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An Instrument for the Rapid Production of a Decimal
Series of Potentials and Its Application to Ballistic

Measurements '

By Howard 5. Roberts ¢ and Harvey L. Curtis

Ap ipstrument for producing decimal subdivizions of a shosen potential was developed
for ¢alibrating a cathoderay osclilograph, often withia a few millsaconds after tho ballistle
record had been obtained. The mazinoum potentisl could be chosen 88 any integral multiple
of 10 millivelts, with B mazimum of 100 millivolts, To permit this choice, ton 10-ghin ¢ofls
wer ronngcted in serdes, and s current of 1 milllawpere was sent through them, Then the
drop in potentisl over each coil was 14 millivelts, and the meximum cutput potentisl was
the product of 10 millivolts and the number of eoils insluded batween the output terminals,
The decimal zubdivisions of the chosen potential were obtained by varying the currant in
the ten 10-ohm eoils io atepe of 0.1 milliampere from 4 to 1.0 milliampere by shunt resiat-
ances. 'The calibration sterted with zere voltage when the shunb resistance was zotg, sl
the shunt roeakatanee inerepsed in auch ateps thet the currenf in the 10-obhm coile increazed
in .1 millinmper: steps and henee the output voltege in decimal steps of the chosen maxi-
mum potential, The shunt resbtances were Inserted by opening switchea that nocmslly
ghort-pirenited them. For oecillograph calibration these switohes wete apened fo suoces-
sicn by a falling weight,

The numetical data ugad for ilustration are based oo decimal zubdivision of the maxi-

mum availeble potential. The general case is treated, however, showing that a calibrator

of this type may be used for any desired number of potentisl steps.

I. Introduction

An instrument was required in & balliatic investi-
gation ? for the rapid production of a decimal series
of potential steps.of known walues, This was
used in connection with the calibration of appara-
tus recording on a cathode-ray oscillograph. It
wed important that the operator should be able
to adjust the mximum potential to corregpond ap-
proximately to that expected from the operation

! The intermation ix this article was, In part, cbteined through a taosker
of funds from the Offiea of Bolentlfio Eesearah and Develapment under tha
supervision of (he Mational Defonsoe Ressarch Commmithee,
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of the apparatus and that this adjustment should
not affect the ratios of the potentials delivered hy
the diffcrent steps. As the calibration might have
to be completed in about 10 milliseconds, sliding
contacts were inadmissible because of the prob-
ability of introducing thermad electromotive forces,
and evan the closing of & contact was considered
undesirabie becguse of the posaibility of vibrations
affecting the constanay of the contact resistance.
An ingtrument was developed that met all the re-
quirements by having the rapid chenges in po-
tential resuit from the opening of contects, The
maximum potential for sny particular calibration
could be predetormined as any integral multiple
of 10 mv from 10 to 100 mv. This maximum was
automatically subdivided by the calibrating ap-
paratus into steps, ususlly decimal steps. This
inetrument was very successful, and the principles
employed are bherein extended to higher voltages.

45



II. Description of Instrument

The potential produced by the instrument is the
fall in potential of & known current in a known
resistatice. The circuit arrangement can be
most, easily described by reference to figure 1, in
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Ficuee 1. Gacillograph caltbrafor giving decimal slepe of
tollage af millisccond dntcrvale by opening contacs itk
a feiling weight.

which the shuni contacts (€4 to CI0) are shown
as being opened in succession by a falling weight,
the diagram showing €’ and €'¢ already opened,
€% at the point of being openoad, and €4 to C10
to be opened in order as the weight falls. The
hattery, of elestromofive foree E, iz the source of
the current in the cireuit, which cludes the
etandardizing resistance, F;, the adjustable re-
sistanee, F,, and the decade and shunt resistences
connected in parallel. The decade resistance, R,
consists of 10 equal coils, Bf to B18. The shunt
resistance consists of coils ST to 82 (814 i infinita)
having values such that the opening of each con-
tact changes the current in the decade resistance *
by the same mumber of millismperss. The
standardizing resistance, Py, has a value that is
numerically & decimal multiple of the value of the

i The reslstance arrangement [s Hmilar (0 & Waldner-Wollf reckstanes
clement.  See Musller end Wenner. J. Research N BB 15, 47T (1835 BE842.
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electromotive force of the standard cell, this
numeric being 1,000 for the instruments actually
constructed. The adjustable registance, P, is,
with the shunt resistance infinite {weight down),
varied until the fall in potential produced by the
current f, in Py equals the electromotive foree of
the standaed cell s echown by zero deflection of the
galvanometer when the key in series with it is
closed. TUnder this condition the ¢urrent, 1o,
novmally 1 ma, prodoces in the decade resistences
Ri, B2, ate., which are normally 10 chmsa each, a
petential drop of 10 mv in each coil. By so con-
necting the movable contact, Af, that » of the
decade coils are.included between it and ground,
the delivered voltage, ¢, when the shunt contact
10 iz open, iz 10n mv. When using the instru-
ment the value of &= is so¢ chogen that I0n corre-
spondas approximately to the maxzimum voliage
of the apparatus to be calibrated.

To vary the valus of tho delivered potential in
decimal steps, the shunt resistamces SI, SE,
. - . 5% (8§10 is infinite Tesistence} are con-
etructed with such values that the current in the
decade resistanes ig varied from 0 to 1 ma
in stepe of 0.1 ma ss the contact switches O to
{0 are opened in suceeszion, When all the con-
tacts wre closed, the decade resistance is short-
pivenited so that its current is zere, and henca the
delivered potential is zero. When OF i= openead,
87 is in parallel with the decade. By giving &
proper value to S, the current in the decade
registence will be 0.1 ma, so thet the delivered
voltage i one-tenth of 10n, or » mv. Likewise,
when £ and €% are open, the current in the dec-
ade becomes 0.20 ma, and the delivered voltage
becomes 2 myv. Opening the contacte in succes-
slon ineresses the current in the decade resistance
in the decade steps, and likewise inecreases the
delivered potential. If the decade contact is
attached at the nth pesition, and if the contacts
from 1 to ¢, inclusive, are opemn, the potential
dalivered, e,,, i ng mv.?

II. Values of Besistances

The values of shunt resistances Sf, 82, . . .
Sg . . . 89 depend on the value of E, or, what iz
equivalent, on the wvalue of P, which equals

4 Althangh che dedivered pobeantiy] his desdmal stope, it 1e pot poaibde to

" gbteln swery Intogral value betswen | sl 100 rov.  Por axampls, veloes

sohveapanding to tha prime nombers betwosts 10 and 100 cennct be obtained .
MNelthey (un thase Tahisa In which ooe of thess pelme nnbers o a factor.
In miIvIELkowy, 75, B4, B, and 88 mv cannot be obiaioed,
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Py+F,. When the current is adjusted by varying

P, until there is zero deflection of the galvanom-
eter, the shunt contacts are all spen, so that the
cwrrent in the decade resistances is the same as in
Py and P;. 'When the weight is raised so that all
contacts are closed, the decade resistance iz short-
cireuited 20 that the current in it iz zero. The
shunt resistances SI, 5%, ... 8¢ have siuch
values that, as the contacta £F, €%, . . . Cyare
opened, the current in the decade resistances in-
creases in steps of one-tenth of J,, the current
£y being the current in the decade resistance
B when all eontacts gre openad, By alpebraic
equations it can be shown {3ee appendix 1) that

oy BP 10 _PRI, 0
I=RTP (M0—giil—g E {d0—glli—g)

Values of Sq are given in table 1 for two different
values of X with E constant and for two values of
B with E constant,

The preceding description has assumed that
both the decade resistance and the shunt resist-
atice bave ten steps, However, thers iz no magic
in the number teén. The same principles can be
used when the number of steps in either or hath
regietances iz larger or smaller than ten. As need
in the ballistic laboratory, the decade resistence
always consisted of ten coils, but the number of
ghunt coils was usually five or six.
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IV. Applied Electromotive Force

There are two disadvantages to the method:
one, the odd values of the shunt resistances, and

the other, the effect of changes in the value of the
applied electromotive force, £, The odd values
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of resistances wre not serions, gince coils can be
constructed that are correct to 0,1 pereent and
that will retzin their waiues. The eoffect of a
changing value of E demands tniore consideration,
since commercinl cells, used to produce E, change
thair electromotive foree with time. The results
in table 1 show that the change in £ from 4.5 to
6 v requires ¢nly & change in the shunt resistances
of 0.6 percant. The changa in the electromotive
force of the batitery may be chserved hy noting
the departure of P , from that nsed in the caloula-
tion of the shunt resistances. If the computation
was made with F=4.5 v, Jy=1 mp, and £=100
ohme so that P=4400 ohms, it follows from
equations developed in appendix 2 that if the
error in the delivered potential is to be less then
0.1 percent, the decrease in P can be more than
200 ohme. In other words, the voltege of £, nsed
86 4.5 ¥ in computing the shunt resistance, could
decrense to 4.28 v without chapnging any value of
the delivered potential by as much as (.1 percent.
Three commercial dry cells that have an initial
voltage of 4.5 v can therefore be nsed.

V. Applications

The instrumoent has application= in ballistic
meagurements. One is the oseillograph calibra-
tion of the deflections produced by piezoelectric
goges, stid another, & similar calibration when the
deflections are produced by a welocimeter. In
both applications, the ecalibrating instrument
impreszes on the oscillograph a series of voltages,
the maximum value of which corresponds ap-
proximately to the mazimum produced by the
ballistic imstrument. As currently designed, the
maximum voltage from the velocimeter ie many
times that from the piezoeleciric gage, so that a
calibrator to be used with a piezoelectric gage
eannot be used with euch a velocimeter.

1. Calbration of Piercelectric Gage

The piezoelectiric gage develops a quantity of
alectricity that is proportional to the force applied
to the gage electrodes, This force may be ex-
ternally applied to the electrodes of the gage, or
msay result from the acceleration of the gage.
The gage electrodes are connected to the deflecting:
plates of an oscillograpk, and the voliage applied
to the osciliograph is controlled by introduecing a
shunt cgpacitance. After the force on the gage is
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removed, the calibrator inserts between the gage
and the shunt capacitor & series of known voltage
ateps. The use of a shunt capacitence and the
ingertion of calibration potentials make possible
the determination, from the deflections of the
oecillograph, the quantity of electricity on the
gage at any instant during its use, and does not
require the measurement of the ceparitance of the
gage or its leada. A diagram of tha electrical
connections ia shown in figore 2,

R
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Flooes 2. Cirewit of piesocleciric page with indicated
conneciion bo ke calibrading oollape, 24y

AP E L A

The calibrating potentials are mserted between
the gage and the shunt capacitor, but very close
to the capacitor. When the ballistic measure-
ment is being made, the calibrating potential iz
zero, since the shunt contacts of the ealibrator are
closed, and hence thers is no current in the decade
resistance, B (see fig. 1}. The only effect of the
resiztance in the calibrating circwit while the
record is being made is to delay the rise in potential
on the capacitor, €. when a charge is suddenly
produced on the gage. The effect of this delay is
negligible,

2, Calibration of Velocimeter

A second application is the calibration of an
ogcillograph when used with a velocimeter in
which is induced an slectromotive force prepor-
tional to a velocity. For this application it is
necessary to introduce a switch, operated by the
falling weight of the calibration apparatus, that
disconnects the velocimeter and connects the
calibrator. Such s ewitch, with ita electrical
connections, is shown in fizure 3. Adjustinents
are such thet when the falling weight deflects the
lower strip, thue opening the contact hetween the
upper and lower strips, the upper strip deflects
down and makes contact with the middle strip.
The center and lower strips are relatively stiff and
the upper one quite flexible. When silver con-
tacts sre used, there is no difficulty in making
adjustments, so that the normal contact resistance
is neglicibly small.
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Fiovae 3. Swilch operafed by o falling weighi fv dis-
sonnact the velucimeter, V| from the nacilfograph and ien ie
conngct lo {t ke calibraling vollape, eqy.

In deriving the equetion for determining the
velocity from the oscillograph deflection, the fol-
lowing symbols are used:

E=induced electromotive force
D,=deflection of oscillograph produced by E
ene=cnlibration potentisl applied
D.=oacillograph deflection produeed by e.,.

Arguming that the defleetions of the oseillograph
are proportional to the npplied voltage and that
the velority is proportional to the induced cles-
tromotive foree,

V=kE=te, DI,

where k, the factor connecting 7 and E, is deter-
mined by o laboratory standardization® and is
hers taken az & koown constant. As the deflec-
tion of the oseillograph may not be strictly pro-
portional to the applied voltage, it iz important
that the calibrating potential, I}, should cower
nearly the same voltage range as the induced
voltaga, I, so that w method of interpolation can
be emploved if found necessary.

¥1. Falling Weight Apparatus for
Operating Switches

Figure 4 i8 a drawing of the falling weight and
gwitches of the calibrater usad in the ballistic .
investigation, It was designed to calibrate two
ogcillographs simultanecusly, with fve contacts
in ench of two independent sets. As the contacts
arc normally concealed, the insulating plate hold-
ing the front set of contacts is not shown in the
drawing, but the plate and contacts are identical
with those shown at the back. The three-point
switches {see fig. 3} shown at lefi in the front set
of contacts and at right in the back were used

THDRC Report 220 (D3RT Mo 209 1. 20,
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Sunlehes aaidd Ir'u_f.!'.l'u” werght of an aseillograph
calebralor

P 4

T, Muagnet] & hobkling Litehs 8, weelghls 4, Dirse-jpnlnt swliel B switelesm 1o

wfwrey ieikarte e siaccearbon: 9 losalotivng pleind 7, Inedheithg cing

They were opened
the first

only with the velocimeter,
aghout 5 msee before the opeming of
calibrating switcl, and in no case did the vibre
tiong of & switeh persist for 5 msec.  Eaclh of the
fiv e contaot switchos (shown comiplote nt the baok)
consists of o hronze strip attached Lo an insulating
ringe, and o silver stod attedlied to sn insulating
plate, With the falling weight raised, o silver
contaet point on each strip is pressed against s
Each stud was about 1 mm longer
than the one preceding i-—thie shortest being next
to the three-point switeh., The shunt resistances
are conneeted between the inding postz on the
insulating plate and the common terminal on the
msalating ring. Al the switches were operated
by the eylindrical falling weght.  This was held
abovie the contacts by o lateh that opened when the
rologsing magnel wis cnorpized.  The height was
so mdjusted that the Talling weight operatid the
first contact o fow milliseeonds after the comple-

gilver stud.
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tion of the ballistic phenomenon,  The fulling
weight apparatus is shown in lgure 5.

The purpose of the calibrator in eonnection
with u Toree, an aceclerntion, or o veloeity that
varies with time, is sither to insure that the deflec-
tions of the oseillograph are proportional to the
potential applied to its plates or to provide data
by whicl
weaphically or snalytically for all values of the

the  relationship ean be  evaluated

applicd  potential.  In practice, w  calibration
ustally consists of live orsix stops [or the ealibra-
tion voltage, ¢, IF the resulis of the calibration
show that the deflection s not propertional to
the applied voltage, but varies systematically,
nnnlyticnl methods can be used to express the
In any case eraphical methods can
b smployed, A uselul method is to plot values
of the ratio of the applied potential to the observed

dofloction as ardinates amd values of the defleetion

rila tionship.

us abscisgn.  Then for an obsérved dellection, the

corresponding ratio enn be read from the curve,

Switchen and folling werght of an oeedllogroph
enlifivilar,

Froone &
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Appendix 1. Derivation of Formula for
Computing Shunt Resistances

The nomenelafure iz n aceprdanes with that zhown
showt in figure 1.

B =elactromotive foree of battery

r =ganeral integer in conoection with decade reaist-
BOCE

¢ =general integer in connection with shunt resist-
BOke

exng="deliversd potential {n-colls in decade resistance,
g eolla in shunt, reskstance}t

P =P+ Py=control resiztanc
R =R1+4+R2+ ... + R1}, the deoade rosistance
Ee=RI+E2 ... +8n

#g =rogistance iotroduced into shunt circuit by
opening conthaet g when sll conteeta of lower
numbefare open

@ =81+ 52+ ... +5q, the shunt resistance when
sontacts 1 1o § are apen

Jo =current 1o eoniepl resistance and b the dacade
raplatancs when the ahunt resistatce i3 infin-
ite. Thig is normally 1 ma.

I, =current in control resistance when shunt resist-

ance is £)

fg =current in decade reststance when shunt resist-
ance iz @

J7 =c¢urrent in shunt resistance wheh shunt resistanes
s

The problem is to find the value of &, that will increass
I: by 0.1 ma when contact ¢ is opeoad,

Note that when g={), @m0, apd when §=10, ==,
Ag I o=i4ja Fe=1.BIQ, and i,=gly10, it followe thet

Ty=gls[B -+ G104,

But
I«—™ EEQ vand Iy= P_ER
PryTo
Hubatituting in the preceding equation,
R+@Q $(R+9
PRE+O+RQ™ 10@(R+PJ
Bolviog

o= _¥ .
E-!-P 10—g
The valuye of Sq ig a_{‘g!—|+ + 44 +Sl} bt {sq—l+
« o +81) man be obtained by subatituting ¢—1 for ¢ in
the above equation for £, Meaking this sebstitution and
eubtrecting

P 1. 10 .
T“ErP—giii—p

Although this derivation appears to indicate that E can
have any value from f to =, useful valoes of B are quite
limited. If B i too emall, the resistance of the eontacts
and connecting wirea introducs troublesome eorrectiona.
If # s too large, the time conetanta of the circuit to which
it Iy conneoted may be adversely sifected.
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Appendix 2. Effoct of a Veliage Drift
in the Battery Upon the Delivered
Potential

The problem is to find the chenge in the deliverad
voltage, €u,, for B small drift in the voltage, E, of the
battery thet furnishes the current, when thip eurmabt is
mpintained oonstant by changing the adjustable resistanca,

The shunt resistancas have besn computed for & definita
valug of K and Iy, 8o that ¢,, has the dealred steps only
when both F and Iy remain constant. Io practice, Iy ia
elwayz adjusted fo 8 definite value, but E will deoresse
slightly in the gourse of B few months. The problem is ta
find the permissible decrease in E that will not afect ea

more than the expected observational error.  Teing the
syiubols and eguations of appeodix 1, :
QR QR.E Qi1 E

=Rt = RO PR+Q RO ER+Q - Rl

The firgt, and last memibers of this series of equalities show
the pelationghip, in terms of conptant resistances and the
conatant eurvent, Fy, batwenn the deliversd voltage for any
value of # or 4 and the voltage of the battery. To ahow
the effect of 8 change in voltage of the battery, teke the
natural logarithm of the first and laat members, then ob-
tain the differential of these logarithma. Thus

fey, SE__dER+Q
ens B ER+D—RI,

Bubatituting vaulea for fy and &, &= given in eppendix 1,

fene dE RB(10-97
Eug 108

The most uofavoreble condition i when ¢=1. Then if
#fayffn; e leza than 10-%, with EF=4.5 v and R2=100
ohms, the permissible decrense, dE, in Fis 0.22 v. But if
K decreaged by .22 v, Is can be mnintained &t 1 ma
anly by deeressing F by 23 ohms, Heoce when F,
which ia 4,400 ohma with new cells, bacomes as small
as 4.180 chmas, tha primsry cellz should be replaced by
New DN,

Bppendix 3. Derivation of the Cali-
thtinn Factor for a Piezoelectric
age

The following nomenclature corresponds to that used
in figure I and accompanying deseription:
F=quantity of electrivity developed oo the gage by
& force resnlting from pressure or scceleration
= capaciiancs of shunt caparcitor
C.~eapacitanes of gage
Ci=capacitance of shielded lead connecting gage to
eapacitor
V=potential produced by & on gage, loads and
eapacitor in parallel
epy=calibrating potential
¥ ,=potentinl avroas gege and leads in parallel when
ealibrating potential is £, Bnd foree in zero
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Dy=dedection of oecillograph when foree = F and
En =0

[,=deflection of osoillegraph when F=0 and 2.,
in applied by the calibraior.

W]m.n a forea, F, iz appllad to the gage and the ealibrat-
ing potential is 2&ro,

F=id.

The factor &k is determined by moeasuring? the charge
developed by & koown foree (or acceleration) and i3 here
asgumed to be known.

When the foree or acosleration = applied during a
ballistic measyrement, the charge developed i distributed
on the shuni eepacitor, the leads, and the gapes, secording
to ithe capacitenes of wsch, alnes they arg connected in
parallel. The potential of each ia 17, ao that

“
V=abi=mre+c,

TBeh NTIRO Report AT (GERT T, A p &; WDRC Raport No,
T (BRD No. 2068} 2. 47; NAR-ORD Report No, 430 p. k1.
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The lactor, &, mist ba determined-or procedures developed
by which it esn be eliminsted. When the foree or the
acceleration becomes sero and the ealibration voltege,
4, I8 Bpplied, the ogcillogreph ia conoeoted o meaaure the
potentisl, ¥,, serozs the gage and ite leads, which are now
oonnented in parallel, and the combination in series with
the shunt eapaeitor. Then

Elgcl _
V= TR ﬂ.‘—ﬂﬂ';.

From these equations it follows that F=fke., Ol
Henee the proportionslity feotor by which the deflestion
of the ascillograph iz multiplied to give the fores or accels-
retion is ke, Ul Dy, In deriving this, the sssumption was
made that the Factor, o, is 3 cohstant thyoughout the
calibration range. When this is not the case, becauss of

‘maladjustment of inatruments, the wvalue of &, for aoy

giveo value of Dy, can be obtained from the ealibration dets
treated either snalytically or graphically.

Wasamweron, March 3, 1948 -
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