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the tnited Nations Industrial Development Orgenisation.




A-C Instruments
Principles of Qperatjon
.1. A-C_Ammeters and . Jtmc'er:
&. A-C Instruments wit» D-C End Devices

(1) Thermocouple Type

A thermocouple instrument consists of a
heating element, a thermocouple, and a permanent
magnet moving-coil indicating mechanism. It
may be used for the measurement of current
(milliamperes or amperes) and alsc the
measurement of voltage at high frequencies., It
is relatively independent of frequency
variations up through the Kilohertz range and
milliammeters may be used up into the megahertz
(million cycle/see) range. With suitable
correction factors higher rated armeters may
be used in this range also. They are used
primary for high frequency electric heating

eircuits and radio transmission and thus are

often called R-F (radio frequency) instrumert s.
, They depend for their operation on heating
the jJunction of two dissimilar metals,
particularly those widely separateq (positive
and negative) in the thermo-electric Series.
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This welded Junction of the discimilar metals
is a "thermmocouple™, Heating is provided by a

resicttance wire to which the themojunction is
thermally joined, usually by welding. In some
types, however, the t.hemojunc?ion is insulated
from the' heater wire. The thermél emf at the

ends of the thermorouple wires 1s a function of

the current flowing through the heater wire and

the d-c¢ instrument is calibrated accordingly.
The current thru the heater may be cither X
d-c or -a-c - the heat produced 1s the saxﬁe.
For voltage measurement, a suitable resistor
is comnected in series.
Some thermocoupge combinations and their
thermal emf for a 100° c¢ difference are:-
Chromel (4 2.80) - Copel (-4.50)
Chromel (+ 2.80) - Copmic (-3.51)
Platinum Iridium (s1.4C) -

‘o D B SN

Gold Palladium (-3.80)

For accurate measurement 1‘. is necessary
that the cold ends of the thermocouple be
mounted in close thermal comtact (but .
electrically insulated from) large flat ‘

terminal blocks. by so doing the heating
in the heéater wire, usurlly of platinum
iridium, is added to the temperature of




the terminals, thus eliminating the effects
of self heating and ambient temperaturec. Fig.la

S8ince the heating of the thermocouple

2
varies as Lthe square of the current (I 4) the

output will produce a 54.n:re-law scale on the
d-¢ indicating instrument. This means that
readings normallx cannot be made bel-w 2C73
scale. To overcome fhis difficulty, therefore,
instrument pole faces may be shaped to give a
narrow gap at the low end of the scale and a
wide gap at the high end. This improves the
8cale uriiformity at some sacrifice in cverall
instrument rensitivity,

Because of the low voltage output of a
standard thermal junction a bridge arrangesient
is possiple in which an even number of thermc-
couples cre connected with the samé :uﬁ!e; of

couples in each bridge arm and the d-c out put

taken off at the center points.

A wuch less complicated circuit and yet
one with output greater than that of a single
thiimocouple is the modified bridge arrangenent
shown in Pig. 1(b). Two heater wires of
different materials (one positive and one
nc;ativetin the tnermal series ) are connected

in parallel to the two terminals. A wire of
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the opposite polarity is than added to the
center of-each heater, resulting in two
couples in series,

To decrease heat loss and increase output,
particularly on milliampere ratings, vacuum
thermocouples are used. Thermocouple overload

is limited to 1.% or 2 times ruted value,
(2) Rectifier Types

For voltage or low-current measurements
where low power consumption is required,
rectifiers are used in conjunction with a
D-C instrument. The rectifiers are cemi-
conductors, originally of tb'e copper-copperoxide
type, later using germanium and more recently
silicon diodes. e

Simple half-wave rectifiers have been
used but are inefficient and on the negative

half cycle are subjected to full line voltage

and possible breakdown.

The most common errangement is the bridge
circuit shwon in Fig.2. Here four rectifiers
are used with the voltage applied across two
Junctions and the D-C instrament across the
two others. This is a "full-wave” rectifier,
using the entire A-C wave and thus is always
conducting. Herc we are camcerned only with

« the forward resistance of the rectifier and




there is usually no breakdown problem,

Rectifiers are fairly insensit.ve to
frequency up to about the 3 Kilohertz rangs.
Somewhat higher ranges are possible with
silicon rectifierz.

Since the d-c output of the rectifier is the
average of the A-C wave a rectifier instrument
is actually measuring average rather than
i.M.S. values of the a-c- voltage cr ~urrent
applied. However, they are normally calibrated
in terms of R.M.S., current or voltage on a cine-
wave circuit. If there is a variation in
vave‘shape and the Form Factor of the A-C wave
is not 1.11 then some errcr will exist in the
reading. However, since most modern A-C
generators have excellent sine-wave outputs,
wave form error is not usually a serious
problem.

-

The scales of low rated A-C rectifier

LAV K |

voltmeters (i.e. below 5 volts) are usually

somewhat constricted at the low end, since the
rectifier forward resistance values are always
nuch greater when a low voltage is applied.

The original copper-oxide rectifiers hadg
a noticeable drift characteristic with time

and thus rectifier instruments were usually

-
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given accuracy ratings of 3 to 5%. Modern
silicon rectifiers are very stable and normal

calibration accuracies will apply.

be Iron-Vane Types

(1) Kepulsion Types

These types depend for their operation an the
repulsion effect of a pair of fixed and moving

magnetic vanes of the same polarity. They are
R )

4
et . A3

characterized by good torque-producing effective-

ness (or l,ow power losses for a given torque
value) and fairly uniform scale distributians.
The folloying are two common types,
(a) Wedge type (Fig.3)
Here a cylindrically formed wedge of
magnetic material (usually a nickel iron
alloy such as :icaloi or mumetal) is molded

or cemented to the inside surface of a

circular coil form. The latter is wound with

a- large number of turrs of fine wire for
voltage measurement and a relatively small
numbdber of turns of heavier wire for current
iréasurement. Mounted on the inst rument
shaft 1s a vane of magnetic alloy polariged

with the same instantaneous polarities as

the fixed wedge by the current in the coil.
Thus the movin; Vane is repelled by the
fixed wedge until its torque hlmou that




of the control spring. 8cale distributic:
can be controlled to some degree by the
shape of the fixed wedge inside the cril,
"Book" or "Sector" Types of Repulsion
Instruments

These instruments operate on the sure
principle, one name drived from the fact
that the fixed and moving vanes cpen up
like pages in a book and the second namei
pertaining to the most efficient coil shape
wvhich is in the form of & sector.

In these types (Fig.4) the moving vane
of magnetic material is mounted radially to
the instrument shaft. Clcse tc this vane at
the zero position is a fixec vane also radial
to the instrument shaft. Located inside the
coil form, both vanes will have the same
polarity and the moving vare will be repelled
in an up-scale direction. Scale distributicr
is inherently pgnod in thesc types and can be
varied only by changing the angle between

fixed and moving vanes at the zero position.

The scale angle is limited to a

theoretical maximum of 90°, but since at

that pcint the repulsion torque is gero, it
is preferable to use a considerably smaller
angle (such as 70°) to ac'deve the greatest
uniformity.




(3)

(2) Inclined-coil type

The Thomson.inclined-coil instruments
operate on the Principle that a magnetic vane
when free to move, will align itself in the
direction of the field in which it 3is placed,
If a pair of vanes is attached at a 459 angle
to a shaft and the moving system placed inside
a coil tilted 45° degrees to the shaft axis,

a torque will be produced approaqh;ng the vane
and field alignment position, until it is
balanced by the torque of the control spring.
Starting the zero point ebout 79 degrees ahead
of the flu. position (coil and vane in lina-
Fig.5) will tend to expand the lowgr‘portion
of the scale and givc a better degree of
readability to the .cale as a whole.

The constructicn is simple and open with
very good clearances and ease of assembly,

Por
acceptable scale distribution it is limited to

& 10C degree scale.

Long-Scale Attraction-Repulsion Types
Magnetic-wedge type repulsion instruments

are limited to approximately a 18C degree scale

span. Beyond this point the scale beccmes

very cocnstricted,

, Thus, to
uchicvo a acale angle of 240° to 270° the
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addition of an attraction termque 13 nece~sary,
In the 290 degree A-~ Ammeters .-} Yoltmer -
an attraction vane is inserted {1 &1 end ot
coll attached to magnet i~ 1d shiolds  pavay 1y
adjustable (see Fig.6), Th mi.n r il ion
wedge and the mowing vane ase polarized aline o
induction from the field coil £ ix ard ex.-rt a
force of repulsion. i wever, the fnr.r «1,.5 of
the sttruction yanes adjacent t¢ tpao MOV LR Vil
have polarities opposite t. the l.¢¢-p ard exsrt
a force of attraction at the part «f the <c.le
where the repulstian terque i3 dimi: ooy .,
For control of scale ond distributice, the
shields and attraction vanes may be rotatsg
slightly,

8ince Voltp:ters and Ammeters have
difforent scale recding requiresrnt:, they uee
different repulsion vanes videning **r voltmeter
scale at the most-used portiom, and e¢xpanding
the low end of ammeter scales,

8uch instruments provide a high c(;crating
torque and a maxisum rcale length per unit
area of panel space. ’

Novever, the large amount of magnatic

Saterial used increases the variation due to
frequency and thus their normal operating
frequency range 1s restricted,
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(4) 18C Degree Repulsion Types

For low-priced moderately long scale
amucter: and voltmeters the 150 degree repulsion
type is being used in large quantities. while
most rupulsion types will not provide a
160 degrec scale of acceptable scale distribution,
a modern design in which the coil proportions
are changed, a new shape of moving vane used,
and a wide spacing provided between ends of
the repulsion vane, has achieved this (see Fig.7a).
By increased magnetic gaps, the sensitivity to
electramagnetic variations has been reduced and
many switchboard instruments of the 1¥ class are
furnishied with pre-determined printed scales,
unusual in iron-vane instruments. The compact
assembly shown in Fig.7b has resulted in
decreased sigze and weight as compared to the
normal 2SO° long-scale instrument:.
Performance characteristics are nearly equivalent
with limited frequency ranges for the 'bost.

accuracy. ‘
f X L3

¢. Erectrodynamic Types
In the pure electrodynamometer system, no iron is
used and operation is based on the action between
the current in rixig and moving codls (Pig.8a,;.
They have a flcxibili'ty'tor use in many types
of a-c-and d-c measurements.

- [ TR MR . R . T

e



- 11 -

Since the field flux is proportiovnal to the
current in the ficld windings and the moving ccil
or armature flua is proporticnal to the current in
the moving coils (usually twc rer ¢lement) the
resulting torque i1s detormin by the product of
the ampere¢ tums in the ficld and Loving colls,

In voltmetery both ficid and noving colls are
vound with many tums of finc wire and ¢ . oo ted in
series, with another sgeries resistance to limit
the current. (Fi1g.8b). .

In mil) iumme ters, tiue ficld and armature 2oils
Are connected directly in series but since highwru
values of current become a prcblem for lead-in
spirals, a shunt carrying the major part of the
s eurrent is connected across the armature circuit,

Although the tarque is proportioral to the
Square of the current at any scale poimt, the
instrument does not have a "square law" scale
lipce the angular relationship between the coils
varies with scale position. The usual scale is
constricted at the low end, wvidening in the center,
and constricted again tovard full scale where the
angular relationship resilts in a torque decrease.
.. These instruments indicate true RIS values of
eurrent and voltage and are relatively insensitive
to frequency variitions. A cosmon renge of operation
is 25 to’tgfdﬁgytzzwrhere 18 no hysteresis on

d-¢c measurements .




. Expanded-Scale Voltmeters

Many A-C Voltmeters usually operate over a
very narrow range of voltage -1epending on the
standard rating of the supply source. Here it is
often desirable to expand the scale in the operating
range (for example 9C to 13C volts). While
instruments with suppressed zuro scales have been
used in the past, the problems of zero adjustment
and other inaccuracies resulting from torque
decreases, c¢lc. had made these instruments of
questionable value. Hence, the use of expanded
scale instruments of normal torque values, with
zero appearing on the scale.
(1) Saturated Reactor Type

In voltmeters of this type a series reactor

provides sufficient impedance to limit the scale

indication to a very small angle until the
lowest operating voltage is applied. The -
reactor is designed so that the iron in the

reactor will saturate at that point thus
- offering ;iptleuianQAnge po the circuip, ‘
(See Pigure.9). Tﬁe normal series resistaﬁco will
then permit a sufficient flow of current to
give high torque ard a good scale d'stribution
over the limited operating .ange. Zero is

at the usual scale position, but the lowest

s




readable point in the operating range may b..

only about 10£ of scale length abdve zero.

Because of the uce of the reactoilvfrnqucncy
comwpensation is required and tiin ¢ pr...ded uy =
capacitor connected ucross a pertiug of the serics
resistor. Operating frequency ranges are 1imitea
on this instrument and calibration at the nomal
operating frequency 1s recommend«d,

’ Baturation of the reactor iron alsc results
in some sensitivity to wave-form variations, but
vith wave shapes having less than 9% 3rd harmonic,
operation is satisfactoxy.

An electrodynamic voltmmet mechanism is t he

best suited to this application.
(2) Diode Bridge Type

This expanded-scale voltmeter circuit
provides the greatast flexibility of design,
permits lower voltage ranges, is insensitive to
frequency changes, and uses as the end device a
conventional D-C ind.cator. It is adaptable
to either A-C or D-C use, with a mll-wave
Pectifier used in the A-C applicatlon.

Fig.10 shdows the bridge arrangement , having
three resiltor arms md a Zener Diode for the
fourth am. rha mtiﬁod voltage is applied
%0ross two points and the opposite two points
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are connected to a low-voltageD-C Voltmeter

of any design, but preferably one of reasonably
high ohm-per-volt sensitivity (1C00 or 20C0
ohms per volt). '

The bridgg is balanéed to give a very
slight deflecti;; above zero (say 1.5 to 2 mm)
with the lowest range voltage applied. (This
would be 115 volts on a 115-125 volt ‘scde).
when voltages below this value are ap;ﬁiad the
instmment will read zero, or rest against the
zero stop. m l;;lgher voltages, the voltage
across the Zemer Diode will remain constant
and that across the adjacent resisior a'.rn will,
therefore, increase, thus unbalancing the bridge.
Cvrrent will then pass through the instrument
coil and result in an upscale indication.
Adjustable yresistors are provided for t{n
voltage span and for balancing at sero positiem.




2. pattpeters and Varmeters

-.ll’l .

a. Electrodyrnamic Type
Physically the electrodyrnamic wattmeter is the same
as the electrodynamic ammeter or voltmever,
However, in this case the field ccil is wournd with

- few turns of heavy wire and carries the circuit

current. The moving coil contains many turm: of ‘e
fine wire and i1s connected across the line pctential,
in series with a suitable current-limiting re-istor
(Fig.11). Llead-in spirals conduct the pq}ential-
oircuit current to the moving coil. Usualily tlecce
are separate frac the torque springs. Torque ;s

proportional to the ampere turn product of the rield

- and aruature coils (T = KH‘I‘ X NrIf). Since

instantaneous values of current and voltage may be
.displaced by a phase angle tne indication will equal
BxI xcos @ or watts,

Two-element polyphase wattmeters are canstructed
with two sets of current (field) coils acting with
two sets of moving coils mounted on a single shaft
with four lead-in spirals and a separaté torque
spring, Fig.12. The readings ot the two elements
are additive and their total is a true measure of

- power on IAJ vire 3 phase circuit. Since 3}-element
indicating instruments are not feasible for

mechaniocal reasons, a k-wire-3 phase wattmeter




is prévided with an extra set  current

terminals connected to one coil in each of

the two elements (these coils are connected

in series). 1t is sometimes called a "2y

Element wattmeter", but more approximately a

" 3j-current coil, 2-Potential wattmeter". For

most applications it will measure L.wire,

j-phase power accurately and is subject to

error only when currents or voltages become

severaly unbalanced. °

These instruments are guite insen;itive to

frequency variations and are usually recommended

for a frequency range of 25 to 125 herts.

Iron-Cored Electrodynamic Type

This design provides two improvements over the

conventional electrodynamic type without iron,

namely, more uniform scale distribution and a

highe: torque per watt of power oxpondit,ure.

The size of the mechanism can be reduced also.
. Comstruction is similar to that of a permanent -
‘magnet moving-coil instrument, except that the
permanent magnet is replaced by an electromagnet.
The currentcoil is wound on an assembled stack

_of nickel-ironeainations having a circular air
_gap and a central core providing a uniform gap
]

and uniform flux density. The moving coil is




similar to t‘ha?, of the D-C moving coil instrum ne
and serves u«s the potential coil in scrics with a
high resistance (Fig.13).

As In the simple iron-less electrodyna. ' »
instrument the indication :s proporti-rgel to *he
product of tne amper-turns in the fixed and mo. iy
coils. Since the currvnt and voltage may be
displaced by a phase angle ¢ the instantancou.
product will be E » I x cos @, Or a correct me.r.irs
of watts. Since the iron in the magnectic circuit
gives‘ a slight phase disphcement campensation is
p;‘0v1ded by & small capacitor shunting a portion
of the series resistor.

Because of the uniform magnetic air gap the
wattmeter tcale 1s essentially linear.
250° Sénle Electrodynamic Type
This instrument represents 8 special class of iron-
cored electrodynamic instruments havirg the magnetic
field iron shaped to give a uniform air gap more
than 25C degrees in length. The magnetic field
material is in the form of nickel-iron punchings and
these are inserted individually into the field coil
form before being riveted and cemented together. Aan

Opening in the central core section is provided for
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In principle it is identical to the 90—degree‘iron~
cored type but the special moving coil and magnetic
field circuit configurations are reguired to
obttain the 25C-degree full-scale deflection.
Because of the amount of iron used phase-angle and
frequency compensation are provided by means of a
Capacitor.
For polyphase measurements two field
assemblies are mounted on a common lLase and the
two armature kpotential) coils are attached to a
single long shaft.
d. Internal Transducer Typec

Because c¢f a growing terdency to use permanent -
magnet moving-coil d-¢ indicating instruments as the
end device for rany measurements, wattmeters are
now being built in this manner vith internal power
converters or transducers.

, These are of two major typcs:-
(1) The Hall-Effect Transducer Type

’ When a rcctangular wafer cf a seni-conductor
material, sucb as geruanium or 1nd1um arsonide, is
placed in an a-¢ el.ctromagnctxc riold and cxoitod by a
small alternating currngt across the center of two
Opposite faces, there will be a d-c¢ potential
generated across the two remaining faces, proportional
to the product of the a-c field strength and the

i il
‘ . 3 ™ -
bl i i el r e e i s e
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alternating current applicd, This 1o knows 4- L,
“Hall cffect” from its disccverer.

In the Yall-Effiot POWOr conver*t 1 ooy
“transducer" th: current ccil is wound onoa ot
core and produc~s an electraragnet i a-~ ficl. oy e
tae gup proporticnal to the ~.irrent in the ol
(Pig.1%). The sewiconductor (utuwally ir . iu-, Lre g e
.in commercial types) is nounted fn tr:« €:0 and tw
oppogite cdges connected to the potertial oL
series with a high resistun-. . Sofincotion: to the
other two cdges provide a d-o potert ul ;rrpsrtisnal
to the product of the aec pctential wnd tv. irrent
flux and thus gives a measure of a-c wat'ls on a

conventional d-2 millivoltneter.

The construction i<' simple and providcs a gocd
uniform scale. The >utput, however, is usually
limited to about 1 milliaspecre at SO millivolts and
wvhile suitable for some 3-¢ taut-band in:truments
does not provide sufficient power for pany other
types.
+2. Bquaring-Resistor Transducer Type

The principle of these transducers is indicated
in Mg.1h, , center-tapped voltage transformer is
connected to a resistor network with rectifier diodes
in tbo outside legs. On the posigtive half of the
Wave current I, will flow, returning fror right to°

’

’




left in the center leg of the circuit. on the

negat ive wave I, will flow, but again will return
frowm right to left in the center leg. Thus the
center 1 g current due to potuntial excitation is
always unidirectional.

However, the circuit curre nt (thrg;ugh a step-
down transformer) is applied across resistor Rg
introducing a voltage drop which revcrses every
halfcycle.' Thus the current through Ri is the sum
of the cux“reng and potential cirecuit 'currents an one
half cycle (‘e+i) and the differemce on the reversed
halfcycle (e-1). Ry is a squaring resistor which
ray be in tne form of a non-linear semiconductor or a
group of diodes which provide a woltage output
proportional to the current flowing.

(esi)? e242e141°
(e-1)° = ez—gei¢12

aul;i:r:'sz.c;ciné b o ’

Since the current and volt..q are displaced by
the phase angle of the circuit the output indicated
on the d-c end device is proportional 1;0 el cos 0,
or a correct measure of circuit ’onr:

This type is characterized by a relatively
high d-¢ output (volts, rather than millivolts)
and thus is more flexible in its application.
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e. Varmeters (For t.casuring Reactive fower)

Tho Leasurement of vars, whico 15 Lhe | o).t
of the voltage and the coa.ponent of the curient
widch lags A -degrees behind the voltage, mak. o u. -

of the conventicnal wattmeter mechanisws citier <1
the clectrodynamic type or of the transducer ty. s,
In any of Lhe;a, however, the current in th:
potential coil must be lagged 9Odegrees tenind
the voltage.
1. In & single-phasc vamiter an impedance neotwerk
provides the 9C degree potential circuit current
lagging, Fig.17. The impcdances must be adjusted
until the varmeter reads zero at unity power factor,
8ince thiq nctworx is frequency sencitive
adjustments and calibration must be rade at the
frequency on which the instrument i: to be used,

Por a two-phase varmeter, current is taken froc
one phase and potential fra. the other phase.
Otherwise standard wattmeter calibration will apply.
24 For measurement of vars on a 3 wire 3 phasc
cirouit the most common method is the uce of a ’
doubdble autotransformer, connectians for which are

shown in Fig.18. By the proper connection to a
3 phase voltage and the use of the correct trax.xst‘omer
taps, voltages can be made available OC degrees away

from t.{u line voltages By.o and B>.3 normally used




.
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in 3 phase power measurement .

The calibration of the instrument 13 exactly
the saze as a 3 wire 3 ph‘nscz vats.not.or, except that
the scalc is marked in Yars, Kilovars, or Fegavars.
By appr’opriat.e switehing che instrument also can be
made to indicate either Watts or vars.

3. Another method of obtaining the 90C phasc shift,
and that commonly employed in the measurenent of

4 wirc 3 phase vars, is the cross-phasing rethod
shown in Fig.19. wWhere phase voltages 011' and

e, _y are normally used for power measurement, line
voltages Eqy o and B,_q are used, respectively for
varmcte:s, each 90° behind the normal wattmeter
voltuges. Since these 1line-to-1ime voltages @fe
1.73 times the phase voltages, the m:tmnt: would
be rated 2CB volts instesd of 120 vclts and would
have a srecial calibration canstamt.
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owsr-Factor 2r ) It ose-pngl: M.t -3

The inst L onts oy e ooy tly v, .

the: excepti-n tha' cne {8 calitr«ted 1n Tnpro.

.. Wittt
Aigle .. the ctn 1 1n POs I Frart oF fee—ee e
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a.

Klectroiyramic Single rhase Ty ..

Marlier designs were built with ¢ nvent  cnal
wattmeter current colls but with cresced potont i)
(®oving) coils displaced by 9C degre-s.

One coil is cawmected tc the jotaontial circait
through a non-inductive resistor anl the other ir
series with an inductive reactor, Fig..C,

Wher. used on Umity power factor lcads, thr
resistive coil will align itseif witr. the current
colls. As the power factor lags tn. torque . the
induetive coll will increase and it will af; roech
siigneont vith the ewrrent soils. This is a ratio
instrument vith no eomtrol springs, although light
lesd in spirels are used to conduct the currént.
to the moving eeil.

Desause of the use of the imductive reactor,
this type of instrument 1s frequency sensitive and
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should be calibrated at the specific frequency on
which it will be used.

T~

'

same dcsigns, instead of using a single
element with a crossed coil armaturc will utilise
a two-clement clectrodynamic instrument with the
current coils connected in series and the two
potential coils mounted at an angle of 90 degrecs
on the shaft. Otherwise the principle is the Samc
(sec Fig.21).

Electrodyn.mic Polyphase Type

The same construction shown in Fig.21 1s
used also for polyphase power-factor measurcments.
Here,of course, no reactors are used and the two
potential circuits are c&mected to different
phasog_yitr} a seriecs resistance in each circuit.
For oxa.apilev, cn a ) wire 3} phase circuit, one
potential coil would te connected to Potential E, ,
and the other to Ej.p with the current takon fram
line 2, the cammon potential comnection point,

It is a ratio instrumentwtb the lowest
possible torque on the lead-in spirals. The two
elements have opposing torques and the indicated
reading occurs when these torques are in bdalance.

A standard scale is 0.5 (lag) -1.C -C.5 (lead)
but other nn;os‘m possidble and scales may be
campletely on the leading or ths lagging side.

-




¢. Polarized-vVane Tybe

These instruments are strictly phasc-angle
meters as the deflection angle equals the
clectrical angle. However, they are usuzlly
calibrated in Powcr Factor.

The potential circuit is in the form of a
motor-type ctator with distributed windings,
connected to polyphase potcntials. (When used or
single-phase circuits, however, a phasc-splitting
network will provide the proper potential | hase
nngle\displacenents ;o achive a rotating magnotic
field). A moving-vane aruature, censisting of a
pair of vanes 18C dcgrees apart comnected together
magnetically by a sleeve of magnet ic material,
This 1 polarized.by a circular currcnf coil
located inside the stator.

The magnetic field rotates at the rate of

ane revolution por cycle. The vane flux rises to
& maximum, falls to tero, rises to maximum in the
reversed direction and érain falls to zero during
each camoletc rotation of tne magnetic field. The
rotltinahtys;dzugf course, 19 reversed in polarity
every half cycle. The coix;citdmcc of the maximum
ourrent flux values in the vanes with the
instantaneous polarity of the revolving field gives
& phase angle indication,




These jnstruments are normally calibratod for
a 180-dcgree ccale range of C (Lag) - 1.C - O(Lead),PF
but where a reversal of current flow 18 possitle,
the scale can be marked over the full 36C degrees.
4. Frequency Meters
a. Resistance-Reactance Electrodynamic Type |
Frequency meters of this type are physically
gimilar in construction to the electrodynamic
voltmeter, both sets of coils being wound for
potential. However, instead of using a control
spring, which would make the instrument sensitive to
voltage magnitude, restoring torque is supplied by
o magnetic vane in the center of the moving coil ‘
which tends to align {tself with the field coil
{lux. (Fig.23) .
Current passing through the moving coils
splits between the two field coils, one in series
vith a resistance, and the other in serics with
a reactance. <Circuit constants provide equal
torques from the two field coils at the normal
frequency and the instcument will indicate
approximately center scale. Ourrent in tne resistive
field coil circuit will not change with frequency
but in the reactive circuit tbn curront vill

decrease with an increase in froqu-ney. !hnn tho

instrument will deflect 4n an up-scale direction




and is calidbrated in hertz (or cycles per second).
This circuit is rather insensitive and require
long scale ranges, such as 2C to 9C ;:ycles.
Tuned Circuit Rlectrodynamic Types
To provide additional sensitivity and to
shorten scale reqpges, two buncd circuits replace
the resistor and ro‘actor of the previous type.
(r.,le is tur.ed at a frequency below the range of
the instrument and current, therefcore is decreasing
over th‘o ’u‘utru-ent scale, The other circuit is
tuned nb;ovc the instrument range and the current
incmsu over the instrument range, Fig.24. The
field coils are differentially connected and will
respond to very small changes in !‘roquency. Some
COENRON scales are
55 - 65 CP8 ;
for 6C
58 - 62 Cp8 )
W5 - 55 cpe
W8 - 52 cps

CP6 operatiaon

for ¢ CPB operation

Mutual Inductance Type

In long-scale instruments where it is
dluf.flqult to provide a restoring torque without
adding & second element, mutual inductance
instruments are used, in which the induced en{
in the moving system coil resulting from the
field coil flux is matched against the voltage
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across a tuned circuit. A reactor 1s connected
between them for proper phase relations (F1g.25) -

when the two voltages are not matched a
current will flow in the moving coil which will
cause it to turn to a position where its cinducgd
voltage matches that across the tuned circuit.
Then no current will flow, and a rest position is
established. Adjustment is by means of the tuned
circuit.

Tuned-Circuit Type with D-C Bnd Device

This more recent design is in line with the
trend to adapt all kinds of a-c measurements to a
d-c indication. It has considerable flexibility in
frequency values and scale sensitivities.

Input voltage is regulated by a group of
zener diodes in series with a resistor. This
const.anvt voltage is fed into two net works,

Cf, and L being tuned below the desired instrument
range, and Cy and Ly being tuned above the range.

The current through these tuned branches 1s a-¢

but rectifier diodes give a direct-current flow

through the instrument coils, differentially

connected. Capacitors are connected across the

"R

instrument to rednc‘e a-c ripple, Fig.26.

_ Differential ranges are proviced by selecting
the tuned circuit components.




e. Saturated Transformer Type

When a small transformer with a low cross
section saturable leg irs excited from an a-c
source in series with a resistor, the voitage out-
put under saturation can no longer be proportional
to the primary voltage, but E = b % rg¢m where
f 18 the frequency. g the t.ransrormr flux, and
m the mutual 1nc.1;.xctri‘x;1‘c;. W.With the flux ar:‘ tre
mutual inductance held caonstant by saturation the
output voltage is then directliy properticnal tc
rrequency.. This is rec'tiried and applied to a d-»
indicator, Pig.27.

Because of the direct relationship between
frequency and voltage, it is not suitatle for
narrow frequency ranges but is useful for long
ranges such as 5C0 to 1CCC cycles,

2. Synchroscopes
a. Lamp Type

This early Weston type is described as a
matter of interest, although 1t 1. no lmger used-.

The instrument is of the electrodynamic type
‘wit.b & pair of field coils connected through a
nriol ruistor to the incoming gonerator. The moving

oou 1: conmctcd through a eaueitor to the r\mnmg

e c—— s e e e




generator, or bus. when the two circuits are out
of synchronism the phase relations are constantly
changing and the moving coil will oscillate back
and forth. Hcwever, the pointer 1s behind a trans-
lucent glass scale and illumination providd by a
lamp behind the pointer. The lamp 1is excited from
. the secondary of a transformer with a double primary
connected to cach of the generators. Thus voltages
are adding and subtracting causing the lamp to vary
from full illumination to zero. Lamp fluctuations,
togethor with the oscillating pointer give the '
11lusion of & continuous pointer travel, to the
left if the mca!iing generator is slow, and to the
right 1T fast (see Pig.28). .
b. Motor Type -
Fig.29 shows a special bipolar motor used an
synchroscopes for many years. The field w}ndings
are connected to the running generator or bus. The
armature has two coils mounted at right angles. These
are connected through slip rings to the incaming
generaton one through a resistor and the other
through a reactor, providing a rotating field.
When the frequencies of the two generators differ
the armature will rotate in a clockvise direction

v r Luw 2,

i "PAST", and in a counter clockwise direction

e genvg e v, oA 0 T SR T

_ Af "SLOW". When in sychronism and in phass the
pointer will be at rest in the 12 o'clock position,
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This synchroscope uses a ball-bearing type
of motor and power consumptian is high (over
100 watts per circuit).
Differential Field Type |

This is also known as the "Iron-Vane Type"
since a group of magnetic vanes on 1 shaft are
mounted inside a motor type stator with
‘distributed windings. The two generators ire
connected to this stator through nctworks th.t
'prc)"dgce equal fields rot.ting in oppcsite
directiom;. The vanes align themselves with the
AR . S . . -
field at the point where the two rotating vectors
cross and the direction of motion indicates whether
the incoming generator is fast or slow. Since
no excitation is provided for the vanes they may
assuse two 180° positions at any point. Hence,
e do\;blo ended pointer is used and synchronismo
is indicated when either end is in the center
scale position. The pointer tndicnte‘s 1/2 the
phase angle separating the two machines. This
snstrument has low power consumption.
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d. Polarized—véne Type Synchroscopes
These are similar in construction to
polarized-vane power-factor meters because they do
. actually measure the phase angle between two
generators. Here, of course, both circuits are
wound for potential.

A two-phase motor-type stator with distributed
windings is connected to the incoming generator
through a phase-splitting network to produce a
rotating field. The vane is polarized by a
potential field coil set inside the stator and

onnectcd to the running gealerator or bus, Fig.31.
The polarized vane follows the rotating field of “
the stator at a speed equal to the difference of
their frequencies or one revolution per cycle
difference. At coincidence of frequency and phase
angle the pointer will rest at the 12 o'clock

position.
6. "Transducers" or Converters (Used with separate

D-C .Indicators)

There is a growing trend toward the standarizatihn
of b.c. permanent -magnet , moving-coil 1nltfunents as
the end device for A-C measurements using what are

LS ' ’

popularly called "Transducers", but, more properly,

Converters to change the AC measurement to a simple
D-C signal.
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They are used for measurements taker at a
distance, or Telemetering, for a cocrdirn-t« ! - ure-
ment system using standardized D-C inaicaa:;n,roq
special types of measurements, and sometir: s gﬁst Lo
eliginate the special designs of instrun ats use i fre
measurement of power, power factor, and fregene,.
 :. Current and Voltage Converters-Hectifier Type

These are the simplest types of ‘onverter:
supplied and are basically cnly s5tcp down tranc-

formers with rectifiers to convert tc D.O.

-

However, scveral features are built intos these to

& permit adjustments and greater flexiltility of use;

»

also to protect the ‘anverter against abnormal
circuit canditions.
A usual step-down ratio is from 5 to .CI10

Mapergs, and fro 12C to t0velts,
éhil wave rectification is prov1ded using silicﬁn
Adiodes for accuracy and permesnency.
ﬂ In the AC to DC Current Converters breakdown

LA

;if:diodes are sometimes adde ! to safeguard Against ar.

e ‘opcn circuited transformer secondary. Other
‘refinements are the use of ballast resistors to
give greater stability and to provide the proper
voltage drop and a span adjustment to make

allowance for variations in load and instrument

circuit resistance. They nomily provide for

¢




< an output of .C10 Ampercs into a 10C0-ohr load,

Fig.32.

In A-C/D-C Voltage Converters a series
resistor is inserted in series with the transformer
prinary to prevent any dar.age due to a short circuit,
Ballast resistance 1is used also and a diocde to
compensate for non-linearity resulting from the
rectifier. A span adjustment is provided also fer
final adjustment, and to allow for differe nces in
lead and c:'l‘rcuit res'istance.

Both use cap;citors to smooth out the A-C ripple.

b. Power (watt) Converters

(i) Heater and Thermocouple Type

In these so-called "Thermal Converters"
internal step-down current and potential
transformers are interconnected in ;uch a wvay
that the ~urrent is aiding the potential in
one circuit (eei) and opposing it in the next %
(e-i). In each circuit is a thermocouple with
the D-C couple wires connected in series (Fig.33).
8ince the heating of the thermocouple heater
wires is proportional to the square of the ‘
cun"ent flowing in each circuit, then

C(ee1)? = 02 4 201 4 12

f9-102 = ¢® - 2e4 + 32

gubtracting = -.i 4ei | or the product of

@
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2)

(3)

..35.~

voltage and current. Hcwever, since th.se
are displaced by a phase angle €, then the
output is proportional to ei cos @, or a truc
weasure of watts,

These are reliable devwices,tut arc
camparatively expensive and the millivelt
output is low,

Hall-Effect Type

Beparatc converters using this principle
are available for general use. In principle,
they are identical with the interally rmoun- g
"transducers"” described in Section O A
They are packaged separately, however, an: are
adjusted for a fixed milliveolt output (usually
about 50 MV). Piltering for a-c ripple is
generally included and campensation for antient
temperature errors, Pig.3k.
8quaring Resistor Type

The separate watt converter for goneral
use is a modification of the type showh in
Fig.16 and described in sectiaon 2-(d)-(2).

The principle of the sum and difference of
current and potential is used, and squaring is

provided by a group of diodes and resist ors

as shown in m.3$. Span adjustment is provided
to give an output of 1 millsiampere through a




maximum load of 22C0 ohms.
¢. Power-Factor or Phase-Angle Converters

" One form of phase angle converter is shown in
Fig.36(a). A potential transfuormer wvith a center
tap is connected through rectifiors and zener diodes
(2D) to give a chopped wave output as shown in
Fig.36(b)-A. However, connected to the center of
the transfommer secondary and the center of the
resistors R3 and R“ is a transistor T which
syitch?s the circuit on or off when actuated by the
‘eircuit current. The figure ShOWi; a csnpositc of
the single plase and polyphase ;c:ml:ilr'mt;or;a though
only one of these is used in a given converter.
Since an initial phase angle of 90 degrees is required,
the polyphase current source is connected through a

resistor and ctabistor djodes (to regulate the

magnitude of the current wave) directly to the
transistor. The switching operation is shown in

Fig.36(b) B-C and D. At unity power fac*or (B), the

\
current, which by the polyphase connection is
-

lagged 90°, switches on the chopped potential wave
and keeps 1t on for 18C degrees, or until the
current reaches zero, when it 1s switched off. Thus,
the plus and minus sections of the output wave ars
equal and cancel oht, giving no deflection to a
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sero-center-scale d-¢ rillivoitmet. :, ooee o)
is marked 1.0(unity P.P.) ut rerc cent r,

‘ With the current leatirg, the trar 0 r .ill
switch on eirll r ana the positive nilr ¢ *h.
output wave will predumirate ("C® she. 1 'iti-r
at O l:.;'. leading) wnit the instrucent o001 . f .-
scale. With lagging current, how v r, tro trinoine p
vill switch on later an! the .egat ive .ave will
predaminate, until {t is entirely et dve ot O,
ll“iﬂ‘ (D). The tnstrur-n* will ther riad down
scale and is calibrated in i her ;oo it or
Phase Anglec.

The s.nglo-phas: arrar, memt 1< tv. ca; oxce pt

& network is provided to lag the cir;ent W odlegren,
Frequency Transducers - uiied CYrcult 0. cde lype

) This type is descridbed Lw-cause of its simplicity,
its flexidbility for different ranges, and ites
capadbility of short, high sensitive frejuency ranges.,

In principle, it is identical to that supplied

in some frequency meters (Filg.26), descrit-d i: L 3d).
dsner Diodes 3 and a series resistor Ry (Fig.37)
Fegilate the voltage which is smpressed on t »o
resanant circuits one tuned abowe, and the otier

‘hlov the frequency range of the instrument. The
ourrent in the L side (low tuning) is deCreasing,
while that in the K eireuit (Righ tuning) 1is
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increasing. The current in these two branches 1is
alternating, but a rgctitied d-c component from
both circuits is subtracted through resistor R2
and the differential d-c millivolts appearing
across the d-c output terminals is a measure of
frequency, when applied to a center scale d-¢

pillivoltmeter.




H

6. Ww $1G. V(b

e m e o

b (Ce

11-?




—

!\\‘
\ v¥ o Cret Ol W02 .

va st Olat.
OVt Fir he POD M

1A SOBANGEWAN! D6 MAIDE PAPTY

Fi6. §




-4 -

MOVNG va%g

2eXERQNT 0y .
¢ Ry e n] i a

4 ¥
. ! S.mer som .
L 4 YIELE WiNDINgG
VAt D shne &
¢ ]
i\ o .
' « ' ’ '
[ ]
= - DY PR NG
fu

11-9




B e, xR

N

@‘ \"‘LP:I‘J
Oo— S ¢

. t 1)
ac i -

E B

LLEM

o— )
1

FIG. 10

Fie. 11

LAl

L TRy

i‘\.’x.v'
'

11130




- 43 -

PO Mty - (Bt
831108

o--~l~w- = .

J’ *
(1T ”"'*'}(Y ™ ‘g ’

g
, 3&“' N
&‘—x, ’

. —_—— o

ke )

. $y 8 Peand umv uu’rwt
\“‘ ‘tarn’ u’b ot a

L R

e [ )

| £
e e - 14, "3,4( {f: T
T . S T

111-11




[N
- COn &

t
& s andl

i

YOy vamgy

111-12




- 45 -

' (‘.l.u v ¢, 1

[ te

A

.‘5 ;* 5
%l [ mmim | 7

i -

. D G G

G . 2 e »

SATURATED TRANSFORMER TYPE FREQUENCY METER

PRIMARY DETECTOR | INTEMWEDIATE | END DEVICE
| Meaws
Aoy
s
o e A
iy 1
o \
ﬂ\
i . ! }
. - - . . ‘
SATURATED TRANSFORVER MCTFEN 0-C NOICATOR

WTPUT (4 B tPm

He. »

P v . s e B e
e R
. .,.'r,“

-——
- . .

’&o : 'J . V-

” » ., v .*'.. [ ] wdwhey
v 1

s 0w [ Pepwy L

. . TG mme
3 -

e. 5

111-1)

e




- 46 -

ENO DE vice
INCLUOES PRMARTY OETECTON) -

AURL IARY PRMSAR Y
SANS  oETeEcTO®

" RacTOon

¥ e .

faow T Hh 7 »

L......o... it LA
n.A’Oa'; |
r L.-..._.-..__.d..

PLTENT A A

TRANSFORMERY  Erpasea

GEN ®: NCONIN, WA sung . .
GEN2 Rurang SAGonng

rc. »
OND DEVICE
(NS ravaany oLTecTam)
AURIL 1ARY PRIMARY Of T(CTOR \
L ¥1 '} ’
| L...m.. T [

[Trece 3
t:' f

”"e B

11-4




€MD OF vICE e unes Sumany DgYECTom)

PRmanY DL TECTON

r*'"—-w-——;-‘
— _—
Lot

»

u-'n-couuucm
&'lmm
. se N .
. . f t
: . ) L] .-
‘,3 ":. o. .. “ L"';
i . < S

w . ;j' t‘{.
Y .
ane . » ‘:" ‘ .\ ;‘:‘
3 » » .‘*l . el
[ L - o
04 O¢ W'l Mamie. 0
16. 1
.nmm-
M.m.v

—p
[ T3
-—lp
ey
—p
-,
—




osmn o B>
-

L ]
.. L d
_§ 3 ¢ ; *
e | i et ! '
LAY
3 N [ . o i ) L AN N .
TR e e D et e 5
3N )
hY 18 ] . . 5 S baad
s, L TR M)&.‘.(io r
¢ 3
M e il :
| e, HE
: -7
i T
N .
, Py .
! Vo
N L 118
L KR T
e
FIG. B
o CAITTELY NG RN NG SO YOS L O
[
R I \_“ S ;@_I'-.
ore
o LA LA e W A -Y (AR S WY YO alt PO
on
’ i s SOIRY PO Tivg
o~ ol
uRmENT USRL ABEL AV RN N T R Y
o - -e’ -
. ’
. D¢ My et
- ’) . .
FON P YPUAM CULTPP) FOR Sn'it Fra8l Cn. e YT, 8 QP Lageing

FIG Mo FIG. (s

111-16




76. 02. 06





