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Fig.vre 1. 

oN£ 
FARAD 

THE MEASUREMENT OF ELEC ROL YTIC 
CAPACITORS 

The measurement of electrolytic ca
pacitors requires specialized meas
uring instruments. High capacitance 
volues, high dissipation factors, 
limited voltage ratings, and the 
need for de bias are all factors, 
that influence the design of the 
capacitance bridge. Moreover, the 
residual impedances of the l1ead s 
can be comparable with the imped
ances to be measured, and their 
effecfs must be eliminated if 
ac·curate measurements are to be 
mode. 

This article discusses the measure
ment conditions and the design of 
o new capacitance bridge to soti1sfy 
them. 

P rhap he lar t c p citun hat 

mo f u have hnd to d al '"ith 'v r 
tho e in the pr b] m giv n in ircuit
th ory t , tbooks1 '·h re 11 ir uit 

] m n hm , henrys r 

farad . l capacitor in the 
fara rang em ry r · i ·al, 
w realized it wa the 'principl inv lv d 

that wa important an h magn1-

tucl . . Ho' ·ev r tu th day 

mn. a cep· uch gro qu cir u1 
v lu wi h ut qu ::sti n and, in fac 

may ha e e n capacit r- f hi value 
adv rti cl or display d a th r c nt 
IEE"' hm demon rating our new 
TYPE 1 i- apacitanc Briclg (Figure 

• For instance, E. \.. Guillemin, Inlrodtu:tion to Circuit 
Theor11, Joi.in \V1ley and oos, l\"ew York, 1953. 
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TABLE I 

Summary of EIA ond MIL Specifications on Testing Electrolytic Capacitors 

, 'pcc1fu·ation 
aml 

'rt pncitor Ty J 

MIL C-3965 C 
Tantalum f·oU 
and Sintered 
Slug Capacitors 

Mil. C-26655-B 
Solid Tantalum 
'CC1pacitor$ 

-
Fr qu ncy 

120±5 Hz 

L 1· l 

Less fhan 30% 
o f  DCWV or 1 v, 
whicnever is 
sma lier 

--
120±5 Hz limited to 1 V, 

·rms 

-

iccuracy 
' Lo· 

R or P.F. 

23 

D Polarizing l' oltag 
C-Su ficie t for no reversal of 

p olarity. 
0-"Polarized Capocita'nce Brid,ge'' 

Sum o f  cc and de shall no t exceed 
ocwv. 

D, 10% C-Max bia s 2.2 V. 
0-"Palorized Bridge", 2.2-V de 

max. 
- --- ----+------t---------t-----"1t----t 
RS 228 120 Hz 
Tantalum Elect.-olytlc 
Capacitors 

Small enough not ±2Y2% D, 5% Optional 
to change value 

Mil C-62 B 12'0 ±5 Hz L im ite d to 30% 2% D, 2% No bias required if oc volltage 
less than 1 V. Howeyer, i f  bia1s 
causes differ,ences, measvrements 
with bia s  shall govern . 

Pollarized Aluminum o·f DCWV or AV, 
Capacitors whichever is 

sma lier 

RS 154 B 120 Hz 
Dry Aluminum 
Electrolytic Capacitors 

Small enough not ±2 Y2% R or RC Optional, bu t if substantial dif fer
to change value ence occurs, rated de should ibe 

u sed . 
-

RS 205 120 Hz 
Electrolytic Capacitors 
for use In Electro nic 
ln$fruments 

Small enough not ±2V2% 
to change va lue 

D Optional 
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\ i h no d grad ti< n m capa
-meaMur· m nt · ·urac 

Test-Signal Level 

a · i<rnal 

f r 

incr a d 
capari tan f'· 
and the 0.2-
allow a che k o 

' mall nou h no ·han e 

valu '' in h '" rd f m p iG a

tions. 

DC Bias 

v"\ hil de bi , 

requiir d 
rd for 

Tabl 1) 

cap 

bi . F r 
p cifi 

i add d 

and will nev r 
c mmon pra· 

bia wi h 1 

Ho\vev r 

quir ha 
\ 1 b 

a fo.rg 
men t the bridg 

n 

and 

pecifi ·: 11 r 
IA ·tand

( 

manuf ur r 
h f dl d 

To c 
h d 

·with 'UC'h 

internal up ly '"·i h �ix range. up 

yo]· . . �h· c v r th ram of 
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almos aH le lrol tir ap it r 
well a h 

, xt rnal l ia 

appli<' l. 

o her t p 
Yolt. ma b 

Th a pli .d l i· l aO'P is indicated 

n th parwl m t r Yhieh al o r e 
: h. null 1ndica r n a a l k11g -
urr n amm r with fL1ll- ·c 

from ) µl\ to .., m \. Th 
r olu i n of abou .o µ 
f r m - aluminum 

o antalum yp 

x rnal mi r amm t 

Safety Features 

m n ar pro c· 

ac1 or 
F r other 

nn b u d. 

in eluding wo ,,·urning light, 

n 

har <·ir uitr '. If bi· ' i, no r iir d, 
thr all b impr p rl 

g t a dan(J' rou voltage. 

D Range 

onl b wi l eapa i an e r ng 

(1 p F' to 1.1 F) I u al!';o a wid di ipa
ti n-fac r ra ng i n d l o rn 
lar le ·troly 

jn oft 
i Z. ThC' r YPE 

whi ·h ,·t up to 10, would 
aw ward 

I not for 
w r 

f h 
'i{\ 1 

. 1 . HT fl � L"LL - f a nn ·mg m c 1 an 1 m 
which i · also a f ature f our p pubr 
TYT>R lG.30 Impc anc 1 ridg�.2 I'hi 

t ll. P. Hall. "Orthonull - .\ . I <'haniral n .vie to 
1rnpr ve Brid�e-Hrdnnr<' onv r > 11 y," Gem•r l Radio 
E.r:p1 ri1 11 er, A11ril, l ·9. 
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t e:;]Exp rim nt r 

figure 2. Voltmeter-am
meter measurement of a 
four-terminal resistor, R,,. 
The terminal resistances 
r1 and ,.,, hove no effect, 
nor do r2 and r: if the 
vo tmeter im1pec::la11ce is 

infinite. 

n cipr cL I uging m • n1sm 

v interadin r l iri<lge 
into in l p nd nt on · "< h· 
and imauin r.' pai·t • f h anc 
·an b b· lane d ' ithout 
umm .· qu nc of a<ljn n � 

r adju.:tm nts. 

Brief Theory of Four-Term ino I 
Meosurements 

Y ry 10\ · impPda1H·c·.· m a·-

ur cl by a our- Prminal m wh n 

high d g r '  . of � '(·urn.<·.· i.· t< b • re: 1-
izC'd. Thi: is I h rn whic-h 

rr rs c·r lb cl b. · e of th 
c·o1trH·ding I ad:-;, t rm· nal. ·. un c·on

<. d.� ( " hid1 may h mu<'h lar r than 

th rnknown imp<' J� nc b ino- rr c·� �
ur d can b n.Y id d. Tl<' . imple ... t 
our-t rn1i11al m a�·tu·(•men ·1 tu i. · 

th ltme c•r-amm t r m ho l ·h 

f 
· .rminal. 

ar c .. 11 <l t 

to 
Z:n. 1· rom an in ·p •ct ion 

i l is twi u. 'Yhy tw 
f 1 -t rrninal tan<l· r 

inttb nnd 
t rminaL·. 

pair ar 

in rd1· Il<'"<'a bl<' he cau.· 

Zn= Z12 f r u line• r, pa:.:-.;iv , bihit n l 

n tw rk , h' curr n ratinO':-> f ti h,·o 
p .. irs of t rminal.· nrny } C' quite cliff Pr-.. 
ent , a may othPr prn<' i<'al .. �p · .· 

f th -
�lO'Il. � 0 

Rx. i.· 1 fin cl a� 
th of 

(p h 
w 

th 

r:! nd r�. 
wh r t 

n ugh t mak 
b�' · mp· ri ·on. 
in · ri ''"i h 
and tl u� c u n 

h 
th 

hat the l nkt own, 

n 
r t'Y 

f th 
1 

lil 

rrors. 

arm , 
rrors unl ·.· · the 

high 
ligi ole 

hat r1 and ra ar 

and d tc·c· r 

nt· c 11 low
pl<', th h�c Jvin 

i-.. u-: J (Fi ur ) . A 
. hown, th unkn wn i. c n1pured ' ith 

h r four- i·mint 1 r i.:-.tc r, N . If 
R�, ancl R8 ;ire .:uffic·i•ntly Iara th 
mt11n urc rr r i. th brunch 

u 11 g rr. ai cl r s.ult' fr m 

th \·ol t R11 '·hich m._ y 
appr c·iahl cau.�e r1 al cl r5 an in 

· ri · wi h low-imp · nc'<' Rx ._ nd 1 .. 

r, 

Figure 3. A Wheahlone bridg1e measuring a 
four-terminal resistor, R:r, with its l"esidual termi
nal impedances shown in ad jacent circuit 

branch es. 
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:;\ote that the unkno11·11, 
a the re. istancc between 
of the upper two leads 
the junction of the lower 

oint B). The location of 
l • houl l be permanent in 
nee standard , indepenclen t 
1 of connecting leads, and, 
:h a standard m u  t have 

terminal. .  
rate impeclanee measure
made \\'ith a bridge, Figure 
meter calibration errors. 
e the r sidual re i tance , 
>etu in other bridge arm , 
in cause error. unless the 

,f th . e arm are high 
ke the residual>' negligible 
n . •  -ote that r1 and r3 are 
t the ouree and detector 
;;e no error. 
on measurement on low
•r� for example, the I\:elvin 
e is u. ed (Figure ..J.). As 
nknown is romparccl with 
t rminal resistor, Rs. If 

are sufficipntly large , the 
of error is thP hmnch 
and r5 and reRult. from 

drop, Ev, whi<·h may be 

)Ccausc r.1 and r5 are in 
111·-impcdancc Rx ancl Rs. 

rneatstone bridge measuring a 
.istor, R.x, with its residual termi
' shown in adiacent circuit 

branches. 

r, 

'• 

Figure 4. A Kelvin double bridge comparing 
two four-terminal resistors. The second set of 

ratio arms, R4 and Rb, divide the error voltage,, 
E11, proportionately. 

The Kelvin bridge use auxiliary arm , 
Ra and Rb, to divide this error voltage 
proportionately between th tlrn hake· 
of the bridge so that it effect i bal
anced and cancelled. 

The excellence "rith \\'hich thi second 
t of ratio arms (Ra and Rb) balance 

out the error voltage depend on the 

cliJTerence between their ratio, 

RA and that of the main arms, The 
RJj 

balance cxpr . ion is: 

Rx Rs RA+ 
RR 

Rb(1'4 + 1'5) (HA Ra) 
Ra + Rb + 1'4 + 7'5 RB Rb 

\ an example, if the unknown and 
standard r si ·tauce and the stray 
re i ·lance, r4 plus r,, arc all equal and 
if H.4 R8 and Ra/Rb differ by 1 %, the 

error "rill be Y:;%. Jn preeision Kel\'in 
bridge:, the adj us table arms R ,1 and 
!( 0, track to m uch elo er to! ranee 
than this . 

.. :\n obvious way to make a capaci
tance bridge that 11·ill mea.·ure Ycry 
high capacitance i. to adapt the Kch·in 

June1966 

bridge principle to a conventional 
capacitance bridge, a sho\\'n in } igure 
:3. Any a hridge for me::t uring complex 
impedance- must have two adj ustments 
(h r C and JJ); to keep the ratio 
of he condary arm equal to that of 
the main arm , two pair of tracking 
adjustment are therefore nece sary. 

'Yhat kind of 1 ad error would we 
get with such a bridg ? A farad ha a 
r actancc of 1.3 milliohm at 120 Hz 
and the resistance of th conn cting 
lead· could ea. ily be :20 milliohms (two 
feet of #'20 11·irc). If we as ume that 

RA � 10 mi lliohm * and tha RN 
and R,, can track to JCfo, the rc -ulting 
capacita 11re error i 2'7. The error 
\YOuld be of thi::; magnilud O\'er mo . t 
of the top range (if Dx = 0). This 
design might be acceptable but i 
som what marginal. 

A New Circuit for AC Four-Terminal 
Measurements 

Another IYU.Y to compensate for the 
error Yoltagc, E11 in Figure 5, i lo 
introduce , by ome mean,, an cri ual 
Yoltagr in the corresponcliJ;ig place in 

*This is thr val11e of the ratio arm on the top rn.nizc or 
thr "' P� 1Gl7. lL 1nu�1. be "ery srnall to obtain rC'asonn.bly 
p;ood sensitivity. 

'• 

Figure 5. A four-terminal capacitance bridge 
using the Kelvin double bridge principle. For ac 
measurements on a complex impedance, two 

ganged adjustments ore nec.essary. 
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rim n r 

Fi1gure 6. The basic circuit of the 1617, where a 
voltage equal (almost) lo the error voltage, E11, 
is placed in the opposHe side of the bridge by a 

h 

t r 

1 v 1 
bri g 

tightly coupled trans.former. 

.id th . If th" 

thi 

d 0 
ra-

· h 

he 

_ \n id al tran 1:1 r- i 

· ii h R_v 
1 T hi h 

0 thi 

x-

r wi h pra -

r R.v an 8 will a uall 
• r the cir • of Firrur 

iua l n i : 

[ rv + r. + ra 
s 1 + H. 

_____ f_P + ...;.( r_4 ___ r-'s )'--r_6_�x 
.JI 

(r4 + rs) (r3 + rp) 
A Rm ((r + r5) (ra + r6) D x RAw_ f 

where r6 Tp 
d fin d by th 
cir ui of · igu 

f., f P Rm and 
ran form r 

7. 

J* are 

ui al 

ar 

1 

th m 

whi h 

·vhj ·h 1 
a hi" 

in i rh l 

hy.i·al 
of whi ·h 

r5, which 

to 

. B r l ic- f 
rr 

ur ra i 
I' t 

�I 
l 

tan 
mall 
con

he 

ance and 

leak 
(A uall 

but 

rm 

·h me '\York? For 
in th pr viou. 

r .. +rs = rs= :... 
rr r i- appr xi

mall). Th 
1 a di-

1 in for re ·i t-
or all 1 ad on 

or all 

ca-

placed aero - th rnn5.formcr to 
ucta.nc , thus reducing the error 

figure 7'. 
Equivale·nt circuit of the transformer. 

.. 
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a. 

pa 1 or b 

mo lyl 

m \<\'ha 
v 
b 

I 

ma ur d 

:b. 

whil r -

WI ha 

r port 
llllll 3 

h pnn-
w w can a r that \' 
n a i:r m xac lJ like our 

An !Interesting Error-And Its Cure 
VVhil f ur- rminal m a ur 

r m v h ca u ell b r rea 
amoun of 
ductance m 

ual ind 
lad an 

au appr c1 
pacitan bein 
a farad. If 

b 

an 

1 T. R. Foord, R. . Lao land aud • .  .T. Binnie. "Trans-
£ rmer-Ra io Brid1t ''ork "; b Pr i 
'P n a ion,"' J>rocr:edinrn r>f the 
p 6, ept mber 1963. 
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.Fi·gure .e. When lhe ••curren1t'' and 
• pote.ntial" l·eads form con·ce1ntric !loops 
(.Sa·), the resu1lting1 mutual indud·ance 
(.Sb) affects the value· 1of t·lhe C•apac.it·an·ce 

meas.ur·ed. 

the mu ual inductance an b 
a .3 µ whi h au 

in of on 
L .. 

r Y r 
Th 

Three-T ermine I Measurements, Too 

mu h 

c ' 

of 
Ill-

com-
a..,ur -

A h lO\V 

there i 
f h 

dual 
rah r 

apacitance 

rang 
rror due 

imp dan · 

u uall r h 

u ed 

dir 
in 

h 

n f 

un-

Figure 9. Siuperposed d iagn:.m& 
of he mea&uremenf of a fo·ur
lermina I i·m 1>edance, bl1t1ck, a1nd a 
three-terminal impedance, red, 
showing d uality. Nole tha.f only 
th.-ee circuit branches could define 
the three-terminal itmpedance, be
cause .two are redundant as shown. 

z -CIRCUIT VOLTAGE y • SHORT-CIRCUIT CURRENT 
X I PUT VOLTA G E 
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t p ri 

GUARD 

Figure 10. Measure
ment of o co poc it or, 
C..,, with a shielded 
lead and the resul1ing 
stray capacitances. The 
shield prevenls stray 
capacit ance direct l y  
across the unknown. 

kno,\·n (Figure 101. \ -i h L • hi Id ad 1 L 

t l r :irP c··1pa<"itu11C' . rom b l 
nal.� f th unknown to h 

rming • thr' - crminul n 

tr 11 . :\Iany ,'h ndard 

1 w eapar·itnnc , .. Ju 

hr 

apa<'i b 11<' • , ,-ari u� typp:-:; 

hn,·' 1 cen u.-.' l in up. citL 1 
Ii the l(' 17. 

with u 

p int . \ 
unrd. Jn thi .... 

c11owrl 

th t r (n rrcr), an l 
l ur t th ·t nclard. 

point a n d be lh th 

. t. ndard capa i or" 
w ] 

an lY 
ary guard �i n· l t r u 

•.John · .  If r,.h. ··A Clo T, k < Conn ction Error" in 
apae!tu.nrc i\ C ��urerncnL." nneral RadLo Ezpert

m "/•·r, July l!l5! . 

c 

�7 
CA� CB 

GUARD � 

Figure 11. A three
terminal capacitor, C.r• 
with its "stray" c,apa
citances, C.1 and Cs. 

A 

Figure 12. The guard arrangement used in the 
1617. No vol age appears across C al null 

(idea.Uy), and CB just l oads the amplifier. 

f .-t ( r ) an 
to g1v 

fae 
w 
a 

p danc h" t.. 
n tol load ( B). 

Would You Believe 5 Terminals? 

Th TYPF l '17-�\ 
ha 

any 

1 
xample ma 

mm n problem h r 

rt n prob1 m in 

ci .. ion apa i an e m · 

e · n fivc-tcrrnin l a.r 

no 

Bri o-e 

f th 

n 

abl 

e D  

]ffi
hi h pre

;vh r, 

h and 
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the use of eight terminal ha been 

propo d 5• 
P rhap all this strc s on e tra 

terminal ha 1 ft he impressmn that 

r,apac"tance m a ur ment have om,e
hovv e ome much rnor d iffi ult than 

they used t b . (\Vhatev r hap ned 
to tho ... irnple two-terminal brid g 

G u ed to mak ?} ertainly no hing 

has changed ov r h mid d le rang of 
capacitance value and o ly t' termi
nal are r quired , a alwa . Th TYPE 
1617 i ju t a  ea y o u e for apa i 
of th se value , pa ti ·ul rly if one u 
th wo-lcad hi ld ed ble harne 
which conn the prop r terminal 

ogether a the brid ge.. l o upplied 
is a four-1 ad ha:rne for t.he mea ure-

H nry P. Hall, Group 
Leader of Ln Imp dance 
� Ie ur men roup in 
GR' En in ring DP
pa.rtment, attend d both 
\!\,'illiams Coll g and 
;).!.LT., receiving in l 52 
hi . B . from th.c former 
and ill:- '.B. and �.�I. io 
Electrical · ngine ring 
from the 1 tt r. H ame 
to G eral Radio first 
a oop rative tud nt 
in 19-19, becoming a f\Jll

June 1966 

tim d velopm nt ngineer in 19J2 ectio11 
:L ad r in L 3, and roup L t'lJder in 196-1. 

memb r of IEEE, he ha . erv d on vad
ou committ "' of thtl.t and oth r prof s
�ional and indu. lr' organization�. He i a 
m mber of Phi. Beta K· ppa, Eta rappa Ju, 
Tau Beta Pi, and igm 'i. 

m nt of tho e larger apac1 or 1 for 

whi b her brid ge are not a tisfa -

• R. D. u ko ky. "Four-Terminal Pair -.,tworks a. tory · 

.Pr oision tandarci'j," IEEB Trar1<1acli<ms on Communica-
,tions and El uronil-.e, 170, January, ] 64, p lQ_ - HENRY P. HALL 

SPECIFICATIONS 

Quantity Frequency 
Capa�iltance 120 Hz internal 

Range 
o ·o 0.11 

Accuracy"' 
± 1 % ± l pF, mall st division 
2 pF; resident. ( " z ro '' ) capaci
tance approximat ly 4 pF 

0.11 F to· 1.1 F ± 2% 

40 Hz to 120 Hz xternal 0 to 1. m F 
(us ful down t.o 20 Hz I 

me as above w.itb. uitable 
g nerator 

Dissipation f,actol" 

with reduced accuracy) 

120 Hz t 1 kHz 
ext rnaJ 

120 Hz internal or 40 Hz 
to 120 Hz 

120 Hz to 1 kHz 

•Cb oxprened in rarad.s. 

ILead-Reslist·ance Erroll' (4-lermif.na.I c::oinnectlon): 
dditio:nal capacitance error f less than 1 0 

and D rro:r of 0.01l for a resistance of Hl in 
each lead on all but the high st ran c, or O.ln 
on th.e b]ghest range. 
Internal Test Signal: 120 Hz ( ynchronized to 
lin e ) for 60-Hz m el; 100 Hz for 50-Hz model.. 

lectable ampli ude less than 0.2 V,. 0.5 V, or 
2 V. Phase .r1eversible. 

0 to 1 F 
(l00)12 

/r:b 

0 0 
frr. 

to 1 
120 

0 to 10 

± 1 % ± 1 pF with suitable 
g n rator and precaution 

± 0. 01 ± 0.01 c ± 2% 

[ ± 0.001 ± 0.01 c] {;o ± 2% 

External T·est Signal: 20 Hz to l kHz wi.tb limited 
ru.nge ( e above). 
!Internal D1C 81ias Voltage and Vo•H.meler: 0 to 00 
V in 6 rang s. 
V·olt1metor Accuracy: ± 3% of ful'I scale. . 
llnlernall DC B1ia$. 1Curr nh pproximately 15 mA 
maximum. 
Amrneter Rang1e: 0 to 20 mA m 6 ranges. Can 
detect 31-µA leakage. 
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GE ERAL RADIO COMPANY 
WEST CO CORO, MASSACHUSETTS 01781 

SPECIFICA 

Ammeter Accuracy : ±3 f full scale. 

10 S (Cont'd) 

odel also i 
External Bias: Y m 

Ccibiriel: lip- ilt · r lay-rack 
v,il bl 

Power Required: l ,) 125 V or 210 V 
2�0 ·, ·o I z, 1 '" mn.·imum. �Iod 1 availabl 
f r 5 -Hz operation. 

Dimensions: Por 'bl mod 1- wid b 1 >H, 
h ight 15, depth inch (-n.-, :3 5, 2;�0 mm); 
ta k rn del - ·width 1 , h •i h 1-1, depth l -
hin panel Ya in h (-1 5, 355, 1 ·o m ), 
ov r-aU. 

12 

Accessories Suppl"ed: Four-I d nd hield d 
two-I ad cab! u ·m Ii 

Catalog 
/\·umber 

l 617-9701 
1617-9286 
1617-9206 
1617-9266 
1617-9820 
16 1 7-9296 
16 1 7-9216 
1617-9276 

Net Weight: I>ort bl model, 26 lb (12 kg); 
r ·k m d I, 2 lb (la k ). 

ncy co ra 
Shipping Weight: P rt. hie mod I, 3-1 lb ( 15.5 
k ) ; rack mod 1, -1:3 lb (2 kg). 

D scription 
Type 1617 Capacitance Bridge, Portable Model (115 V, 60 Hz) 
Type 1617 Capacitance Bridge, Portable Model (230 V, 60 Hz) 
Type 1617 Capacitance Bridge, Por able Model (115 V, 50 Hz) 
Type 617 Capacitance Bridge, Portable Model (230 V, 50 Hz) 
Type 1617 Capac:itance Bridg1e, Rack Model (1 1 5  V, 60 Hz.) 
Type 617 Capacitance Bridge, Rack Model (230 V, 60 Hz) 
Type 1617 Capacitance Bridge, Rock Model ( 1 15 V, 50 Hz) 
Type 16 7 Capaciranc:e Bridge, Rack Model (230 V, 50 Hz) 

Price 
in .r1 
$1195.GO 

1 95.00 
on request 
on request 

1195.00 
1195.00 

o,n request 
on request 

GENERA L RADIO COM PA NV 
WEST CONCORD, MASSACHUSETTS 01781 

I 
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