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At the Oilgear labora
tories in Milw aukee, meas
urements on flu·d-power 
pum1ps w .. th th e General 
Radi,o Sound-level Motor 
and Sound Analy:i:er pro
vide valuable informolion 
for ·setting performance 
standards, designing better 
products, ond correcting 
faulty performance. 
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THE PHASE A NGLE OF POTENTIOMETERS 

USED AS RHEOSTATS 

The phase ano·le of a variable resi tor 

is nearly a lwa s a prob lem in pr i ion 

a-c circuitry . It i now becoming in
crea ingly important o-'Yin<r to the "·ide

sprea<l us of thi type of componen in 

computino- and control y tern .. Inve ti

gation of the voltage pha shiJt in 

potentiometer u d a voltage divider 

hav been reported in the literature.1• 
2 

This article i primarily concerned with 

"pot " u d a rheo ·tats, and th ref or , 
the phase angle is that of an in1pedan · . 

We ar interested here only in th 

small pha angl by which a rhea tat 

cliff er from a pure resistan ·e. Thi · vari

ation from the ideal, cau ed by induct

ance and stray capacitance, i oft n ap

preciabl at audio frequ 11(.'ie. . W are 

not concerned her "·ith the large pha e 

angle that occur a high r frequencie . 

T'he precise measurement of the phase 
angl of a r i tor a audio frequen i 

has hitherto been difficult, 3 largely be

cause mo audio-frequ nc bridge. use 

rheo tats who e phase angle may be 

l:',L H. Hay and .J. L. We t, "Potenti mC'ter htlrac
teri ti· , " Tele-Tech and Electronic Indu ·trie.,, F bruary, 
1955. 
2"A-C Performance and Phase ContpC'nsation of Coprer 
wlandrel Pot ntiometer. ," lfel?°pot 'l't>chnical P<iper, 4.07. 
3G. H. Raynor and L. H. Ford, "The A- Properties of 
Re i tors and Potential Dividers at Power and Audio 
Frequen<·ie=-, and their l\Iea ure1ncnt," Journal of 

cientific Jn.,tnunent., 3, 4, .5, l\Iay, 1955. 
4]\{. C. Holtje and H. P. Hn.11. '·A High-Precision Imped
ance Comparator," G neral Radio E.rp£>riment£•r. :30. 11. 
April, 1936. 

comparable to those which are to be 
measured . Then w G n ral Radio 'TYPE 
1605-A I mpedance ornparat.or4 makes 

po ible pre ·ise y t rapid mea urements 

by comparison wjth mall fixed resistor 
of neo-ligible pha e angle. 'I'he de ir to 

explain data tak n with thi instrument 

ha 1 d to the analy cs and ·alculations 

\Yhi ·h follow. 

PHASE ANGL.E CALCULATIONS 
ON RHEOSTATS 

Fixed Resistors: Let u on ider fir t 
the phase angl of a fix.cd r i tor . The 

familiar equivalent cir ·uit of Figur 2 i 
valid in all re istor. if we on ider only 

small phase angles . 

'I'hc Q of thi. cir ·uit is: 

Q= w(L/R-R ) - (w'JD-C/R) (1) 
vV C' will limit our lves to valu . of Q 

le • thn,n 0. 1 , o that "-e can set : 
Q = X R ,....__, e = tan-1 (X/R) (2) 

whC'rC' e i. in radian ( jnc tan ( . 1 ) = 
. 1003. which i:s close enough for our 

cakdat.ions). To show that th w =3 term 

i n gli ible, we ·an cxpr w:�L2 /R 
af' ( wL/R)2 ( wRC). If wRC and wL/R 
are ea ·h le than 0.1 he cub cl term is 

le . · than 1/100 of the first-order term 

Figure l. Panel view of the Type 1605-A Impedance 
Comparator, used for the measurements described 

in this article. 
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and i thus negligible. This would indi
cat tha the effect of induc ance can b 
added to tho e of capa itance, in e the 
terms re ulting from the interaction be
tween h wo are negligible for mall 

phas angle . .  Therefore, we can use the 
simpl expr ion 

8 = Q = w[L/R - RC] (3) 
for our cal ulation . Tot from thi ex
pression that : 

(a) Q is proportional to w and there
fore the frequency of mea urem nt i un
important ex ept that it mu be cho n 
to giYe Q value. that are m a urable 
but lcs than 0.1. 

(b) Low-valued re i tor are inductive, 
and high-valued re i tor. ar capa i tive. 
The transition for wire-wound re istors 

occur u ually betw en 2000 and 20 000 
ohms. 

(c) For values of R wher both t rms 

are important i is impos ·ible to meas
ure L and C epara tely. 

Rheostat with Inductance Only 

Figur 3 how a mea ur d curve of 

Q vs rotation for a 1 000-ohm pot (TYPE 

973K). Thi plot how that, for mo 

of he range of rotation, Q i con tan 

Thi means that the indu tance i in
crea ing linearly wi h ro a tion. If Q i 
a um d constant , h equivalent cir
cuit i that of Figure 4, and the expres
sion for Q i : 

Q= w(aL/aR) = wL/R (4) 
where a= normalized rotation 

R = total r i tance 
L = total inclu ·tanc 

PHASE ANGLE OF TYPE 973K POT. 
I (1000 nl I I I 

0 2:' +.003 
::.c: t --tr: �x 

POT.1 ALONE � 
+.003 

x x x 
Q g +.002 

0 !;::( �+.001 
0 0 
a::w 
0 2-.001 
Cb t: � -.002 

5· 

� � 9-..._ 

POT. 

+002 

........, � - a: -

+.001 
0 .5 h&>..� 1.0 

I 
I � No 

SHUNTED BY 6Bµµf -.002 
.001 

I I 

R L 

c 
Figure 2. Figure 4. 

Although, in our calculations, the vari
ation in Q is negl cted when a i mall 

thi effect should not b ov rlook d if 
th pha e angle mu b a curately 
known for mall angl of rotation. 
This variation i s  caused by mutual in
ductance between the turn · of the vYincl
i ng. If he coupling w re p-rfect th 

i nductance would be proportional to n2 
and a2, and Q would be proportional to 

a. Ho' ·ever, th upling ext ncl over 
only a f w neighborino· turn o that 

a mor and more turn are u ed the 
variation appr ache hat of the un
coupl d ca wh r the inductanc in

crease lin arly with n and a. 

Rheostat with Lumped Capacitance 

If ·w a um hat he s ray capaci
tance i lump d aero the erminal a 

shown in F igure 5 the ircuit may b 
drawn, for cony nienc in analy 1 as 
shown in F igure 6. Th Q for hi ircu1 
l : 
Q = - waR(C, + C2) 

+ w 3a (l-a) R3 �(aC1 + C2) + . . .  (5) 
The w: erm can be hown to b negli
o-i ble if the firs term i 1 than 0.1. 0 
Th ref ore, we can use the simple equiva-

lent ir u it of Figur 7 and the expres ion 
Q = -a wRC (6) 

where C = C1 + C2, which is a straight 

lin from th origin. vVhen the induct
ance ffect i added to his  capa i ance 
effect the equation b omes 

Q = w (L/R - aRC) (7) 
The econd curv of Figure 3 how the 
inductive pot ·with added lumped ca
pacitan e to illustrate equation (7). 

Figure 3. 
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R (1-CX )R 

Figure 5. 

Equivalent Circuits for 

Distributed Capacitance 

For many rheostat th assumption 

that the tray capa itance i lumped 

across the unit is an oversimplification. 

Better re ults are obtained if it is also 

assumed that there is capacitance dis

tributed along the winding to a con

<luctor, which may be the housing, a 

uppor ing panel, a metal mandrel, or 

a hield. The total phase angle can then 

be calculated as the sum of the e fixed 

and distributed capa itance effects. Be

cau e we are concerned with first-order 

effects only, we can us lumped-param

eter equivalent circuits for the distrib

uted circuit of Figure 8. The circuits of 

Figur s 9 and 10 give the same results as 

the fir t-order terms of the hyperbolic 

fun ·ti on of the well-known tran mi -

ion-line equations. The circuit of Figure 

9 i the mor descriptive and us an 

inter sting division of the capacitance. 

The second circui , Figure 10, is sim-

1IITI 
CONOUCTO� · (!) 

EVENLY 

J DISTRIBUTED �APACITANCE 
(}) 

Figure 8. 
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�R 

(1-CX:)R 

C3 
Figure 6. 

0: R 

Figure 7. 

pler to u e, however, since it ha fewer 
branches. The eff ctive inductance of 

this cir uit is the result of th capaci

tance. 
An equivalent circuit for a rheosta 

is given in Figure 11. Here the resistan 
of the unused part of the winding, 

(1 -a) R, is assumed n gligibl com

pared to the impedance of the stray 

capaci ance, and he a ·tual inductance 

of the winding, aL has been added. 

Formulas for Distributed Capacitance 

Effects 

The shape of the Q vs a urve for 

distributed capacitance effects depends 

on how the conductor is conne t d. Th 
conductor could be tied to the rotor, 

tied to the end of the winding lef 

floating, or tied to a third terminal. 

These cases an all be quickly calculated 

by use of th circuit of Figur 11 and 

the simple expression of equation (3) 

above. 

Fig-ure 9. Figure 10. 

(Below) Figure 11 .. 

END <X R 
.......... 

TTTTTTIIT ac 

� --- CONDUCTOR 2 
ac o-a)c � 

ROTOR 
� 
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(a) Conductor tied to Rotor (or unused end) 

(b) Conductor tied to End 

(c) Conductor Floating 

1IJTIT 

la.c · 

- a.R LT + (1 

(d) Conductor tied to a Third Terminal 

Q 

c' 

6 

Figure 12. 

Figure 13. 

C1=-CX.2C +(1-<X)C 

a.C ia.c ] 2[2 + (1 - a.)J 

a.C a.C 
- + -+ (1 -a.)C 

2 2 

a.C 
=-

2 

a. 2 CJ� lL lc 2 :3]\ 
- � v= w\R - RCL� _ 9:iJJ 

Figure 15. 
<X 3R2C 

L1 =O: L+ --6 
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In (d) the Q given is that of the direct 

impedance Ein/10• Note that the capac

itive arms of the network of Figure 11 

have no effect. 

Normalized plots of these functions 

ar given in F igure 16 wi h the indu t

ance assumed to be zero. Inductance 

would simply displace the curves up

ward by wL/R. 

'XPERIMENT AL CHECKS 
O f CALCULATED CURVES 

In o/der to check these equa ion 

measu ements were inade on pots tha 

had rela ivel. large distributed capaci

tance to a conductor, o that the other 

stra capacitances would be negligible. 

Figur 17 shows curves for a pot with 

a metal shield wrapped around the 

winding. Note that if the curves are 

di placed by w L/ R) they are similar to 
the cal ula ted curves . The small dif
f r nc could b caused b other ca-

r--- pacitanc s or irregularities in the dis

tributed capacitance . 
A good xampl f the floating con

ductor case is given in Figure 18, which 

ho"' s the plot of a ten-turn pot. This 
unit ha a inetal mandr 1 which i left 

fioatinrr. The curve is calculated (the full

scale measurem nt i used to calculate 

C) and the measured points are hown. 

--
+.2 

+.I 

0 � 
\ 

\. ... l�-.1 
-.2 

-.3 

-.4 

- H. P. HALL 

Figure 16. 
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Figure 17. 

Results of measurements on a number of 

tandard types of potentiomet r will b 
publi::;hed in a sub�equ 'nt i sue. 
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G. R. REPRE SE NTATIVE FOR GERMANY A PPOINTED 

W ak pl a ur in 
app intm n of Dr.-In 

1 in 

ral Ra di r pr � n a 1 for rm an •. 
mpl juf rma.ti n n all f UT 

p ·oduc ma�· b obtained hy addr . -..cing 

r 

a w ll-knowu 
n1 ·irck · .  

UL-A P PROVED VARIACSRl 

} a...- r · iv 
- nder \ rit r� 

a di i :nal Y ari c " r n w li. · u1 cl r 
heir Re- . · mina l:i n.' rvi . Thi"· bri11 er,�. 

th uwnb r CL-approyc l Yaria ·.· in 
th ·urr n model to l :.. . �\. c· mpl t 
li t f p roYP l mod ls f Uow. : 

'· ..-� \\�,-�I'I3 w=- H:\I 
\Y.5L 
\\.>�I 
\\ -l\I 

\Y5 
\Y-o_r 
\\�::-OH 
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