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CALIBRATION OF A KELVIN-VARLEY STANDARD DIVIDER
By
Merle L. Morgan and Jack C. Riley
of
Flectro Scientific Industries

SUMMARY

The linearity deviation of a mmltliple decade Kelvin-
Varley voltage divider can be calibrated by comparing it
decade by decade with a ten-step standard divider. The
standard divider can be calibrated by precisely measuring
its resistors and calculating its linearity. The basis for
both of these techniques 1s derived masthematically. The
procedure for measuring each decade and the method of com-
bining the contributions of all the decades to find the
linearity deviation of a glven setting will be presented.
The expected accuracy of the memsurements will be analyzed.
Contributions of resistor accuracy, resistor and contact
stabllity, lead resistance, tempereture variations, analyt-
ical simplifications, and power dissipation will be dis-
cussed.,

INTRODUCTION

A mltiple decade Kelvin-Varley voltage divider is
often used as & standard for calibrating other voltage di-
viders. It 1s therefore necessary that we be able to cali-
brate this stendsard.

XKELVIN-VARLEY CIRCUIT

T
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Figure 1 Kelvin-Varley Circuit

Figure 1 shows the circuit diagrem for a Kelvin-Varley
voltage divider. The first decade coneists of eleven resis-
tors. At any gliven setting two of these resistors are
shunted by an interpolating divider with an input resistance
equal to the value of the two resistors that it shunts.
Thus; the input to the first decade Jooks like ten equal
resistors in serles so that the interpolating divider will
work over a range of one tenth of the input. The second,
third, etc. decades can also be Kelvin-Varley circuits.

The last decade, however, consists of ten resistances in
series with eleven taps brought out. It can be set to
values of ome, two, three, etc, up to ten. It 1s only
through the use of this tenth setting that the divider can
be set to full scale. The full scale dial reading will be
99+ ++9TEN. This feature slso means that there will be two
ways of reaching any setting ending in zero. (Fxcept zero and
full scale)

Figure 2 ESI Model RV 622 Dekavider® Decade Voltage pivider

At first it might seem desirable to have a calibra-
tion made at each possible setting. The divider shown in
Figure 2, however, has one million one hundred thousand
possible settings. If measuremente could be made at the
rate of one & second it would take about two monthe to com-
plete the calibrations and the results would fill a volume
of books comparable in size to an encyclopedie. There has
to be another way. It would be preferable if each decade
could be calibrated individually and the resulting devia-
tions combined to glve the devietion at any desired setting.
We are going to tell one way that this can be accomplished.

CALTBRATING A TWO-STEP DIVIDER

We will start with a two decade divider. We are going
to measure the linearity of the interpolating divider firat;
next the linearity of the first divider, and then we will
show how to combine the results to give the linearity at
any desired setting. Linearity measurements are made in
terms of linearity devieationI'. Linearity deviation 1s the
difference between the ratio of output voltage to input
voltage and the setting. The setting ie the nomwinal ratio
of output voltage to input voltagse.
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Figure 3 Measuring the Interpolating Divider

Figure 3 shows the circuit commections for measuring
the linearity devietion of a ten-step unknown interpolating
divider. We sssume that a verfect ten-step divider 1s
aveilable for making the measuremente. The potentiometers
at top and bottom are provided for adjusting the zero and
full scale settings of both dividers to agree. The result
is shown in the voltage diagrsm at the right where the zero
and full scale settings of both dividers are equal. The
generator voltage is adjusted so that the high impedance
detector will read lineerity devietion directly in conven-
ient scale divisions. The detector is moved from point to
point and the linearity deviations are recorded.
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Figure 4 Linearity Deviation of the Interpoleting Divider

In Figure 4 we have & graph showing typilcal results.
Notice here that the "zero" and "one" settings show no
linearity deviation. The end correcting potentiometers
were adjusted to assure this.
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Figure 5 Measuring the Interpolated Divider

In Figure 5 the first decade is belng callbrated. Here
twenty measurements are necessary because each setting ex-~
cept zero and one can be reached in two different ways. The
measurements are made by first setting the dividers to zero
and adjusting the bottom potentiometer for agreement with
the perfect ten-step divider then moving the settings to
full scale and adjusting the top potentlometer. The voltage
dlagram at the right shows how the perfect ten-step dlvider
is used for finding the linearity deviations at both ends of
the interpolating divider for each setting of the first di-
vider,
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Figure 6 Contribution of the Interpolated Divider to
Linearity Deviation

Figure 6 1s a plot of the results of these measure-
mente. Here a stralght line 1z drawn between the readings
obtained with the interpolating divider at zero and at full
scale. Thie 1s done beceuse a linear divider connected be-
tween these two voltages and set at a value somewhere be-
tween would have the linearity deviation shown by this
stralght line at the desired setting. We have now com-
pleted the linearity measurements of each decade separately
and we need to know how these can be combined to find the
linearity deviatlon at a given setting.
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Figure T Two Decade Voltage Divider
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Figure T showe a two decede setting S where:
s:leEOut=sa+i:_
Emn 10 C
The linearity deviation T is derlved in relation to the

setting. The voltage diagram shows how eny desired output
voltage may be obtained by moving the two decedes.
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Figure 8 Combining Linearity Deviation Measuremente

Part of this voltege diagram is enlarged in Figure 8
to show how the linearity deviation at any setting can be
expresged in terms of the measurements previously made on
each decade. Here, we restate the voltages in terms of
settings and measured linearity deviations. Next we find
the ratio of output voltage to input voltage and subtract
from 1t the settings. The setting S 1s the nominal ratio
of output voltage té input voltage. This difference ie the
linearity devlation for the divider. The linearity devia-
tion 1s found to be a linear interpolation between the de-
viations found at the ends of the interpolating divider-- ™,
plus 1/10 of the deviation of the interpolating divider. C
There 1s also a very amall term which is the product of two
linearity deviations. Both of these deviatione will be in
the order of ten parts per million typlcally so that their
product will be only a few parte in 1020 and can therefore
be ignored.
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Figure 9 Linearity Deviation of a Two Decade Divider

Figure 9 shows graphically how this is done. Two steps
of the first divider are shown. The linearity deviations of
the end measurements are connected by a straight line. One
tenth of the linearity deviation measurements of the inter-
polating divider are then added to the values along the
straight line. These points then show the linearity devia-
tion of the divider for each possible setting. There are
110 possible settings of this two decade divider. We can
£ind the linearity deviation for any one of these settings
by having made only 27 measurements. If we measure a three
decade divider, the procedure is exactly the same except
that both of the last two stages are the interpolating di- —
vider and they are set to 00 and to GTEN at each setting of ()
the first decade. The same procedure can be continued for
as many decades as are desired.



CALTBRATING A “PERFECT" DIVIDER

How do we physically make these measurements? First
— we need the "perfect" ten-step divider. We calibrate a ten-
( step divider by resistance comparison. This gets us within
- 0.1 pym of Jnowing its linearity. Next we use this divid-
or to set an adjustable ten-step divider within £0.2 ppm of
"perfect"--we settle for this.

Figure 13 Four-Terminal Comnections

Figure 13 shows the way to make these four-terminal
connections so the resistance between center terminals can
be measured accurately. These center terminals are the onea
used for voltage divider taps.

o Figure 10 EST Model SR 1010 Decade Resiestance Standard e,
< rwfUr o resl_g
N Figure 10 chowe the EST Model SR-1010 DECADE RESISTANCE e £e.
STARDARD which is calibrated as a voltage divider. WO
Rog | I — linearlty deviotion in per unlt
Rs A0 En — ociual input voltage
5 f—o Eout — octual output voltage
. R, — resistance of the nth rasistor in ohms
'g,m : e '?in,. — resistonce from COM 1o OUT in ohms
L out gR,. — total input resistance in ohms
Rag 5 o0 $ = setting in per unit
COMO- & l -Ocom

M

Figure 14 Linearity Deviation as a Function of Reeistance

The linearity deviation equation is rewritten in terms
of resistance values as shown in Figure 1h.

Figure 11 Resistor Configuration

This unit consists of twelve resistors permanently
Vo connected 1n series as shown in Figure 11.

e

CIRCUIT FOR REFERENCE VOLTAGE DIVIDER.

Figure 15 ESI Model 242 Resistence Measuring System
Flgure 12 ESI Model SR 1010 Decade Resistance Standard

Circult Diagrem Absolute resistance measurements of the accuracy needed

are coneldered impractical--but resistance comparisons to
better than one ppm are easy with the ESI Model 242 Resiat-
ance bridge shown in Figure 15.

~

Extra terminals are provided as shown in Figure 12 so
that four-terminal measurements of the individual resistors
can be made.
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R, — resistance of the nth resistor in ohms
Rg — resistance of the standard resistor in ohms

An — per unit deviation of the unknown from the standard

Figure 16 Defining Resistance Deviaticn

All of the divider resistors are compared to a single
standard resistor. The resulting values of the deviation
from the standard (defined in Figure 16) are recorded.
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Figure 17 Linearity Deviation in Terms of Resistance
Deviation

In Figure 17 the equation for the linearity deviation
is converted into an equation in terms of the resistence de-
viations. Note that the resistance of the standard resistor
conveniently cancels out of the equation for linearity devi-
ation. The value of Ay ie so mmch smaller then one that it
can be removed from the denominstor to give the formmla
actually used for calculation.

STEP 2

Step .I. Calculate the average deviation.

Step 2. Subtract the average from each deviation to get the
difference from the average.

Step 3. Sum these differences from the average -ond divide
by 10 to get the linearity deviations at each tap.

Figure 18 Calculation of Linearity Deviation from
Resistance Deviation Measurements

Figure 18 shows the process for actually calculating
the linearity deviation at each step on our ten-step divid-
er. TFirst the resistance deviation values are sumed to
find the average. Then the average is subtracted from the
individual readings end the linearity deviation is found by
taking one tenth of the sum of these deviations from the
average.
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RESISTOR || MEASURED DEVIATION | DIFFERENCE FROM LINEARITY
NUMBER PPM__ - THE AVERAGE PPM | DEVIATION I PPM
108
108 Aa Aa—Bay 6.2 A= Ba).
.4 +0.36 £0.04
.6 —0.24 +0.01
. +3.96 +0.41
3 .2 +1.16 +0.52
X +1.36 £0.66
—0.4 —1.44 52
0.4 —0.64 +0.45
—2.4 —=3.44 +0,11
+1.4 +0.36 +0.18
10 —0.4 —1.44
= = :
TOTAL .3:1 A= +10.4 [}

LINEARITY CALCULATED FROM RESISTANCE MEASUREMENTS
OF AN ESI MODEL SR-1010 DECADE RESISTANCE STANDARD

Figure 19 Sample Calculations of Linsarity Deviation

Figure 19 is a table of measurements and calculations
which were mede for callbrating a divider.

Figure 20 AdJjustable Decade Voltage Divider

In Figure 20 we see the adjustable voltage divider
which can be set to within 2/10 of a part per million dy
using our previously calibrated divider and a calibrated
meter for measuring linearity deviation.

CALTBRATING A MULTIPLE DECADE DIVIDER

Figure 21 Calibrating a Voltage Divider Decade

Figure 21 1s a production set-up for memsuring the de-
viation of one decade of a six decade divider. In the fore-
ground ig the divider being tested. In the background we
see the adjustable divider which is assumed to be perfect.
The panel directly behind conteins the two end correcting
potentiometers for setting the ends equal, and a voltage ad-
Justing control for setting the sensitivity so that the
linearity deviation can be read dlrectly from a meter.
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LINEARITY DEVIATION MEASUREMENTS OF AN
ESI DN;ODEL RV-622 DEKAVIDER® DECADE VOLTAGE
DIVIDER

Figure 22 Measurements on & Typical Six Decade Voltage
Divider

Figure 22 shows the 101 linearity deviation meesure-
ments on e specific divider. These measurewents have al-
ready been mmltiplied by the epprovriate powers of ten so
that they represent the contribution to the linearity devia-
tion at any given setting. The valves ghown are in ppm of
input voltage.
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CALCULATING THE LINEARITY DEVIATION AT A SAMPLE SETTING OF 0.543,212

Figure 23 Interpolation Calculation From a Set of Typical
Linearity Deviation Measurements

Flgure 23 shows the interpolation equation and the
calculations necessary for finding the linearity deviation
at a sample setting from the measurements on the individual
decades.
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Figure 24 Graphical Representation of Linearity
Distribution Contributions

Figure 24 showe a graphical representation of the
linearity deviation of the first three decades of a six de-
cade divider. A sample setting is given to show how to find
and combine the contributions of each decade. Figure 2k
also showe the end linearity deviation due to lead and con-
tact resistance at the input. These end linearity deviation
values are found by first eetting the divider to zero and
measuring the voltage between the common and output taps.

_Then the divider is set to full scale and & measurement is

made of the voltage difference between the input and
output taps. This end linearity contrlbution is also
linearly interpolated to find its contribution at any sett-
ing. External circuit lead and contact voltege drops must
also be added for accurate measurement., End correcting vo-
tentiometers can be used with the divider to eliminate all
lead and contact contributions from the measurements.

Now we have accomplished what we set out to do. We have
found a technigue for calibrating a voltage divider. We have
also found how to use the calibration to correct any setting
of the divider. As usual there are still a few weeds In the
garden to be pulled. We had to drop & few small terms to
simplify the calculations that we have used but we were
careful to see that they are well beyond the measurement ac-
curacy with which we are dealing. There are a few cther
problems which are not quite so easily dismissed, however.
The first of these is resistor stability with time. This
can only be shown by repeated meesurements over a prolonged
period. Typically we have found stabilities of a few ppm per
year. Unltse normally become more stable with age. The next
vorry ls temperature stability. By careful wire selection,
100% inspection of the temperature coefficient of individual
resistors and such precautions as winding all of the resis-
tors in each of the first few decades from the same epool of
wire, the effects of amblent temperature cen be minimized.
Linearity temperature coefficients of less than two ppm per
degree centigrade are typical.

EFFECT OF FULL POWER

CURRENT TEMPERATURE RISE

Figure 25 Temperature Distribution in a Kelvin-Varley
Voltage Divider

Meximum power, however, gives us a different tempera-
ture problem. Here, the individual resistors are not heat-
ed equally. Figure 25 shows the current distribution
through the first two decades of a Kelvin-Varley voltage di-
vider. The resistance values are also cshown. The chart on
the right shows the temperature distribution among the re-
sistors. By taking the temperature rise of the individual
resistors of the first decade as At we find that the two re-
sistors which are bridged by the interpolating divider only
reach a temperature of At/h. The individual resistors of
the second decade reach a value of At/20 except for.the two
that are bridged which only reach a temperature difference
of At/80. The temperature rise on the third and later decks
is so small it can be lgnored. But on the first decade the
difference in temperature rise between the bridged resistors
and the rest of the resistors is significant. Therefore,
the resistor temperature coefficlents must be low 1n addi-
tion to being matched.
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Figure 26 Voltage Divider Resistance Decades

Figure 26 shows that the resistors in the first decade
heve been made much Ilarger than those in the following de-
cades to reduce the effects of temperature rise with applied
power. The temperature rise on these resistors for a five
watt divider input is about 10° C. but remember that two of
these resistors have a temperature rise of only about 24° c,
There &dre many varlables involved in the effects of power on
linearity.  We teke all of the precautions which we can and
then see statistically what happens.
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Figure 27 What Happens to Linearity Deviation When Full
Power is Applied

Since linearity deviations of the first decade are the
only ones materially effected by power changes we cen make
measurements on this firat decade to find what actually hap-
pens, Here we have average linearlty deviations of ten di-
viders for each setting, and the RMS differences (one sample
deviation) from this average. In Figure 27 these values
have been plotted for the negligible temperature change
which results from 2/10 watt input and for the results when
five watts are supplied to the input terminals.

EFFECT OF SWITCHING LATER DECADES
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Figure 28 Effect of Resistance Variations Due to
Switching lLater Decades
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Figure 28 illustrates a different problem. As the se-
cond decade smetting is changed its interpolating divider is
connected across slightly different resistance values., As a
result the reslistance presented to the first decade will
change slightly. This will result in changing the voltage
avellable at the tap points on the first decade. The effect
on the first decade is the same as though the resistance of
the third decade had been changed by an amount equal to the
variations in the resistances of the second decade. In
Figure 28 we approached the problem from this view point.

A varlation of Ap in the resistance of the third decade will
result In half this varilation in the resistance seen by the
second decade. It will make a change of Ap/20 in the re-
sistance of the second decade. This will make a change of
Ap/40 in the realstance seen by the first.decade and will
change the total resistance of the first decade by Am/ll-OO.

9
i5 S _
R(IO s“) R("sb)
1, Bm
So (16 + 765) Sy r(ie Am)
R(50) 6 * %00
R(sb |o)
Sy+
rh=—2%__s Iy = 21W00 g
[+ Am y+ Bm
300 300
Y. S A .4 I
o = 255 S Y Ty = zp5(-3) T Ba
400 300

Figure 29 Effect of One Resistor in a Ten-Step Voltage
Divider

Figure 29 shows the calculation for the effects of
this resistance on the accuracy of the settings of the )
first decade, In the expressions for the linearity devia-
tions the term (1 +Am/ll-00) can be eset equal to one without
any sppreciable effect An the accuracy of the result.

A A
To & 2o5-S Ty = Za5(-s)

LINEARITY DEVIATION T

SETTING S—

Figure 30 How the Linearity Changes When the Following
Decade is Switched

In Figure 30 we have a graphical representation of the
smount of llnearity deviation experienced by the first de-
cade because of a A, verlation in the second decade resist-
ors. We see that the linearity deviation in the first de-
caede is always less than 1/400 of the resistance deviation
of the second decade. This would be 1/160,000 of the re-
sistance variation of the third decade and so on.
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EFFECT OF CONTACT RESISTANCE VARTATION
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Figure 31 Contribution of Contact Resistance Variatione To
Linearity Deviation For a 10 Kilohm Divider

Another possible source of trouble is contact resist-
snce veriastion. To minimize this problem all switch con-
tacts of the Model RV 622 are doubled. Measurements of
large numbers of contacts and a statistical analysis of the
results have revealed the resulte shown in Figure 31l. A
linearity deviation of less than#0.025 ppm can be expected
from contact resistance variations on a 10 kilohm EST Model
RV 622 Six Decade Voltage divider.

Now the voltage divider is calibrated and we know what
precautions are necessary to use 1t for part-per-million
mea.surements.
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