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A Hew Design AC-DC Measuring Instrument

This paper will cover ratn r completely all work
done in the develooment, ooth practical ~nd theoreticel,
of this instrument. The consizeration will be divided
into the following classifications: obcsic principle,
evelopment, operating charecteristics, theory, sources

of error in the different tyres, dircetions in vhich

development must be continued, «nd conclusion.

3ic Principle

The original ides was acquired from the study of
the Yelvian current belince snd

e

De La Rive®s battery. The

Yelvin current belence is

amply exvlained by illus-
tration 1. These bzslances
sho™ rather low sensitivity

in actuval ovneration. They

are rether likely to have

Fic. 40.—Kelvin current balance.

high’ losses in the form of Figure 1.
eddy currents vhen they gre used on alternating currents.
This nrincinle weg combined with the exnerimental stunt

oy

n 1g chovn in figure 2.

kno'n as De Lz Rive®s battery, whi

Tt consists of & floating battery vhich has a coil of



wire connected to its plates. Bringing the magnet up

to the coil will cause the

coil either to encompsss ——

N S ‘
Causes it to Turn
and Approach

Magnet

the megnet, or to turn

around and encompacss it.

If one takes the stationary

coils on the Xelvin balance,
and replaces them with a ring
of iron, to which megnetism Figure £

is applied either externally or internally, one can
cause the moveable coils to experience a turning couple
if they ere properly connected. This connection is such
thet the one coil exwveriences & force tending to carry
it to the center of the plece of iron, and the other

one = force tryins to nush itscelf off the iron. This

ie the basic principle underlying the instrumente.

Development

£11 of the originel develooment work was done with

direct current models. The first method tried s the

use of an externsl magnet - -
@?Zi@
Mn’r‘l!

to excite the iron ring on

which the coils moved.

This of course was insoired

by the present D°irsenval

Figure 4
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instruments. The general layout is shown in figure 5.
The two coils are arranged as shown in the vrint, with
a frame of brass wire carrying the pointer, pivots,
eprings, e¢te. The ring was of sof't iron, being excited
by &an external magnet. It was found that the distance
of the msgnet from the fices of the ring wes rather
important. "aen the magnet was placed neoar to the
ring, the sensitivity was rather low, If, on the otner
hand, the spacing were about three quarters of an incn
on each pole, the sensitivity turned out to be rather
high, The first set of coils fit closely to the ring.
When a veir of coils having & considerably lirger
crossection was made and instslled, the sensitivity
was found to bé very low compired to the value shown
under the previous test. This of courrse mesnt that

the flux wes leavins the ring end turning beck along
it, thereby permitting the flux to escapne passing
through the coils in such & manner th:et they are acted
on. Various types of flux concentrztors were toested
with the magnct to see if applying the flux over & very
small erea of the end of the ring segment would change

sencgitivity., It was found thet this 4id not =ork. In

)

Ol

2ll of these experimentes, gravity return wrs resorte

to. Vith tarece hundred ohms in the moving essembly,



and this grevity return, sensitivity of aovout & hundred

microamperes full scale was achieved., Th«t wes with

mn

the asrgap to magnet dictance of three g arters of wn
inch., The magn:t uscd in the experiments was rether

weak, being of ordimary tungston steel, and being rretty
thoroughly demagnetized at the time it was used. The

flux density being used was probably not more than three
or four gauss. This would lead one to susuect thet fairly

good gensitivity should be obtainable. “hen thic form

of the instrument wes develoned

as fer as was vractical, the

[ah]

possibility of an internsl

magnet for the excitation of

the instrument was considered.
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particular model is shown in

figure 4. 4 special megnet was Figure 4.
designed by the author and made by Indisne Steel Products
Company. A rather heavy moving asscmdbly was built and
installed. Springs used were strong enough to hold the
reriod to apbout a second znd a halfl. fhe moving sssembly
could have been puilt with about & guarter the weight

it had, so the period could have heen nalved. £ifter

attemots made to use iron balancing screws resulted in



laree

[ -
PO
118 € %

L/ OF =1 &
m -

1€ C

3 - v e
Lc i L€

r 1
L L
m™
@ (S
t R i)
5

Thie ie¢ beo
&N . - 1 -
flux is bein
£S493 - - -
] 1 1
(8 § LG 1 .Awl,\ .
- ) &
VO LV 11 C
[ 4 1665, - Y ¢
. >
4 o
1 )| ¢
i VEaE . Theyv
.’:“; n; T::L( “r \»1
fields o
with the rees

Elux

crosses

+
LK

ties of ¢ b
sancin serewes over t
ctuel ¢ 1 as:
tic and raphic
assembly is very
wat of the previous
addition of the
e ,,}:‘ + P *.,‘ v c ,1‘
resulted in a ver:s
se of sencitivity.
use the netic
7 8 uch more
n even n effi
1 makes 1 ff twc
ti1 in the center
the coil
re mounte SO
ve their magneti
g each other,
ult that here the
the center of the
of going through
he m: tie flux
the acnet 18 aopr

v S ert
b1y can be seen
Lt . SNOwWIN ner =

a1

=

"JAL T

[

Drsienes 1938 l MAGNET — MODEL

DrAwInG [For

AEars Puiiey Puytten INSTRUMENT Wesron — /938
I'1LEUre ) @
nt design nas been




different &ir gaps and paths, so that all the flux from
the magnets, assuming they wre ualanécd, will be useful
flux. Therc is of course a demegnetizing effect ¢n the
magnets where they have long airgars, but experimints
indicate that with the choice of proper magnet
mesteriels, thic can be held tv & sufficiently smell
value. The riodel shovn in the photogzranh went on a

journey to Yewark, MNew Jersey and back without indicating

D

any apopreciable change in sensitivity. Differencecs could
not be checked exectly, as 1t vas impossible to compeare
sgainst the same meter &s was used for calibrating.

£fter this originel model was ouilt, the structure of

the instrument wos given caereful concideration to see

ho 1t could oe redesigned for more ruggedness. In

the model sho'n the support for the metsr itselfl wes

by vey of the assembly carrying the pivots and springs.
Obviously thils would put the s.pport assemply under

strain with very good possibilities thi.t it would get

snrung in the course of use.

£s the megnet 1s the heeavics

part of the thing, the logical
thing to do is to plece the

suprorts on the magnet, and

have it hold the rest. &

. Desrenven /1938 IMPROVED DESIGN Drawine For

PULLEN [NSTRUMENT Wesron ~ (938

much imnroved 4 sirn Is shown | Azers Puven

in figure 7. Actuelly, the Pigure 7.



suprort ping should go completely through the magnet
for one to get the maximum of rigi-ity. £lso the mounting
brackets should be rlaced next the megnet. As further

2

work on the magnet model would huve necessitated lerge
expenditures for exverimentsl megnets, sﬁnce the funds
were not available, work with the TC noernet model vwas
temnorarily discontinued.

Naturally, the next & clication to come to mind
wae possible use un alternsating currents. &ince
measurements are rather essily mede.on exnerimentsl

deei

n

n

o0
[$3]

for AC structures, it wie decided that rather
care;ul investigetion of the effect of the meny veriebles
present in the instrument on the actual =zensitivity
bshould oe carried out. A lerge quantity of ring
stamnings of & convenient size vwere acquires for this
nurnpose, After the edges of the rings had been smoothed

off to heln cut dowvn the eddyv current losses, & number

Ty

of stacks of therse rings were given different lengths

of airgaps, 0 the effect of this lungth on the sensitivity
snd sczle distribution could be determined. The actusl
m-thod of meking these determinations vis es followe:

A clamvring devide wes built which woulst hold the verious
rings in & secure posgition, wnile an alternating curirent

of aonout a half en emnere was nassed throurgh & fifteen



3

or thirty turn coil wounil opnosite the asirgen. Tn

the center of the ring wee a roun’ =sesdesm block of wood,
co mountcd thet it coul be turned. On this pilock was
mountes & coil of fine wire vhich faced the rine surfeace.
Ls & result, the megnetic f£lux lecking from the ring would
generate a voltage in tnis coil. At the airgap itselfl,
of coursé, the coll shovea no voltage, as the volfage
generated in ewach side of the coil opposed thet in the
other side. A diagram of thics device will be included

in the avrnendix. The voltage genercted zcross the coil
waes led out to & calibrated vacuum tube voltme ter.
Tnform: tion on this also will be in the appendix. It
consists of a two stege amnlifier driving a detector stege
‘with a2 one milliampere meter for the actual measuremente.
Te magnitude of voltegers mecsured was from gbout three
to ten or twenty thousandths of « volt. /An armeter was
uged in series with the evcitor coil so thet the
conditione from one riné to another could be dunlicated.
The sirgeps tricd in the ssmples ran from & guerter of

san incn to sn inch &nd & quarter. Mot only was the flux
on theee semples messured, but also the voltege drop
across the excitor coil, MNeturally, the cest conditions
for onerestion &are those which chow g meximumr flux «¢

measured by the coil with & minimum voltage drop in tue



excitor. Thercfore tnis was the condition which was
csought. It took considerable time to cet the enuipment
operating properly, but when this wes done, the following
resultes were obtained, The most uniform distrioution

"of flux occurred, «s might be c¢xpected, with the largest
airgan. Aléo the smallest voltage <rop occuwrred under
this condition. £till, however, considerable flux was
known to be¢ passing across the airgap itlself. 4s this
flux wag-worthless sc fas as the operation of the
instrument was concerned, either the complete removal

of the flux passing across thcre or minimizing of it

was necess:ry. There was but one way to do this, namely,
vlace & coll at that location so connected that it would
be ovnosed to the flux tryving to cross, thereby, if the
coil is of the risht size, oroventing that flux from
crossine. Thic caused all flux t¢ pnass acrosgs the ring.
"hen this chanrse was introduced, the ring was arsin closed
for the purposes of gymmetry. Since the inductance of
tne coil is deuvendent on the flux flowving through the
coil, tane inductance of the cocmpination wes greatly reduced
by the double coil assemoly comparcd to the single for
the seme flux. £ schematic diagrsm of both the single
and double coil combinations cin be seen in figures 8 and

2 resgsnectively. Flux distribution curves for three



trpicsl rines ill also be

found in the #-nendix. They
are for the sare total armnere

turns excitation. ALpnroximate

inductences 111l be found stated

on th- grevhs,. Thn: design of
the zetual instruments themeselvo g

ie very similsr to the irvroved

NC construction with the sddition

PRINCIPLE or OPERATION
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of execitor coils.

The double coil instrument wos
the first instuemtn built on

the revised pattern, with the
result thet some difficulties
were encountered in working out

satisfactory assemnly methods,

& drawing of the scssemoly for

Cacrecr Fiecrrica
LNevecRms £rsearch
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the single coil nodel is shown

in figure 10,

is the fect that the second

closed., 4.1 the rings «r'c cut

into two segmente, most of Chem

half way vetween the two stat-

ionary coils. £ few &re cut una
the stationary coils so «s to

hold the whole cssemodbly together.

10
i e

Figure

coll is

N

Ficure 2.

The only difference with the iodels vuilt

agded and the ring
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Cormercial assermoly metho:is vwould be comewhat different.

The cuts in the rings are pleced half way between the

)

fixed cbils, as theoretically the flux through the iron
is zero at that point anywvay, so.the field distribution
ring '
will not oe changed. A clampingﬁrould hold the =ections
together. The number of turng of wire on the moving
assemnly should be as near to ecual to thos: on the
stationary as possible, as thet is the condition for
minimum voltage qdrop dus to inductance. 0Of course,
the resistance of the moving'assembly will increase
greatly on doing that. Tae birsrest drawback to neving
coll ampere turns thne same is the effect of stray fields.
My wresent guess on the best relstionship, teking into
sccount these effects, is that thne ratio should be about
five stétionary to one moving turn. Probably c:reful
inv. stigation choula permit settineg un of relstions which
should enable one to choose the b st all sround ratio.
Jeither esuiovment nor time heve been available to carry
out this investigation, however,

Tn none of the esrly models was a brece put in the
center &t the pivots. However, it was found advicszodle to
do this, so that the instrument will retein its belance in
all positions. Tt was not found necess:ry to stiffen up the

crossframes to rrevent other than twistine movement against



the s»rings. The mass being carried by the crossframes

ig easily within their elastic limft. They provably could
carry much more load “ithout exceeding it. The method
developed for assemoly of these experimental models is

as follows: the rings of trencformer iron were first
drilled for acserouly. Then they were cut into the sections
&8s described previously for the assemodly. The support
structure wes made, it looking much like that shown in

the improved design. The coils were wound up, and nlaced
on the iron. The set of holding rings, which were cut
under the stationary coil, were bolted on the main iron

in such a way thaet each section of the main body had

these holding rings on one end. The coils were placed

out of the way, and the two sections pressed together.
Lfter a little adjustment, the support assemblies were
placed in their ovroper holes. Then the coils were

braced at the center of the ring, &nd the cross zssemblies,
carrying vointer, swmrings, and related eiuipment,‘were
cemented on end allowed to dAry. Then the asserbly was

adjusted to cleareance, connected up, halanced, &anc the

[

n

nrings connected. Cormercial rroduction vould require
a number of changes over this method, including ¢ ssembly
of the moving structure before rutting the whole thing
together. WMo difficulties would be encountered if care

ken to permit the coils to be =et u» in proner order

Q

is ¢

12,



end then drop & clemning device in plsee which will permit

eggy asgemoly end dissembly. Satisfactory metho:s for

doing this on large scsle heve been develoned,

Jperating Charscteristics

In thic section the various extsrnally noticesable
characteristice will be discusses?, and compered with
those of commercisl types of instruments. By doing so
one can get an idea about what the instrument et ite
nrecent stete of development vill do and alco something
of en idea =g to vwhet can be exrected from it.

Tne DC model whicn was built is s decidedly high
inertia jopbp. Thot ic accountedble when one notices the
mistakes mede Iin meking the ascembly ag it is. The

weicht of the couls is eveesoive Aue to the celluloir

ceil forr used in the in~trurent. The rase of the belencing

asgerbly is too rreet, 2¢ ig it inertis. llowvever, despnlte

these defects, it showe & sensitivity of seven

T

milliamperes full scale deflection with an internsl
resistance of only two ohms by the Pullecn precicion

LA 7‘1‘ Loy
and e

O

£

"heatestone bridge and & period of sbout & sccon
helf. Thic period con be cut to & Tfourth thrt value,

according to resultes oltaine? on-other incstrumentes.

}.-h

The magnet used in the instrument ic a specially made

L3



56 percent cobelt steel magnet with & half inch szirgeap.
The division of the scale for this instrument is almost
perfectly uniform. However, proper arrangerment will
greatly alter this same distribution to any form one
desires. Damping 1is also needed in this instrument, as
it ig far from critically demped. That is easily acquired
for the DC model, however, by use of light demping frames
of metal for the coills. The instrument has a maximum
of torque production for & given inertie. In as much
as only suversensitive lines of inctruments can beet
thie construction on sensitivity, and they sre in
general instrurments having & much longer period, this
instrument comuvares very favorably with the commercial
tynes of DC meters. £n ordinary DeArsenvel ton milli-
ampere millismmeter hes about five ohms resistance, as
compared to the seven millismperes and two ohms of this
one.

The £C milliammeter looks extremely interesting
when compared to commercisl AC instruments. The originel
rodel showed a full scale sensitivity of forty seven

milliamperes with a voltege drop of only about Z.3 volts.

Ordinary instruments with thics range drop earound thirteen

\

volts. The period in this case was aoout & half sccond,
which compares rather favorably with that of th: instru-

ment being calibrated egainst. Tt had a vericd of between

{4



a quarter and a half second. Th~at, oi course, means that
the s:'rings on the new design were rather strong. The
model tested had no damping. This ould be best supplied
by use of an aluminum vane in the space between the coils.
Properly made, it would oifer sufficient damping and would
not noticeably increace the neriod of the instrument.

As the scale distributes itseli now on the instrument,
there is a tendency at high readings toweard increacing
sensitivity with increasing deflction. As is obvious,

if one wishes, he could under these conditions build-

a meter whose tornue increased ns the spring return torqgue
increessed, resulting in & meter which would read & certain
current enywhere on the scale. For pest results, a plot
of rmovement torqgue &nd scring torque as a function of
deflection in radians should have the tvo curves as nearly
at right znglees as nossible, &g this condition ic the
condition for best reliability and accuracy. Supprecssion
of the high end of the scale so that the curves will be
more nesrly normsl is ther«fore advisable. Reduction

of censitivity 2t high currents and increase of sensitivity
et low currents would even out the scale distrioution

considerably. £n improvement of characteristics would

result guite naturslly from such a change, as the voltmeters

end amrzeters follow a squsre ccale. Proper nlacement



le.

of coils will also helvp this.

In the DC instrument, the equivalent circuit is the

\

sare & that of the DfArsenval instrument, namely a
resistance in series with an inductance and with & vparallel
circuit of inductancelsoring] and canzcitancelinertiaz! in
series with that corbination. On AC, the circuit consists

of two inductence and resistance compbinations in series

with mutuel coupling between the inductances, and two
additional parallél circuits of & resistor snd inductance

in series with the rest of the reactances. Iutusl inductance
will exist between the nure inductive components, and
between the magnetizing inductive components. The

dynamome ter meter has this circuit without the magnetizing

I3

components. Therefore the characteristics of the two

instruments sre very similar.

Theory

“The bacic equation by which the operation of this
instrument cen be nmost easily studied is aF = i dlx.
F}om %his, ag derived in the apprendix, we find that
6 = ki B/T. Here k and T are constants depending upon
the narts measurements. B ic & veriable in 8, =0 cé&n

be expended in a Fourier series if this form would vrove

convenient. It would consist of ¢ function of sine



terms. This would give & rather convenient means of

handling computations of sensitivity. The derivation
givgn makes several assumptions, namely, that the flux
leaves the magnet normal to the surfece of the magnet,
and tnhat the conductors are near enougn to the szurfeace

of the magnet.that the flux is still normel, or nearly

so, at that distance. These assumptions are justifieed,

as the permeability of the iron in the magnet is so
great compured to the air surrounding it that the flux
is in effect leaving an almost perfect magnetic con-
ductor. Careful constiruction will assure the coils'
being close encugh to the flui conductor that the flux
is still for all‘practical purvoses normel to the
conductor. Precise determinations of the allowable
spacing bztween the iron and the wire of the coils heas
not yvet been made. The results of the preliminar
experiment are the major source of information on

this source.

A development was underteken to determine the
effect of the reduction of the size of the instrument
ot half the present model size on the sensitivity of
the instrument. These calculetions indicated that for
a constent exciting mnf, and & constant period and
resistence in the movement, the sensitivity of the

m

instrument is increws<d as 1/r®. T nics of course means



that reduction in size of the instrument will definitely
increase its sensitivity. In an actual millismmeter,
one would achieve an increase of sensitivity of about
three to one overall, if the instrument is of the AC
type, or four to one in the DC type, for & reduction
to half size. That is, reduction to a tenth present
size, if it were vracticel, would yield & one milliampere
AC milliammeter. The reduction in size to half that of
nresent models actuelly lowers the inductance of the
meter to about half that of the larger size. The relative
amount of iron loss i1l be the same percentage, as the
volume of the iron drops to an eigshth of the larger gize.
As one notices from the equations of the instrument,
the sensitivity denends upon the flux leaking from the
ring. Terefore the distribution of the scale can be
easily changed by merély chaneing the amount of this
leakage flux. As the Flux will lesk most rapidly where
the flux density is the greatest, all that is necessary
to increase the flux at any point is the reduction of
the area of the ring at that point. Precise data has
not been collected on this, however, sensitivity at the
low end of the scale can bé made to take on the value
desired, within limits, by cutting away part of the

area of the ring et the point in question. Tn as much



as the iron laminations sre easily dupliceble, and the
flux density in the iron does not-apprectably effect the
accuracy, it is a simple matter to get @ccurate methods
of changing the sensitivity of the instrument. The iron
is best chanred in such a manner that the outside

surface remains close fitting to the coil. This can

be done by teking iron out of the center of the laminstion,

or by trimming pert of the iron along the edge,on‘some
of the laminations but leaving enough co th#t the flux
will be held approximately as desired by its proesence.
Thus a very versatile instrument results, as scale
modification it extremely easy to carry out and very
eacy to revproduce accurately.

The theory of the AC ammeter of this construction
hags one important consideration which is not »recent
in the other forms of the instrument. Since the springs
of an instrument wili not carry heasvy currents it im
necessary to use meens to eliminate heavy currents from
the moving coils of the arreter. The best method of
deing thics ics by & shunt connection. T™n order for an
instrument to be independent of freguency with this
connection, it is necessary for the time constant (L/R)
of the moving escembly to equsl that of the stationary,
assuming no reduction of torcue due to increase of losses.

In or-er to overcome a reduction in torgue, the time

L9\



constant of the moving assembly should be & little less,

Just enough to correct the error, than that of the

u
stationary. This causes an increace in moving coil current

without an arpreciable change in stationary. Otaher than
this, there is no theoretical difference from the other
instruments.

Tt ic possible to work out field distributions for
the double magnet construction oy methods given in Dr.

fmythe°s Stetic and Dynsmic Flectricity. £4c time has

not vet been found in which to cerry out this operation,
it has not yet been ettecked. £ simple integral, once
cet up, is all that has to be done in the evaluation

of this nroblem.

Sources of Frror

¥

There are certein sources of c¢rror which are present
in 211 instruments. Thece errors will be dicscussed here
first under generel errors; and then errors which effect
primsrily one given type of instrument.

General errors

There +re several temper:ture errors which come
uner thic classification. The first is the error due
to temperature effects on the srvringes., The error intro-

duced by the srringes, according to Laws- Electrical

20



'eesurements, is of the order of G(.0d- 0,04 parcent ver

degre

» Centigrade. This means that for & half pe.cent

L
Py

T

instrument, the error over a renge of +10°C, will be
less than the accuracy stated. It cen be compencated
for, if desired, by having a suitable resistor with a
tempereture ceceifficient which chsnges the resistance at
such a rate zs to counterzct the error introduced by the
s*riugs; ftnother source is the expansion of the cross
frar«e carrying the coils. Lhe expansion'coefficient
lineer) for b.oess is 0.00002/°C or the totel poesible
error is 0,04 percént for “0°C, This ic ruch less
than the sccuracy set.

The mégnetic flux errors sre due to tvo main sources,
nerely chengeg in perresbility fnd core locs, ihe
perreebility e ‘ror wouls recsult from the chenge in this
fector under different srouate of rersnetic excitstion.

I calculation of the erffect of thiec change i1s found in
the appendix. Next we must copsider gore losses. 4L

S0 kilolines per squsre inch, the loss in the iron is
N.1€ vatte per pound. CSteinmetz formulée if eapplied will
give & velue of locge &t flux density being used which

will be high, 2¢ 1t does not take into cccount eddy

curr-nts &t B®¥, [The exponent ic teken as 1.6] Taerefore

ve will use this equeiion to determine the meximun velue

of this loss epproximetéely., The evaluation ic given



in the arnendix.
The instrument will shov errors cdue to stray fielcs

unless some shielding is added. On DC, the error with

e

no shielding on the AC model turned out to be &« couple

of percent. liowever, plecing of & thing rins of low
perméability iron surrounding & thin ring of high per-
meability_iron to shiel?l the roving zesembly will cut
this error down to & point that it is neplighble. This
shielding will sérve & secons nurpose, £lso. It will
drav the flux out of the outcside of the flux conducting
ring, and can be arranged to cause additional flux to
leak where it is desirable. The result is an increcse
in sensitivity and another mesns of modifying the
scele distribution.

Voltneter errors

Voltmeters ere bothered by snother temperature effect,
namely change in recistance in windings due to change of
temperature. ©Since the temmerature coefficient of copper
is 0.0058 ohms per oam per degree Centigrede, for e
tempersture range of 110°, the change in resicstacce is
Z.8 percent. Ther-fore & ¢ amping resistor heving ten or
rore times the resistsnce of the copper ™ill serve to
hol? this to & smsll value. Proper aijustment of the

value of thie resistor will cocunteract the error due



to temperuture effects on the springs, ac the copper error
is greater than the spring error, and in the opposite
direction. Resistors will reduce the eifect of the copper
error, making rossiole a design which will be inderenient
of temperatur<., This ig generual practice in instrument
work at the present time. The sénsitivity of the voltmeter
should also be looked into. Using only a swamping resistor
to hold the error due to temperature down, the maximum
voltage drop allowapble in the meter movement proper is

ten volts for a 100 volt meter. Since a ten milliampere
meter of this design 4drops zbout ten volts at full scale
deflection, one can esily build a 100 ohm per volt meter

in this range. [V =W/i = 0.1/0.01 = 10] Compérison

with commercial AC voltmeters of thic range is interesting.
Dynamémetgr type meters show about 25 chms per volt.
Repulsion iron about fifteen to thirty-five, devending

on gcuracy of the inctrument.

Wattme:ter errors

"e now consider the errors in the wattmeter type
of construction. With a seven arjere curcent eoll,
cecnsisting of five turns of nulver eight wire per coil,
the current coil consumption of power ic about 0.15 volt
amperes. The potential‘coils take only 0.00€ amperes

at 150 volts. Z, of the moving, or npotentisl, coils
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is anout fifty ohms. Therefore the potential error Adue

to temperature is avout 0.0CGlpvrcent. For the phase
angle error, the equations giving this s~re derived in

the appendix. These equations give the relation b. tween
the pahse angle error, maxirum error resulting in ﬁhe meter,
and the power frctor at which this error occurs. There

is also data shoving thit the phase angle error in the.
current coils 11l compinsate for the time constant error,
By taking proper values from the granh of maximur error
data, one can design a wattmeter for sny psrticular power
factor range with any stated meximum error.

DC mrodel errcre.

Besides srring and wire tempersture errors, th: only
error which has to be taken into sccount on tne DU model
is the metter of magnet stability. This is a subject on
which quite & bit of researcn will have to be done,
studying the different possible magnet mwterials, gnd
putting them through very rigorous twsts {for stability

under herd useage.

Further Development

There ere many directions in which further development
must be undertaken. This section will take up the different
forms of th: instrument and discuss the work yet to be

done on them.



DC instruments

Models of the double magnet DT type of the instrurent
will h:ve to be built and tested. The design wvhich will

D

ive the best magnet permenency has to be found. Finding

e

3

these proportions for the meximum sensitivity and stabilit,
is a job whicn will teke a great deal of inVcstigation.
Vhen this design is found, the magnet will have to e
given very extensive tests to find if ite stebility is
goo . enough for accurate standards, portable standards,
switchboard meteré, ete. It will be necessary to collect
all possible data on this =s by doing so only cen it be
found out whether the structure will have aivantages
sufficient to warrant meking a line of commercial
instruments.

AC instruments.

-

The major things to be done with this form are the
investigation of frecquency errors, #ad to look into the

results of scale modification, and to investigete the

Ky

smaller instrument size. ALlso the AC smmeter has to
be exnerimented with.

Ls might be expected, the investipgation of scale
modification must be done in way of check practiczlly
of the ideas presented in the theory scction of this

subject. Tests should be carried out to chack the methods,

28,



see if bending of the pointer of an instrument will
introduce sizeable error, snd to find out the errors
incurred in preéent AC instruments from bending the pointer
and resetting to zero. On the straight model, without
any scale juggling, the error is small, due to uniformity
of the scale. As soon.ss one chaneces the scale distribution
from uniform, hovever, then errors will recult when this
chanee is made. Ag this is an imrortant question, it
will hsve to be considered carefully.

An investigation of freaquency errors was started
by the author, but nhad to be given up when the instrument
being used for the tests was burned out by shorting across
11¢ volts. The results indic:ted were that the freuency
error &t 500 cycles was of the order of one to two percent,
at 1000 cycles, about three to four percent, and at 20,000
cycles about forty percent. The exactness of these
percentages can not be guaranteed, as an accurate calibration
nhad not been placed on the instrument, estimates being
mede on the bacis of deflection and the ¥nown fact that
the instrument ha . 2 square scale, rather then uniform.
These investigations will nave to be continued and made
comnletely quantitative,.rather then semi-quantitative.

The characteristics of a miniature line of this type

of instrument will hcve to be studied. Calculations, as

26.
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steted, indicate a grest advantsge in the smaller csize,
Prectical experiment will have to be used to either confirm

or refute thic. I susrect coniirmation will recsult.

n

ilowever, small models suitable for or insry use in radio
and other purpocscs cen eacily be built if this doec check,
so it is very much worth while to carry on a cereful check
of this possibility.

The poseibilities of construction of an 4C anmeter
have to be reckoned with, alco. o exrerimental models
of this typs of ihstrum@nt were puilt, for reasons to
be digclosed. As has been stated, the instrument has to
be one. of the shupted dynamometer type of construction.
Calculations of & five amrere ammeter were cerried out.

It was found that such an instrument could be built which
would consume 0.25 volt amperes and would have the same
time constant in the movina dnd stsationary asscemblies.
One hundred milliamperés would have to pass through the
moving asserbly. Difficulties were encountered in design
of this type of instrument in keeping the voltage 4drop

in the moving assembly low enough to get 2 low power
consumption and at the same time keep the period of the
moving assembly low. fince the designing was difficult,
it was decided not to build such &n instrument for the

time being.



Low power factor accuracy of the wattmeter type of
instrument should be checked, £c no reelly satisfactory
method of checking this wis knovn to be available when
tests were made, only qualitative agreement has opeen
found h-re. A phacse chifting transformer or its
equivalent should be used for this check, as one can
by thit means get the equivalent of zero power factor
aquite eagily snd accurately.

There are probably new types of instruments “hica
can oe bullt using the same design a¢ this instrument.
They rust be worked out, and more checking done on the
rresent designs to see how they can be further improved

in ruggeinecs, sensitivity, and omnerating chsracteristics.

Conclusion

Here is an inctrument vhich chows & definite improve-
ment over the sensitivities of the instruments aveilsbple
in the market today. Tt hes ruggedness, high torque,
and csensitivity. Vhen the develomment of the construction
has been carried to & point that production is preacticel,
the results reported here may even farther curpass the
orecsent designs. Even &t the present time, however, the
resuits reprecsent ¢ definite ~dvancerent in the art of
megsurement of' AC voltages and currents, especially when

tnese voltages and currents are smell., Often measurements

28.



are difficult owing to the fect that precent instruments
under some conditions will radieally alteur the conditions
in a circuit when they ere inserted. Thic instrument

shows much lower insevction error oy ~ay of the fuct thet

it cuts nower consumption to about = fifth th:t of existing

instruments. This instrument ther-fore opens new fields
for the mcesur ment of those AC voltages and currents
vhich h&ve been rathef difficult to handle with e¢xisting
instruments. One finds in this insctrument, therefore,
e meacsuring devide which has versatility and {lexioility,
being eccurate on both AC and ﬁP, and “hich chows nromise

of grest sdvances in the rrt of messuring of «lectrical

guentitiec«,

29.



INDEZ_TO APPENDIX

Measurement of flux
Drawing of cemple holder
Circuit of vacuur. tube voltmeter
Sfemnle data
Sample graph of distribution
Equations of operation
Reletion of size to sensitivity
Decsign equations
Coil relations for ammet:r
Determination of errors
Permesbility error
Core loss error

Wattmeter phase angle error
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Yessurement of Flux

The first matter to be teken uﬁ is the messurement
of the flux distribution of the rings unier different
gap conditions. A drawing of the assembly used for the
picking up the voltage iz shown on.page 5%. The coil
on the ring itseif consicsted of thirty turns, angd
carried e half ampere AC in the tests. The coil on
the block in the center was of five hundred turns of
fine wire. The flux leaking from the ring pascsed
through the coil, thereby setting up an :lternating
voltage, which was meacured by the vacuum tuoe voltmeter.
This form of voltmeter was selected as it would draw a
negligible amount of current from the circuit. The
instrument was working at about twenty five megohms
per volt. A drain of powere would have rendered the
reading inaccurate. A diagrem of thic voltmeter is
shown on page 34. As will be noted, the voltage output
is regulated-by means of & neon tube regulator which
holds the voltage on the tubes constant to within a
percent for a voltage change in the power line‘of almost
twenty five percent. Since it also lowers the power
supply coupling inpedance,>coupling between the tubes
due to this sonce is greatly reduced. This increases

the inherent stability. It is of interest to note that

31
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the hum voltage input to the 6J7 from the power supply
is less then a thousandth of & volt, The meter was used
over the range of three to forty thousandths oi & volt.
The smallest recorded voltage is about one andé a half
thousandths, with a distributed coil sample on & ring
with & helf inch airgap. The flux can be calculated
from the voltage. The formula used of course 1is

E =n 4¢/dt. E = 500x 1?Ox¢eff, in electromagnetic
units. Therefore foryr = Eeifx108/190x: This of

éourse assumes that hysteretic errors are negligible.

A sample set of data is included on page 45. The

graph numbers corresrnond to the sample numbers given
with this data. Speciman number one is a ring sam;le
with an airgap an inch and a quarter long. Number two

he

n

an airga of a quarter of an incn. umoer three
shows the curves for a samyle with two coils bucking
each other on oprosite legs of the ring. Tach coil

has fifteen turns, instead of the thirty present in

the single coil test seamnles. fince the inductive
reactance is of extreme importence in this cace, the
impedance, the resiétance, and the calculsted reactance

are elso included in the cet.
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Appro>§imate E quations G overning

Tnstrument

From clectromagnetic theory:
dF =TdlxH
We define:—
¥ = mean radius of ring
F = furning force
[ = ’enﬂﬂn of one turn
H = (6o~ Be.) v = 8 B9
Where A= crossection avea of ring
@ =Angular width of coil.
dF =n TIdl 65@6.7{
T =2rF =2nT lréﬁ(f,\ff =16
2nldB8A
e = —T@
= KIS
This derivation (s based on the follow’mﬁ
assumptions: |
86 is L to magnel or ring surface near 1"0
that surface. This requires that the permea-
bi‘if/y 1s much greater than unity, or the
rmg is for prac’[ical purposes a flux conduc-
tor. The conductor carrying current must

be hear the surface of the flux conductor:

3/7.



Relation of Size to Sensitivity

_4_. - da ad
Mae = (ﬁe, —ﬁat)(orl "(fsa," ﬁaL)TﬁFT = 55 @prl
Where a= width of Vincjj d= thickness.

dT = nIdl 2r-s8. 23

§B=approx Zr Tz
TO = nIlzr 355 = nl %%

Tmvik for Pe,q'od of meter constant.
nINnad !_L.I_&_d._é.

e = T@vr - mriKgr
For resistance constant:

R - =4

J.8 = PrrPKr?
nine ad._ I ad
= ke Tt Se
where NI, MN,C, P “and ¢ are constants.

If a,d,rjendl =y

O = K,
If a,d,5andt =Y,
0 = gk,

Therefore ﬂ\e _sensi’rivi*/y 15 inVerxe!y Proporﬁ'onal
to the cu be of the radius (f tha Same p roportans

ave retained.
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The operating equations used for the degign of
taese instruments are quite simple. One has only to
build & model, of course, &n? then cvesluate the constants
for the typ of construction from meccurements on this
model., This was the method used in obtaining the
operating equations for this inctrument. Since the
operation depends on th: interaction of the exciting
coil magnetic field, whirh is_proportional to the ampere
turns, and the current flowing through the moving sssemoly,
the equation takes th: form of & product of two terms,
each concsisting of the amp-re turn rroduct for its
specific assembly. In other worqas NlTlﬂgfgz 0. This
of course asssuncs no change in the characteristics
determined by tihe constante. It turned out thot the
models built had an ampere turn product of between 120

and 200. 1ihe full scale current squared times the product

u
of the moving and stetionary turns for one s¢t of coils,
rather than two, was the means of arriving at thic figure.
The setup of every coil being bucked by snother coil
holds the imnedance ruch below that exnecied for the same
total number of ampere turns.

On ammeters, another equstion comes into play. That
of cource is Ni/il = Vf/fz. Thic relation is the one which

eliminates the freguency error in the instrment. On the

other forms of the instrument, it is better not to nhave



this relation adhered to, as it will result in & maximum
voltsge dron from the iact thst the vector voltige drops
will add directly, instead of vectorially. To keep this
2e small as possible, in series instruments the power
feetors of the moving ani stationary elements should

fer =s widely as possible. I1 is of interest to
note that the instrument lends itself eacil: to thic
vector sepsration, &s the wire on the moving coil has
to be small in ordsr th#t the p;riod of the instrument
be small, and the minimum loss in the stationary coils
occurs with the lergest possible wire in order to hold
the resistance dovn. £ derivation which givees the

T

ootirmum value of k, the ratio between ¥, and

Ny 18
28]
given on the next page. e see th t the value ol this
constant depen-s on the recistance of one coil set, and
the nro-unts of two constants defined diviaied by the
products of the currents. For the value oi kK to be
real, the only restriction is that £7 - % - 2R® nrust

be greater then zero.

aeldyiac  oneitisxra monte +t tae  oomre 3 an o ancidar tad o aandil
o ) e e o + = —tt
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Best Coil RelaTions for Ammeter

Given:— NN,I,L=C; N,=kN,
N> _ Ny ,
72—1:”’?:’ wl—l :CvN?)sz-:CIN;

To fihd-'* Value of k for Z to be minimum.

Q‘ = kl EZ
kN;II
..;_ 2z _g___!f_
= kI, I._ dr\d = T1T,T;

Fﬁnfeﬁ« o)
‘Z:Vk4kz+ CICI \/Rz k"I,"IL
¢ r . GrCE .

KOR+ Tz‘r’ﬂ‘\/R Cen
\/k"R \/KIRL CrC C

ka‘R +C"Cv .)- L \/ k"RL+ ’—I.'—'I-x

\,\’-E :.[L Tk A <, <
M__,J——L-——“ a
KU+ ¢ I
k
VKR + A
eI
k
k*+ 4 K R . "—-L
e
ok (511)1
i

S (k) KR = (k=) (kR Al) =
KAR) +k*Ry — k*RE—K*A*+k* R + A*=0
2 kK*Ry — k*A* £ A" =0

_i. . Y A
k*= A*-2R; ) .. k=% JA3r
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Determination of FErrors

The circult reluctence ic¢ the sum of th:it of th~

girgar and th=t of the iron r+«turn path.

Azelme patn area in iron one twentieth thst in sir,

For #verage n=th

R, L. PR approx 32%220 . ,

2 2 % 2500 )

A,

%

2 20
=4 554
IXIAX2Q

= L ' — approx S5 > +4.5
= A, t — app 2 X2x2800
2 2M =5 A.

=4.548

R,— R 0.006 _
070 Change_:: Jﬁ,. L A 554 Q. 12%

Te gee that, 1T the eéffeetive aresr TrUli0 1z Urynty to one,
rhien 1r the gege 1n the =zeters oullt; the error =ouls not
be noticesble,

Yercurementes of lezslkare flvy on the rings indicioted
th:t the maXximum flux in th ring ¢t the coil ig Fuprox-

im:tely 150 gauss = onc kiioline/squw re inch.

1.6 (.6
—t\\/_/!; — (__g:_ j Q.16 _ (30!0()9)7—262

w 1000

"W, < 0.000615

Power consumption of the rmeter ie O,1 velt emnere,

(B

Ther fore the iren logg 17 legg then C.6 percent.
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Tnvecsticetion of error in wattreter due tc an error

A8 in nctentiel ccil phase angle.

U

Let

= Yrue power

= power indicated by meter
P
P=Ei cos O
Pa=Ei cos(@—-AQ)
L AP= EI(COS O - CosQcosAo- sin@ smae)

(P
Maxlmum AP occurs at 3e ~©

'0;3

T, —sin 9(1 —casN8) — cos O sin A=0

Tan 68 =— -‘%’ﬁ, =5 o= gpl a8
=tan (90°+ £8)

.. 0=90+4a8

"A_"‘ = (I~CO$A9—1a.n(90+ —-9) S;nAe)COSQ

= (2¢in® -2-—+2. cos"é‘__.—‘?) cO0s ©
e i~ DO
=—2 s5in %

Let P=Ei cos©, be full scale readinﬂ.

. o Pn Cos ©, ‘
For wnity power fo.g;of' meler, A6, 15
2 51n T mex é@max
iweh by 0.005 = t - 2%?;
5in S2=0.0025
* Aemcx__ a/
6 o =2 o

V. ABpax =167



FOI” a ZO% power factor Waﬁ'mefe_r;, C0s 6,=0.20.

AP
b =0.005= AnAP

Sin&f=

P =2
A6 =4
FOY' a 5% power‘ {Ctdor‘ Waﬁmefer, COs 6,—'0.05

AN 2sin98
P‘ 0.00S’= 0.05

.0005

Sin 48 =, 00012
:25;//

AO =507

To build sudh a meter, the constants come

out as follows:

To be within error; set tanae=0.0002
" =SOQOZL for pofehi"ial assem Hy.
Takez, = fw
S, = 1500w

Zc;‘fu.r'hs e 0.0Z(A)
, -
.33=.02 225
C.n= 67 Turns
67 x0.1x5n =282 x20 Spr‘sna constant=25

6.7n =200; N=3aturns
ZLS .08 wv

ZLIL—’ZvoH amperes for current coils

: : s)*
For Pofenfm.l assembly,z,zz 7‘530 8.8 vol+ amps.



Drysdele and Jolley show {(niges S48-9, Ylectrigal
Feesuring Instruments, volume T) thst current coil phace
angle error due to core loss is arrroxirmately concstent.
Therefore it is rossible, since this error tends to
incresse 6 as ootentiel assembly error tends to reduce
8, to cause nartial cancellation of therce two evrore,
Teke A6 = AYP+p¢, where AP = rvotenticl error, and A¢ =
current coil error., . If A@¢is teken éo that AY = -ag
cay at sixty cyecles, then the meter will hsave no phase
anple error. A¢¥cen he held much pelow the (0.€ n-rcent
calcul: ted, as the same ref.rence states that Steinmetz
constant is nearer P than 1.6 taven here., It hevrens
thiat both of these errors sre proportional tc the
frequency, so th t if they «re corrected at one frequency,
except for eddy current losses, whirch cereiul rrensration
will keep tc a very low velue, tney will be corrected
at 2ll fredquenciec, Since both errors ¢r¢ less then 2
nzlf percent for & unity power factor wattmeter, they
can eesily ve adjusted so thot thew comnencate eiéch

other, thereby giving correct rerdings st eny nover f:etor.





