'crr1sis tors 

battery. In this case the protection of the transistors 

voltage zsner diodes which are connected across the emiTter 

and. collector c thus 7 the translators swl tehes on and of I' 

fast. For this reason. they do not in the active region and 

the voltage on the transistors will be only saturation 

voltage. Therefore the input voltage may be reduced • 



A - Voltage-voltage conver~or 

on 

\ 

With reference 'to Fig.46 ~ the influence of ·the input 

A (-V - \1.1 

0 V -'. 

arret CD.r:C{;Xl't 1., 
-'-

are consider~d individually: 
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say De wri~ten lD the form 

( -! ., , c~ ) 
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A~ Vs represents the ideal,output 

( it +- " .:{ 
.1 

\ 
S -.:, 

e:c:ror given 1JY 

R s 

V 
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j v , 
OS1 

;-,( 
G -' 

and 
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FieN~46 Equivalent circuit of the voltage-voltage convertor 

D - Current-voltage convertor 

to 

\. }"J .H· s ) 
-~ "" .. """,--,~-~ .... , .... ,--- .. ~-,--. .,.. 

.J. ~~ 

y 
<' • .J 

........ ~ ... /' "1 ,..... 
.J.. 



V' ... 
0 

~l "" 
0 

;~, 

.r~''''J. 

Ii.~:-:. 
0.'. 

.. ' is 
.. {-

~ 

"""', .c. 

.. 
"'£.[1 

.' V 'to 1 

.: I 
_'AS t, 

" 
'1 

0 S i 

HI F~f. 
_:... q>='< ______ r-~'"">_ .. ~- ,"",~, ___ "_* 

1 .+ 

''1 
os 

--c. i 
\ 
i 

e:rror ~ 

H. f . 
•• --< T 

_~T~ ... _t ... 1 

gi~"'en 

1 + 

bj! 

1 

R~ 
J. 

c1.rcu:Lt of the e\..ll~J?e11..1~-1l0 J .. ..tc2[~e 

90 

) 

COl:l'\rC?:-,to:c 



, , 

lell ( t 

-I- Ku(t 

L ) 

.J:~':I' ) 
.8 

V't'{+ 
- .l.'- '-\" -

t<c 

91 

Ku(t -Lrp) 
- r 

8 

is defined as: 



'~J ( .)r~ \ 
.. \ -..1 J _ .. 

vihel'G 

a 
21 

a o 

2 

se:cios expal1sio:n 

r 

o:f :'! .. function 11 ( ~. \ 
t ;. '" J 

From the above figure it is obvious that Vet) is an 
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identically equal to zero. 

T 
/ 

or 
(' J odd 
o 

f1.1!lCtioil. d. -~ :: 0 

~i.il1erefo:t:e it .is 0111y' l1E:CeSSc-l:ry to COlnpute ~the b!l co-

efficientG; 

b 
11 

b 
11 

The 

2 

2 

2 

T 

above expression for b n C<::111 

! 
S .. {2ITnt)d+l • _\.n\-- '-' 

T ° I 
f K:J1 \ 
\--) 

2 n 

-, 
-l o-Tl . 8 

,,"'!'t I 
(1 fL!lIl.4)\ I vOSI_·_'v I 

\ • I l.r ! .<;"" _~ ! .. ..:-, I 
Q --, 

simplified: 
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iJ:he componentf3 used in the system and their cost::; are as 

A - Electromet~r 

1100 T.L. 

50 

3. 7~TranBiBtors 400 

4. 6xCapacitors 300 

5~ Various fosistors 200 

300 

1000. 

8. LEBs,fuse and switch 250 

250 

10 .. Chasis and rubber feet 500 

11. lOxIC Sotkets 4()O 

12. Pc Eoardf150x200mm) 150 

13. Miscellaneous 100 

B - High voltage a.c. power supply 

500 

2. 4xHigh voltage transis~ors 700· 

94 



,. 12x~ener Diodes 450 

J~()O 

5. 6x~ranBistors 300 

1500 

7. Trimmers and resistors 

8. 7xCapacitora 500 

Cord, plug~ fuse and switch 450 

500 

11. 2xIC Socke·ts 100 

12. 15cm extruded aluminium heat sink 350 

13. PC Board (100:300 rum) 150 

l~:li see llaIle01.1B 100 

450 

8x:tra,rlS i 8 t;o:cn 450 

6xPower transistors 1800 

4. lxNTO ~lld lxSCR 200 

150 

::.. v. Bridge rectifier 100 

7. 300 

IZesi..stol'1>S 350 

450 

200 

Ilh C!o:rtj, p].1.:tg, frlse, la.lTiI)s a,rid svJitcll 750 

12. 22 way PC Socket and PC Board 7. ,'on 
j:J' ..... 

13. Extruded. alurrdnhun heat sil"Ltc (30 em) 700 

14. Transformer 5000 

15. UhaQsiB and rubber feet . 

:COT1~IJ 
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