Standardization of a Farad

Electrolytic capacitors with capacitance values as great as

1Glo

one farad are available, and bridges are also available with which to measure them.
However, in using a bridge to measure large capacitances, small mutual inductances
between internal and external bridge leads may produce appreciable errors. Standards
are described that can be used to determine bridge errors, correction terms

are presented, and possible measurement errors are discussed.
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Electrolytic capacitors as

“_arge as one farad are available

commercially, and bridges are
available to measure them [1].
Moreover, a standard of this value

is also available [2]. While the.

stated =10% accuracy of the elec-
trolytic capacitors is not too great,
the standard has a substantially
better accuracy of 1%. Although
0.5% accuracy could be considered
adequate for a bridge used to cali-
brate a 1% standard capacitor, if
the adjustment tolerance and sta-
bility of the standard were well
within the remainng 0.5%, it would
be desirable to reduce the bridge
error to 0.1%. Unfortunately, NBS
is not able to calibrate capacitors
of this value, so their facilities
could not be employed for a cal-
ibration to determine bridge error.

A capacitance of one farad ex-
hjbits a low impedance—even to
low frequencies. At the standard
frequency of 120 Hz that is used
(or checking polarized electrolytic
capacitors, the impedance of a
1-farad capacitor is approximately
1.3 milliohms. A four-terminal
bridge is necessary to avoid not
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only dissipation-factor errors, but
also capacitance errors due to lead
inductance. A commercial, four-
terminal bridge of this type, that
tolerates a resistance of 100 milli-
ohms in any or all leads (which
will cause less than 1% measure-
ment error) is shown below, to-
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@® The Four-Terminal Capaci-
tance Standard, Type 1426 (left),
consists of a 1-u4F polystyrene
capdcitor and a transformer that
multiplies the effective capaci-
tance. It provides capacitance
values from 1 4F to 1 F in
seven switch-selected decade

gether with a 1-uF capacitance
standard.

The precision bridge used for
calibration, as shown in Fig. 1, is
a high-resolution version of the
same circuit, with external power -
supply and detector. This bridge
uses an injecting transformer (sim-

values. At a frequency of 120 Hz and a temperature of -+23°C, its rated accuracy is
+0.25% for all values except 100 mF and 1 F, for which it is, respectively, #0.5%

and *£1%.

@® The Type 1617-A Capacitance Bridge (right) is intended specifically for

measuring the capacitance, dissipation factor, and leakage current of electrolytic capacitors.
Completely self-contained, it includes a 120-Hz generator, a null detector, a DC polarizing-
voltage supply, and metering for bias voltage and leakage current. The bridge includes an
Orthonull® balance finder, which eliminates ‘‘sliding balance’. Its rated accuracy, at a
frequency of 120 Hz, is =1% &+ 1 pF—except that for capacitance values from 110 mF
to 1.1 F, the accurancy becomes 2%,

25



Fig. 1. Precision, four-terminal capacitance bridge, used for calibration of a one-
farad standard capacitor. Fig. 2. a (left): Repeatable, low-mutual-inductance
connection to bridge binding posts. Leads are twisted tightly, the potential loop
is kept small, and the current loop is routed at right angles to it to minimize
coupling. b (right): Minimum-mutual-inductance connection of leads to a two-
terminal capacitor, using twisted leads, and routing current and potential leads at
right angles to each other. Fig. 3. The RC standard network. a (left): Actual delta
network. b (right): Equivalent T network. Fig. 4. The RL standard network.
a (left): Actval delta network. b (right): Equivalent T network.
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ilar to those used by Foord, Lang-
lands, and Binnie [3]) to avoid the
error due to voltage drop in what
might be called the “yoke”—by
analogy to a Kelvin Bridge. Any
one-farad standard capacitor must
also be a four-terminal device, to
avoid connection errors.

The Problem

® Initial Calibrations. The first
calibrations of the 1-farad standard
were based on two techniques:
using the bridge as a standard; and
using a decade-scaling procedure
that compared accuracies at full
scale and at one-tenth full scale. In
the first technique, the bridge cir-
cuit was set up using separate
standards and a decade resistor,
with a variety of known component
values for the bridge arms. The
measured value of the 1-farad
standard capacitor remained well
within 1% The actual bridge was
assembled in a permanent form and
its components set to within 0.01%,
and again the 1-farad standard was
measured within the 1% range. It
can be argued that the bridge it-
self is a valid standard if its com-
ponent values are known, because
they have a known relationship to
the unknown.

The scaling procedure was based
on the accuracy of the ratio be-
tween the bridge full-scale setting
and the setting at 1/10 of full scale,
which was checked by measuring
known standards of lower value.
Then, measuring standards of
decade values on two bridge
ranges, the accuracy both of the
standards and of the bridge ranges
could be checked. Starting with a
known 1-uF standard, this proce-
dure also indicated that the 1-farad
measurement was within 1%.

The measurements described be-
low indicate that these initial cali-
brations were indeed within 1%, It
now appears that this precision
bridge read high by about 0.4%, due
to mutual inductance.

® The Mutual-Inductance Error.
While a four-terminal measurement
can avoid errors due to self-
inductance of leads, mutual induc-
tance between the “current” and
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“potential” leads results in an in-
duced voltage on the potential
leads, causing the effective value to
ta changed [1]. The value, C,,

C./(1 — «*MCy) will be meas-
ured. If one-foot-long leads are
used, and are spread to form a
circle, this mutual inductance is ap-
proximately 250 nH (2.5 X 107
henry), which would cause a 15%
error at a frequency of 120 Hz. This
error can be reduced greatly by
twisting the current (or potential)
leads together, and if this is done,
the error due to lead geometry is
well within 1%. It should be noted
that the mutual inductance can be
positive or negative, depending on
the lead geometry.

Ideally, the solution to this prob-
lem would be to use a completely
coaxial system. Practically, this
makes little sense, because sooner
or later the connection problem has
to be faced. The eventual objective
of all these calibrations is to meas-
ure actual electrolytic capacitors,
which are rarely encountered with
~oaxial, four-terminal connections.

~__If tightly twisted leads are used,
mutual inductance between the
leads is avoided, but it still remains
in four places: inside the bridge;

at the bridge terminals (binding

posts); at the unknown terminals;
and inside the unknown. The mu-
tual inductance inside the bridge
should be known and its effects
corrected, or else it should be re-
duced to a negligible value by suit-
able arrangement of the internal
leads. The mutual inductance at
the bridge terminals, using a re-
peatable lead configuration, should
also be determined and/or compen-
sated. The repeatable configuration
that was used is shown in Fig. 2a,
where the “potential” loop is small,
and the “current” loop is at right
angles to it for minimum coupling.
The mutual inductance at the
binding-post terminals of the
1-farad standard capacitor can be
accounted for by “defining” the
__alibrated capacitance as that
measured with the repeatable con-
nection of Fig. 2a. For a two-
terminal capac‘ifor, the correct
value could be defined as that
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Fig. 5. The transformer-capacitor standard
b (right): Equivalent T network. Fig. 6. The mutuval-inductance adjustment. A
variable inductor is connected into both the current and voltage leads, and ad-
justed for an initial balance. Fig. 7. The negative-M standard. When coils are
connected with the polarities shown in a (left), they produce the equivalent T
network shown in b (right). Fig. 8. Generalized, two-divider network, consisting
of two T networks connected with an impedance, Zy, between them.

3

network. a (left): Actual network.
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measured with twisted leads that
connect at right angles, as shown
in Fig. 2b. In both cases, the
mutual inductance inside the ca-
pacitor would be considered as

-
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part of the measured value of
capacitance.

For the “calculable” capacitors
described below, the mutual induc-
tance at the terminals and internal

to the standard must be accounted
for, or else the calculated value
will not agree with the measured
value.®

*Calculable’ Networks as Standards

While the bridge of Fig. 1 ean
tolerate only small values of the
impedances Z; and Z, it can toler-
ate quite high values for Z; and
Z4. Impedance Zs is in series with
the bridge standard, which is a
500-nF capacitor that exhibits an
impedance of approximately 2600
ohms at a frequency of 120 Hz.
Lead-inductance errors are almost
completely negligible, and lead
resistance produces an error in the
value of D, but not in that of C.
Impedance Z, is in series with the
source and, theoretically, may be
of any value. However, it does re-
duce sensitivity, and, if not com-
pletely shielded, can result in

_errors due to small stray capaci-

tances. This high immunity to lead
errors permits the use of standards
that are (passive) three-terminal
networks. Any such network can
be transformed into an equivalent
T (or Y) network, whose mutual
impedance (leg) can be used as
the standard, while the remaining
impedances (arms) become Zz and
Z4. Three such networks were used.

® The RC Network. The delta
network of Fig. 3a can be trans-
formed into the T network of Fig.
3b. If we let D, be the dissipation
factor of the capacitor, and D,, the
measured dissipation factor of the
resulting standard, the effective
value of the standard is (very
nearly)

s (Ri + Ry) (1 + xy)

CT R2 ( 1)
where x = D,, — D,, and
y= Dy, +:D,

The resistors used were non-
inductive, and a four-terminal con-

* Editor's Note: There is a great lesson to
be learned here about why very-large-
capacitance filter capacitors, singly or in
banks, do not filter the way the equations
say they should . . . unless extreme pre-

+ cautions are taken in connecting to, and/or
interconnecting them.
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nection was made to R.—the

smaller resistor. Five versions of

this standard were used, with C
values of 100 uF and 1 mF, and re-
sistances ranging from 100 mQ to
10 k.

® The RL Network. The delta
network of Fig. 4a can be trans-
formed to the T network of Fig. 4b.
If D,, is the measured dissipation
factor of the resulting capacitance
standard, C = L(1 + D,?)/RiR.
will be the effective value of the
capacitor. Three standards were
used, with inductors ranging in
value from 10 mH to 1 H, and re-
sistances of 100 milliohms and 1
ohm. The inductors used were
somewhat level dependent, and
measurements were made at the
lowest practical excitation level.

® The Transformer-Capacitor
Network. The network of Fig. 5a
can be transformed into the T of
Fig. 5b. If Z, is the impedance
measured between points A and A’
(terminals open circuited), the ra-
tio between Z; and Z, is then

5 ZeN2 {1~ &){]1 —8)

N2
(2)

where §; and 8, are the deviations
in the step-down-transformer ra-
tios from the actual turns ratios
—which are easily determined.
Therefore,

Zn

C, N2
NEQ + 6 F 5
e o d)

Cr=

The transformers used had turns
ratios of 100-to-1, so that the ca-
pacitance value was 100 uF. A
more complete analysis of the
transformer-capacitor network is
presented in the appendix to this
article.

® Results. Nine different meas-
urements performed on all these
networks, when corrected by the
above equations, were within a
0.2% spread in value, and averaged
“0.4% high. These errors were as-
sumed to be due to mutual induc-
tance in the bridge and its terminal
connections, and in the standard
networks. Similar 100-nF standards
agreed with the bridge well within
a tolerance of 0.1%.
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Mutual Inductance Adjustment

The actual values of very small
inductance standards are defined
as the difference between the meas-
ured value and the quantity meas-
ured when the inductor is shorted
at the standard [4]. Lead induc-
tance affects both measurements
and cancels out, so that the same
difference value is obtained, re-
gardless of the leads that are used.
A similar scheme could be em-
ployed with a capacitance bridge,
but it would have to be capable
" of measuring lead inductance in
terms of very large negative capaci-
tance values.

An alternative is to open switch

S, in Fig. 1, which will produce gc

null at infinite capacitance. A vari-
able mutual inductor is then placed
in the leads, as shown in Fig. 6,
and adjusted for a detector null to
make the initial balance. Each of
the standard networks produces an
infinite capacitance by shorting the
standard capacitors, or by open-
circuiting the inductor. When this
was done, and the initial adjust-
ment made, the measured values
of the networks agreed with the
calculated values within *0.1%.

The Negative-M Standard

As a final check, two windings
were placed on a ceramic toroidal
form. The mutual inductance be-
tween them was determined by
measuring the self-inductance of
the two windings in series—first
aiding, and then opposing. It can
be shown that the mutual induc-
tance is then equal to one-fourth
of the difference between these
two measured values. When the
coils are connected as shown in
Fig. Ta, they form the T network
of Fig. 7b. This negative mutual
inductance can be measured as a
capacitance of value C = 1/0*M.
Note that the test frequency must
be determined accurately.

This standard can be set to in-

finite capacitance (zero M) by con-

necting both potential leads to the
same terminal. When this was
done, and the initial balance made,
the measured and calculated values
again agreed to within 0.1%.

-
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Final Details -

The 0.4% error due to mutual in-
ductance was shown, by measure-
ments made with the initial ad-
justment set with the “potential”
leads shorted, to be almost entirely
in the bridge and its terminals. The
values agreed very well with
measurements made with the
standards set to infinity, as de-
scribed above. The internal mutual
inductance of the bridge was then
adjusted, by placement of leads, to
give the correct initial balance
when the connections to the bridge
were made as shown in Fig. 2. The
commercial 1-farad standard ca-

_ pacitors are calibrated with this

bridge, with the connections on
both bridge and standard made as
shown in Fig. 2. Thus, this value
includes the mutual inductance at
the terminals of the standard, but
not that at the bridge.

By opening its main adjustment
arm and noting the mutual indue-
tance required for a short-circuit
balance, the mutual inductance of
the commercial bridge used was
found to be negative. This bridge
reads approximately 0.5% low for a
value of one farad, with the lead
configuration as shown in Fig. 2. If,

instead of the lead configuration of

Fig. 2, the standard lead set pro-
vided with the bridge is used, with
the potential wires tightly twisted,
the increase in mutual inductance
provides a good cancellation of this
error.

Results

A capacitance of 1 farad was
measured to an error of only *+0.1%
by means of networks made up of
calibrated components of reason-
able value. Any attempt to deter-
mine the farad more accurately
must use a bridge of higher ac-
curacy and precision, some ex-
tremely repeatable method of con-
nection (preferably coaxial), and a
careful study of all possible sources
of error that might have caused the
small variations among the meas-
urements described above.

It should be emphasized that it
is very easy to obtain errors of
*+10%—and even more—using a

good =*=0.1% bridge, unless the con-
nection precautions discussed are
followed. Thus, particular atten-
tion must be paid to this aspect of
the measurement technique.

APPENDIX: Analysis of the
Transformer-Capacitor Network

Any passive, linear, three-terminal net-
work—including a two-winding trans-
former with a common terminal—can be
drawn as a T network. If two such T
networks are connected with an im-
pedance Zy between them, as shown in
Fig. 8, the impedance Zo, measured
across that impedance (A to A’), will be

Zo=

Zy(Za+Zs) (Zp+Zr)
(ZA+ZB) (Zo+Zr )+ Zy(Zs+-Zp+Zo+Zr)
(4)

If a current, Iin, is impressed at one end
of this network, and the open-circuit
voltage, Eo, measured at the other, the
transfer impedance, Zr, is

.

TS ———

lln
ZelZo z\)
(ZH—ZB W Zo+Ze )+ Zy( ZatZp+Zo+Zr)
(5)

Therefore:
Zn i ZyZy
Zo ~ (Zs4Zs)(Zo+2Zr)

—[ZA+ZJ[ZD+ZF] (6)

These last two factors are the open-
circuit ratios of the two dividers formed
by Zy & Zs, and Zp & Zp. If the trans-
formers of Fig. 5 were ideal, these ratios
would be simply Ni/N.. Since the trans-
formers are not ideal, the ratios will be
slightly lower. If we call these ratios
Ni(1—28;)/N: and Ni(1—9:)/N., then

g [ )

Because these deviations are small, from
equation (7), Zr can be approximated
very closely as

Ze = Zo (N*;) (1—8—8,)  (8)
N.?
If Zo is a pure capacitance and the
dividers have no phase error, then

Cz = Co (_}-) (14348)  (9)

Actually, of course, Zo is not a pure
capacitance, because of the shunting im-
pedance of the dividers and the loss in
the capacitor used; also, the divider ex-
hibits some phase error. If the effective
series capacitance of Zo has a dissipation
factor, Do, and Ni(1+4a:++7b:)/N- and

- Ni(14-as++7b:)/N: are the actual divider
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ratios [where @ and @. are usually
negative, since a;+jb, = —8,], it can be
shown easily that the effective series
capacitance, Cr, of the transfer imped-
ance is

i M e
CT_Co [—N?] [1 {/5% @-{—Do(bx—}-(b;()):;

Now available from Vishay
u
... 4 Resistance Measurement
; ~ B Direct reading TC _measure-
a“ ar “I‘ ments to within 7 ppm

® Calibration of working

The phase errors, by and b, are small
(about 0.0003), as is Do (about 0.016

for the network used), so that their prod-
uct is negligible, and may be ignored for
0.1% measurements.

It should be noted that, ideally, all
capacitance measurements and voltage-
ratio measurements should be made at
the same flux level, because a trans-
former is not a truly linear device.

Note also that the two transformers
need not have the same ratios, and that
these dividers could be resistive. How-
ever, resistive dividers would have to use
high-valued resistors to avoid a large
value of Do, and this would result in
large lead impedances, Z; and Z, (Fig. 1).

K
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