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SUMMARY

Three novel electronic measuring instruments are presented
which may be used to measure power, power factor, voltage,
current or impedance. They use two tubes, operated as cathode
followers, in a push-pull fashion, so that the inherent property
of a wide-range linear characteristic is used with advantage. . The
new principle underlying the operation of the tubes involves
the commutation of their currents in alternate half cycles by the
help of a square-wave generator.  The resulting average plate
current is a direct measure of the product I cos 9. A rectifier
gives a direct current proportional to the alternating voltage,
and. an electrodynamic instrument multiplies the two direct
currents, thus giving a direct reading of the power.

The instruments are characterised by their simplicity,
reliablility, high accuracy and stability. They have exceptionally
good features and predictable performance over a frequency range
extending from the lowest power frequencies to a predicted value
of about 30 Mc when using high-frequency tubes; the main
limiting factor being the stray capacities across the output of the

(*) An original research carried out in the Communications Laboratories of the
Faculty of Engineering, Cairo University, Giza, Cairo, Egypt.
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square-wave generator. There are, however, some other factors
which tend to lower this operating limit, and 10 Me is considered
a reasonable higher limit. ’

I.—InTrRODUCTION

The direct measurement of power at power frequencies and the
lower audio frequencies is most conveniently carried out by using
an electrodynamic instrument. Alternatively a double-magnet
induction instrument may be used at power frequencies. For
the measurement of small amounts of power, or for audio-
and high-frequency work, these instruments are not suitable,
owing to their well-known inherent drawbacks. For such cases,
many indirect methods have been devised, but even then, the
power factor of the circuit has to be already known.

Many investigators have suggested different instruments
which they claimed to be suitable for the direct measurement of
power at high frequencies. A number of the early attempts
involve the use of two similar square-law elements, which may
be thermal (hot-wire or thermocouple elements) or electronic tubes
working in the square-law range of their characteristics 9. In
a later attempt() the tubes were operated in their logarithmic
range. All these devices have the disadvantages that the two
non-linear elements have to be exactly matched which is difficult
to perform, replacement of the elements will affect the calibration,
and the circuit requires frequent adjustment. As regards the
electronic tubes, even when matched, the desired relation of their
characteristics holds only over a limited range. Voltage dividers

(') Turner H. M. and McNamara F.T., “ An electron tube wattmeter and voltmeter
aud a phase shifting bridge ”, Proc. 1.R.E,, Vol. 18, pp. 1743.1747, October 1930.

(2) Lange H., “Power measurements with valves”, Arch. f. Elektrot.,, 26,
pp- 570 579, Aug,. 3. 1932.

(%) Mallett E., “ Valve wattmeter ” J.I.E.E., 73, pp. 295-302, Sept. 1933.

() Malling L. R., “ Electronic wattmeter ”, Electronics, 18, pp. 133-135, Nov. 1945.

(°) Marconi’s Wireless‘; Telegraph Co. i 1.Shishini M. and ElSaid M. A. “ An
Improved Electrical Device for Effecting .- ' iplication or Division of Independent
Quantities ”, British Patent 585936,



will thus be unavoidable, and these cause undue insertion ioss ,
b (\{\

in ~h2 circuit and trouble at high frequencies. Moreover, the
dissipation loss of the currentv circuit has to be high if any
reasonable accuracy is to be expected, especially with the thermal
devices. Supply voltage variations, besides causing calibration
errors, require frequent adjustment of the zero setting. For
all the square-law devices, the insertion unit is of T- or w-con-
figuration, with which it is difficult to provide for a satisfactory
ground system, | k |

Amongst other attempts, one may distinguish between three
distinct classes :—

(a) Devices using electrostaticmethods. Thesearenot handy
and too deiicate. Difficulty is encountered in their adjustment
and setting. They require high voltages for their operation.

(b) Devices using oscillographs. These either measure
instantaneous values of power, or give an indirect measure of
the average value through tedious and inaccurate operations.
They also suffer from lack of sensitivity.

(¢) Devices using multi-electrode tubes (*2). The tabes
are arranged to operate on the linear parts of their various grid
characteristics, which are too small to avoid rectification, and the
instruments were found to give readings with current or voltage
alone, even with push-pull operation. Discrepancies in the
characteristics of individual tubes of a given tvpe are serious,
and the choice of matched tubes is too difficult. Frequent check
calibration and zero-setting adjustment is necessary. The use of
a voltage divider, with its inberent disadvantages,-is unavoidable.

(') Wagner T. B., “ Thermionic measuring instrument”, Elect. Eng., 53, pp. 1621
1623, Dec. 1934,

(2) Pierce J. R., “ Proposed wattmeter using multi-electrode valves ”, Proc. I.R.E.,
24, pp. 577-583, April 1936.

(®) Wey R. J, “ Thermionic wattmeter ”, Wireless Eng., 14, pp. 490-495 and 552.
555, Sept. and Oct. 1937,



To this class a new 1.~ ament has been recently added(?),
having improved features. The tubes operate in the exponential
Fange of their characteristics. However, this device still
Sufters from the disadvantages of a limited operating range for
the control-grid voltage, and that it cannot be used for cireuits
having a voltage below 20 volts. The requirement of recalibration
¥hen replacing tubes, the necessity of stabilised-supply or battery
Operation, and the unavoidable rectification errors (though
claimed to be small) resulting from the discrepancy of the
PArameters of the tubes themselves from the requisite values under
this mode of operation, are all inherent disadvantages.

The instruments described in this paper use two tubes operat-
ing in push-pull and working mainly on the linear parts of
their characteristics, which usually cover a wide range, and this
Tinge can be extended and made as linear as desired by suitable
adjustments of the external circuit, thus rectification errors are
almost eliminated and voltage dividers are dispensed with.
Critical adjustinent of the circuit elements is not a necessity in
this mode of operation. Negative current feedback . is used with
advantage, which results in extended linear range, increased
stabiliry, less trouble with tube replacements, and insensitivity
of calibration and zero setting to supply voltage variations.

The instruments are characterised by their simplicity in
theory, circuit design, operation and adjustment. Almost any
tibe type can be used, and the performance can be readily
Predicted from knowledge of the normal tube parameters and
Cirenit elements. A unique main feature lies in the fact that
individual d-c components which are proportional to the individual
a:¢ components are available in the circuit, so that direct readings
of voltage. carrent, power factor and power can be readily obtained
With the same instrument with complete reliability and stability.
Fux't;hermore, the instruments are sultaiic for measurements at

———

() ElSaid M. A. H,, “Novel multiplving circuits with application to electronic
¥alimeters ”, Proc 1. R. E., Vol. 37, pp. 1003-1015, Sept. 1949,



very low power factors. [hey will be, therefore, found useful.
in measuring impedanceffrequency and power-factor/frequency-. | -
characteristics of a network or apparatus under actual operating
conditions.

Amongst the good features of the instruments are the
uniform scale of the indicating instrument, the low insetion loss
of the series resistor in the current circuit, the high accuracy and
the simplicity of adapting the instrument for multirange use.

For unavoidable reasons relating to the lack of certain equip-
ment, stress was given to obtaining the maximum possible output
power from the tubes, which forced the use of normal receiving
tubes. However, with the use of high-frequency tubes, it is
shown that a frequency range comparable with any other type
of instrument can be covered. Predicted higher limits of about
30 Mc at unity power factor and 3'5 Mc at - zero power factor
were obtained. N evertheless, factors not considered are expected
to cause trouble at the higher frequencies, especially with the
square-wave generator, and 10 Mc is considered a reasonable
higher limit,

The errors resulting from other possible sources are discus-
sed and found remarkably small.

Three types of this instrument have been developed. These
are :—
(a) The grid-controlled type.. .
(6) The suppressor-controlled type.
(¢) The cathqqe?cor}trolled _t;l’pe. ‘

II.— GEl:IERAL OUTLINE

The main idea of these 'commqtat_ing-.t'ype instruments lies
in using an electronic tube having a fa.i'rly linear t‘x:'ansfe'r charac-
teristic of control-grid voltage versus plate current, which s
readily obtained through the use of negative current feedback.
Then a signal is applied to the control grid, and the tube current
is commutated only during a proper interval of its cycle. The
commutat_iqn period is controlled by applying a square-wave
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#gnal having the same frequency as the control-grid signal, and
°f sufficient amplitude, to one of the tube grids, thus allowing
the plate current to flow only during one-half of the square-wave
fycle. The average value of the plate current follows, linearly,
the signal amplitude and the cosine of the phase angle between
the signal and the square wave. The square-wave voltage is
Obtained from a square-wave generator designed such that its
Output is of the same frequency and in phase with the voltage
Applied to its input.

Figure 1-a shows the circuit arrangement for the measure-
Ment of power factor, using a triode. The voltage V across the
lond is applied to the input of the square-wave generator, whose
%quare-wave output is applied to the control grid of the tube.
The voltage drop IR across a small resistance, R, in which the
loud current passes, is applied to the control grid of the tube,
Bliperposed on the square wave. The change in the average value
9 the output current will be proportional to 1 cos ¢, ¢ being the
Phase angle between V and I. If 1 is known or measured (which
4h be done by the same instrument), or if the voltage IR is
djusted to a predetermined value, or if a suitable dividing cir-
it is added to give the quotient of the two quantities 1 cos ¢
ANd 1, the device will give a direct reading of cos ¢.

It is obvious that if the input to the square-wave generator
Were derived from the load current circuit, cos ¢ will be unity,
804 the device would be an ammeter with a linear scale. In the
Ine manner if the signal applied to the grid of the tube were
d8kived from the voltage circuit, the device would be a voltmeter
With a linear scale. '

. Now, for the measurement of power, the product I cos ¢
hay already been obtained in the form of a direct current, and
I now remains to obtain a direct current proportional to V
th«l‘ough the use of a conventional rectifying circuit. The two
direct currents are multiplied most easily by the use of an
OFdinary electrodynamic instrument, and the device will then be
a direct-readiug wattmeter with a linear scale.



Jn some circuit arraugenonis, and especially in high-
frequency work, and in order to provide a suitable grounding
point for the circuit, it may be found more convenient to apply
the two signals to different grids of the tube. In Fig. 1-b the
square-wave signal is applied to the screen grid of a pentode
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whose suppressor grid is internally connected to the cathode.
With this procedure severe requirements are imposed on the
square-wave generator, which has to provide a positive wave of
large magnitude and be capable of supplying the screen-grid
current of the tube ; and moreover, if a push-pull arrangement



is used, both sides of its output bflould give exactly equal
amplitudes of the square wave.

In Fig. l-c the square wave is applied to the suppressor
g PI

grid of a pentode. It requires a square-wave generator giving

a negative signal, and thus precludes all these difficulties.

In Fig. 1-d two tubes having a common cathode resistor
are used, which may be triodes or multigrid tubes. Each signal
is applied tothe control grid of one tube. When V', is conducting,
the voltage drop across the common cathode resistor Ry will
cause V, to be biassed beyond cut-off ; while when V, is cut-off,
V, will be conducting. This cireuit has the advantage that it
requires a square wave of small amphtude, and will consequently
be suitable for use at much higher frequencies.

All circuit arrmwements are well adqpted for use in a push- *
pull fashion, This is shown in Fw 2 for the grid-controlled
tvpe The arrangement of the input circuits as shown in Fig.

2-b is preferable from the point of view of pro demo" a su1t‘1ble
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ground point for the circuit. A differential-wound d-c indicatinw
instrument can be used as in Fig. 2-a, or a normal instrument

may be used as in Fig. 2-b.

The use of a push-pull circuit has tiie merits of obviating the
necessity of comyensating the zero-signal tube current, reducing



zero-setting variations with supply voltage variations, reducing the
errors due to any possible non-linearity in the tube characteristics,
and finally increasing the sensitivity of the instrument, thus
reducing the insertion loss of the series resistance in the load
current circuit.

The merits of the cathode-follower circuit are well known,
Its main advantages relating to the present type of work lie in
providing a wide-range linear transfer characteristic, whose slope
mainly depends on the value of the cathode resistor and is almost
independent of the tube parameters, and reducing tube current
variations with supply voltage variations. Therefore, no readjust-
ment or recalibration is necessary when replacing tubes, no
readjustment of zero setting is necessary during operation, and
the stability of the reading is highly increased.

IIL.—Grip-CoNTROLLED CoarruraTing
Powgr-Factor Merer

L.—OCireuit :

The actual cireuit of *"is typeis shown in Fig. 8. For zero
setting a variable resistance and change-over switch are provided
in the cathode circuits as shown, The d-c characteristic of one
triode section is shown in Fig. 4. It has a linear range beginning
from —4 volts upwards. The upper limit of the useful working
range is at about + 20 volts, at which point the grid-cathode
potential is zero. The operating point is chosen at about the
middle of the useful working range, i.e. a positive bias of about
+ 8 volts is required. An a.c signal up to 12 volts peak
(8:5 volts RMS) can be applied to the control grid.

The push-pull square-wave generator has to carry the grid
pbotential in the negative direction so that the tube is cut-off with
the maximum value of the a-c signal, and thus the square-wave
generator shall give, from each side of jts output, zero potential
during half a cycle and a negative potential of more than

13



32 volts during the otber Lalf cycle. It ix not essential that
both sides should give equai ncgative voltages.

9.—Square- Wave Generator:

The circuit is shown in Fig. 3. It is simple and direct.
Clipping is done by the double-diode clipper tubes as well as by
the amplifier stages. Therefore, the effect of stray capacities,
which appears most in the higher portions of the wave, can be
neglected in all stages prior to the grids of the output tubes.
Stray capacities in the output circuit are the main limiting factor
of the frequency range in which the square-wave generator may

be used, since no clipping stage follows, It is possible to extend
' the frequency range through the addition of a clipping stage,
the use of high-frequency tubes for the power-factor meter,
mininising stray capacities of the connections, reducing the ou'put
resistance of the square-wave generator through the use oEAhigh
plate voltages and more powerful tubes, and adding compensating
inductances in the square-wave generator circuit. ‘ '

The square-wave generator is suitable for use with input
voltages covering a very wide range, from a fraction of a volt to
several hundred volts, and can therefore be connected directly to
the load voltage circuit without the necessity of using a voltage
divider. The input circuit has a high impedance which does not
cause any appreciable insertion loss. However, if a much higher
input impendance is desired, or if it is required to work with very
small input voltages, a single-tube conventional amplifier stage
can be added at the input. This may use a cathode-follower
circuit if the input voltage is not too low.

The square-wave generator must give equal intervals of its
two output waves. This can be easily checked by applying the
square-wave voltages alone to the power-factor meter, which
should then show no indication. lirrors in timing may be caused
by harmonics existing in the input voltage when these harmonics
are not in phase or in antiphase with the fundamental. These
errors increase with the harmonic percent and the phase difference
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between the harmonic and the fundamental, and decrease for
harmonices of higher order. However, the error in timing produc-
ed by harmonics that occur in practical cases, even in the worst
cases of their operation, can be shown to be negligible, of the
order of 1° in 180° Moreover, the timing of the square-wave
generator can always be adjusted by applying a small variable
d-c voltage at its inpat, superposed on the a-c voltage.

3.—Operation of the Power-Factor Meter :

(a) Ideal Operation :

In this case it is assumed that the two tubes have identical
“and exactly linear transfer eharacteristics down to the cut-off
point. The magnitudes of the applied signals are such that in
the half cycle when the square-wave voltage is zero, the a-c
signal will not drive the grid of the tube neither more positive
than the cathode nor more negative than the cut-off point; and
in the other half cycle, when the square-wave voltage is negative
the a-c signal will not drive the grid more positive than the cut
off point..

Let S denote the slope of the transfer characteristic of either
tube, which can be shown to be given by
1 1
kElp 4P +R,, where y is the amplification factor,
LTS

p is the plate internal impedance,

R is the plate load impedance.

1 the steady no-signal plate current of either tube,

12 .
T the time period of one cycle = ¢ = :)E , f being

the frequency,
F sin (o t—¢) the a-c. signal applied %o the grid, ¢ being

the phase angle between this signal and
the square-wave signal.



I, and I, the average currents of the two tubes when
the signls are applied.

T .
then: I, :_%fi [Io + SF sin (wt-9) ]dt =—I2i +%~ F cos¢

I, — L ! I, + SF sin (wt-¢) [dt = I°—§— Fecoso
T T2 ° 2. T
and the average current difference is given by :
I:II—IQ::?T‘EFcosqa . . . . (1)

which is proportional to the product of the magnitude of the
applied a-c signal and the power factor.

(b) Efect of Differ«nt Transfer Characi:ristic Slopes

In a cathode-follower circuit, the tube current is almost in-
dependent of the tube parameters, and the slope of the transfer
characteristic S is mainly defined by the value of Ry. However,
if for any reason the two tubes give different transfer characte-

ristic slopes 8, and S, the reading of the indicating Istrument
will be: :

lzﬁli;_SLFcosq,. N O

That is to say, the average value is to be considered

Si+5,
2
instead of S, and the reading is still proportional to the product

of the magnitude of the a-c signal and the power factor.

(c) Effect of Error in Square- Wave Timing:

It has been stated that the square-wave generator can always
be adjusted to give exact timing. However, it is interesting to
show that even without such an adjustment, the error produced
in the power-factor meter indication is very small.



1f T, and Tpare tt . 1u€ t. tervals of the square wave, such
that T, + T, =T, and writing @ T, = © + 5, ® T, == ©—73,
or o (T,—Ty) = 29, then :
when the square-wave signal only is applied, the indicating
T,—Ta
e T
When the signal F sin (@ t-¢) is applied :

= f " [I°+SF sin(cot-tp)] dt
T.J o

1 f B [IO+SF sin (cot-tp)] dt
TJ) =

_ 1 ® S _
= 10_1? += F [cos ¢ —cos (coT,-—‘P)]

and the change in the reading is then given by:

instrument will read I =1, %

—%F [cos ¢ —cos (wT1~¢)]
_—=—ST;F [cos ¢ +cos (¢——8)] . . . . . (3)

Comparing this to Eqn. (1), the error in the reading will be:
%— F [cos ¢ —cos (tp-—-‘é)]

cos ®—cos (¢—D°)

and the relative error is
2 cos ¢

1 . ., O
__ 2 tan ¢ sin d— sin’
=3 ¢ 5
and since & is always very small, then:
1 3 o~ 8 1 g%
relative error == 5 tan ¢ — 7 0

and for the estimated value of & = 1°, this amounts to 0°0076 7
at unity power factor and 0-87 % at ¢ = 43" This error would
naturally be infinite at zero power factor since the true reading
should have been zero. However, this is no indication of the
error, and the error in indicating instruments is usually and

preferably judged by referring to the maximum instrument
. L. 28 5
reading, which is —— F ex, hence:



Full-scale relative error = FF cos ¢ — c2°S (¢—8)

and for the extreme condition when F = Fp,, =12 volts,

Full-scale relative error — ¢ — ‘;OS (9—5)

)
— sin 3 sin (q:— %)
5 . 3
= g sin (<p — §) .
For the value of & = 1° this error anountsto 00076 % at

unity power factor, and 0-87 7 at zero power factor.

Figure 6 shows this error for different power factors in this
extreme case, from which we conclude that this error, if it exists,
is always negligible.

(d) Efect of Non-linearity in Transfer Characteristics :

(i) Considering that the non-linearity occurs all over the
. working range of the characteristic, this can be expressed in
the form :

i=I,+Sv+ PV

1 [12

Hence I, = T [ o [Io + SF sin (COE-CP) -+ PF? sin? (mt-<p)] dt

1 S PFz PF: |
:—;—2—9'+EFCOS¢+"4—‘+ in sin 2 ¢

1 . .
I, = T—f:ﬂ [I, + ST sin (ot-9) + PF?sin? (ot-9)] dt

I S PF: PF? |
=g—Feoso+— +grsin 2o

. g e . 2
and the instrument indication will be: I = —ES— F cos o (4)

This is the same as Eqn. (1), and thus no error is produaced.
This result is to be expected from the push-pull operation of
the circuit.



~(it). It is more common that the transfer characteristic is
linear along its upper part, and shows non-linearity only in the
lower part. Considering an exaggerated case where the mon-
linearity is assumed to extend up to the static working point of
the characteristic, this latter can be divided into two portions,
which may be expressed as :

i=1, 4 S8v  for positive values of the input voltage v,
and 1 = [, + Sv 4 Pv? for the negative values of v.

Now for the first tube, which is conducting in the time period

T . .
O to P the applied voltage is v = I sin (wt-¢), which will
then be negative in the time period O to % and positive in the

. - Tt 0 - . 3
time period % to - - The average current of this tube 1s thus

given by :

1 /W L. '
I, = T Q/w[l" + SF sin (wt-m)] dt
@i
+ }T./‘O Q[Io—i- SF sin (wt-9) + PF? sin’ (cet-cp)] dt

I, S PF? sin 2 ¢
=g+ Fesot+gnoe+ —5

. . '“'
For the second tube, which is conducting in the period - to

no

Tt ) N . . ) . .
o the voltage v = F sin (ot-¢) is positive in the time period
u L L . NS TN

5 o (5 + Za_> and negative in the time period <co + co) to

T
—, hence: -
w0

1 E.*_g |
IzTTfm w[l°+ SF sin (wt-Q)]dt

e
+ ,lT f . © 0 [ I, +SFsin (wt-¢ +PF?sin? (cot-(p)] dt
ot |

I. S PF? sin 2 ¢
=g - Focos ¢ + in (1:——¢+-———2~——).

-t




The instrument indication will then be:

| 28 P w i
I—?_FCOSQ[l_i—Z—S_mF(q’—Q)] (3)

Hence the relative error due to non-linearity is given by :

. PF T
Relative error = — 7T oo (¢—73)-
This is seen to be proportional to the amplitude of the
applied signal, and is not infinite at zero power factor. .

Taking actual values from the characteristic curve shown

in Fig. 4, the ratio —g—_—: 0.008, and considering the extreme
case when F = 12 volts, the relative error is shown in Fig. 7
for different power factors. It should be pointed out here that
although these values are small, yet they are still too much
exaggerated i two ways, the first in considering the non-linearity
to extend up to the steady no-signal working point, and the

second in taking F = 12 volts, while it does not usually exceed

a fraction of a volt.
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(e) Effect of Harmonics in the Load Current Waveform :

Let the a-c signal voltage, in this case, be expressed in
the form: ‘

v = F, sin (@t — ¢) + F, sin (not — ¢.),
where n indicates the order of the harmonic.

Considering perfect square wave and linear characteristic,
then :

1 /6 . ' .
I, = -—T—fo [1,+ SF, sin(wt—¢)+SF, sin (not—¢,)] dt

I S
=‘—)°+EF" cos ¢ when n is even
L Sk wee S .
or 3 - ,cos¢+“nco§¢n when n is odd

1 21760 . . ’
and L= Tfn/o: (L, +SF,sin (ot — )+ SF, sin (nwt—¢,)] dt

1
=—91-—-—Fl cos ¢ when n is even
& T
1 SF
-] n .
or o _—F cosp— = —
5 @ L1C0S ®— o 7 Cos P, when n is odd

. and the instrument indication will thus be:

2
I = - F, cos ¢ when n is even
28 28 F, .
or - F, cos ¢ + 5 o8 % when n is odd.

It is thus seen that the even harmonics produce no effect
whatsoever. The odd harmonics, however, produce an error

. . F, cos ¢
whose relative value is given by —&————.
nk, cos ¢

For a given value of cos ¢, this error is maximum when
o, = 0. For an exaggerated value of 10% harmonic content,
the masx. full-scale relative error amounts to 3:337% for the third
harmonic, 2% for the fifth harmonic, and so on.



It is, therefore, concluded that errors produced by harmo-
nics, whether in the current or voltage waveforms, are either
zero or negligible.

¢

() Effect of Stray Capacities:

The presence of a stray capacity C across the output; resis-
tance R of the square-wave generator will cause a gradual
exponential building up and decay of the voltage instead of an
instantaneous one.

With the square-wave voltage applied alone, and no a-c
signal, it can be shown that the average tube currents I, and I,
are given by :

I E E

v, E
Il = Iz :*—20*[1 + 9CRf (111—ET:—v:‘—V‘;1n—E—_—TV‘°‘+*V‘; 4 2CR‘)]

where f is the frequency,

V, is the cut-off voltage of the tube,

and E is the amplitude of the square-wave voltage.

If, as usual, E is made 2V, then:

I -
I =L = -§° [ 1 4+ 4CRf (e 2R —0-6931) ]
The zero setting is thus not affected by the increase of fre-
quency or stray capacity, but the average current of each tube
decreases. It becomes 86 % of its value at low frequencies when

CRf is increased to 0-05.

When a small a-c signal of the form F sin (ot-9) is applied,
the instrument indication can be shown to be:
7

S E
[:T—tF[cos(cp—?nCRf In ETV;)

E
-+ cos ( ¢ — 2nCRf In Vc)] . . . (6)
and when E = 2V, this becomes :

2
I1— —T? F cos (¢ — 4:354 CRf) . . . . (7)



cos (¢ — 4-354 CRf)
cos ¢

hence Relative error =1 —

It is seen that the error is independent of the signal ampli-
tude, but depends on the value of the product CRE. Fig. 8 gives
the instrument indication at different power factors as CRf

\| \ Y with proper. layout, the value
cf C can be kept as low as
10 upF. Since R is of the

w00l 9 epp ‘' order 1000 ohms, therefore the

— Lagging PP _ __ feading PF instrument is suitable for use
Fio. 8- £ffect o[ftfd.; fgdﬂ'/"’f at frequencies as high as 565 Mc
on fteber Readings (TPoore ™Y o unity power factorand 07 Mc
at zero power factor. However, Eqn (8) shows that these values
can be increased by increasing E. Moreover, since the errors at
higher frequencies are predictable either by calculation or from
curves similar to those of Fig. 8, the instrument can be used for
obtaining approximate values at much higher frequencies, provided
that f and ¢ are roughly known.

K
T
F 1

3 ! TSR increases, calculated from Eqn.
< 6421 % (7). Thecurve AP shown gives
:iq -—:;;_;; LA/ the limiting vulues of CRE if
\,': L',_ 9‘>< / / the error is not to exceed 3%
§%6 32 3 of full scale. This gives a value
% LL:}: \/ \/ | of CRf=0-0565 at unity power
204 SS -y / ~[/i v | factor and 0-007 at zero power
P [ 2> \\,/ \ “ factor. With acorn triodes in
I = ~|-~..?\/ NI ' a cathode-follower circuit, and
(> ”3 2 ~. \

"~

IV.—SurPRESSOR-CONTROLLED COMMUTATING
Powgrr-Facror METER
1.—Circuat:

In this version of theinstrument, the square wave is impressed
on the suppressor grid of a pentode. When the suppressor grid
is driven negative, the anode current falls and the screen-grid
current rises, and may attain values in excess of the safe limit.
Therefore the developed circuit has in view two purposes: to



limit the maximum value of the screen-grid current by lowering
the screen potential when the plate current is suppressed, and to
make use of the rise of the screen current in increasing the
~ sensitivity. The circuit developed to achieve these two functions
is shown in Fig. 9. The screen grid of each tube is Cross-
connected to the plate of the other tube. Now when one tube is
commutating, the other is suppressed. The plate current of the
commutating tube, as well as the relatively-high screen current
of the suppressed tube, both flowing in the plate-load resistor of
the commutating tube, will cause a large voltage drop, so that
the voltage at the screen grid of the suppressed tube is largely
reduced. The commutating tube, however, has its screen grid
connected to the plate of the suppressed tube. Only the
relatively-small screen current of the commutating tube flows in
the plate resistor of the suppressed tube, so that the voltage at
the screen grid of the commatating tube is only slightly less
than the full d-c supply voltage of the circuit, and thus almost
the normal plate current of the commutating tube is obtained.

Set B2
2ero

2700

w- Connecliom D/jlz'am of Seppressor.
Conlro/lad Icos b Holer.

These operations are reversible in each half cyecle of the square
wave, so that the suppressed tube will always have a low screen-
grid potential and the commutating tube a high screen-grid
potentisl.



The square-wave generator used with this type is essentially
the same as that shown in Fig. 5, with minor modifications, which
mainly imply the addition of a push-pull amplifier stage at the
output to cope with the required higher amplitude of the square
wave.

The static characteristics shown in Fig. 10 were obtained
with the same circuit arrangement of Fig. 9. In Fig. 10-a the
suppressor-grid potentiul :f one tube is varied, while that of the
other is kept at zero potei.izal. It shows that the amplitude of
the square wave has to be not less than 80 volts, so that the
currents of the two tubes are independent of the square-wave
amplitude. Fig. 10-b was obtained by keeping the suppressor-
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fg;_.’p— Static Chavuclerislics of One Tube of £:9. 8.

orid potential of one tube sufficiently negative, while that of the
other was kept at zero. Lt shows that the linear useful range of
the characteristic lies between == 17 voits peak, or an a-¢ signal
of not more than 1'2 volts RMS can be used, and in this case
the control grids are nsver driven positive v ith respect to the
cathodes.



9.—Operation of the Power-Factor Meter:

Curves (1) and (2) of Fig. 10-b give the total currents in the
plate loads of the commutating and suppressed tubes respectively.
They may be represented by the expressions :

i‘ == Igo + Av
and i, —= L, +av 4+ bv?

- When an a-c signal F sin (ot-9) is applied to the control
grids, then:

T
In the period 0 to 90 tube (1) is commutating and tube (2)

is suppressed, thus:
1 Ti2
Iy . = T fo [ L, + AF sin (ot-9) ] dt

I, . A
_——2—+—EFcosq>

T2
ig 4y, = %fo (1. + aF sin (wt-9) -+ bFzsin? (ot-9)] dt

2 2
=Al%2+%F cos ¢ +E£—+%sin2¢

T
For the remaining period —5- to T, tube (1) is sappressed

and tube (2) is commutating, thus:
v o [ L+ AF s a
20 = TfT/z (L, + sin(wt—¢)] dt

_ L

A
3 -—~H~Fcos¢

T
and ey, = %fT/Z [ Lz +aF sin(wt—¢)+ bF2sinz(wt —¢)] dt

L, 2
.—:—2——-;‘-Fcos ¢ +

bF: BE
4 dn sin 2@



- and the indiation of the meter will be ;

I: (ilav. + i;av.) - (iZEV. + i;av.)

2(A— '
—2(A=a) F cos ¢ . . . . . (8)
T
which is proportiona] to the product of the signal magnitude and

the power factor,

Equation (8) shows that by making use of the screen-grid
currents, the sensitivity of the Instrument hag increased in the

. A—a . I
ratio g, where S is the slope of the plate current characteristic

(carve 3 Fig. 10-b), i.e. an Increase in sensitivity of more thap
50% has been attained.

3.—Eect of Non-Identical Tube Characteristios -

The use of the cathode-follower circuit will minimise the
effect of any difference in tube characteristics, However, it may
be useful to show that even if such differences exist, the errors
produced are negligible.

aand b are replaced by A’ a’ and b’, then the instrument indj-
cation will be :

2 in 9
I=[(4+ )~ (a+w)] % cos ¢+ (b —b) %}(1 +EE2 g

In the first term, the constant [(A+4) — (a+a’)] rep-
laces 2(A —a) in Eqgn. (8), and means that it takes the average
values of the slopes of the characteristios of the two tubes.
This does not mean an error, since it will be takep care of in the
calibration of the instrument. The second term, however,
represents an error whose relative value is

N sin 2¢
F(b—b) (142279

dn[(A+4A") — (a+a)]cosg




Using the curves of Fig. 10-b to obtain numerical values of

the coefficients A, a and b, and taking an exaggerated case where

b'=0, A=A’ and a=a’, then for the maximum possible value

of F the relative error will be 0-24% at unity power factor. If

the error is expressed as usual in terms of the maximum indica-

tion at unity power factor, the maximum error will also be 0-24%
at zero power factor.

4,— Other Effects:

In the above, non-linearity of curve (2) of Fig. 10-b has
already been dealt with and found of no consequence. However,
non-linearity in curve (1) will cause errcrs identical to those
discussed for the triodes of the grid-controlled power-factor
meter, and will also be negligible.

In the same manner it can be shown that inaccuracy of
square-wave timing, and the presence of harmonics in the load-
current wave-form (i.e. in the a-c grid signal) will not produce
any appreciable error.

Stray capacities at the ourput of the square-wave generator
will have effects which are almost identical with those discussed
above, and actually this has been verified experimentally, as will
be mentioned later.

V.—CatHODE-CoNTROLLED COMMUTATING
Powgr-Factor METER

The main feature of this type is that it allows the use of
small square-wave and a-c signals, while these are applied to
different tube electrodes to allow a suitable grounding point of

the system.

Fig 11 shows the circuit developed for push-pull operation.
The value of the common cathode feedback resistor is chosen such
that the linear part of the static characteristic extends equally on
both sides of the zero-voltage axis, thus eliminating the necessity

of using a grid bias.



However, it can be shown that for proper operation, this

9

resistance should be more than — | g being the mutual conduc-
o
=}

tance of the tube V,. The square-wave signal applied to V,is
a positive one. The bias batteries will bring this tube to cut-off
when the square-wave voltage is zero. The circuit can also be
modified so that V, is self-biassed. When the square-wave signal
is positive, the voltage drop across the common cathode resistor
should be sufficient to bring V, to cat-off, with the maximum
a-c signal applied.

.,‘p*lv—]
.U
0,

F29. 11 - Conneclion Diapram of Catpode ~
Controlfed Icos & Pleler

The square-wave generator used with this type of power-
factor meter is essentially the same as that described before, with
some modifications incorporating major simplifications. Since
the required square wave is a positive one, the high-voltage
supply of the output stage can be rounded at its negative side,
which means considerable simplification in the power-supply
circuit. Owing to the required small amplitude of the square
wave, the output stage was changed from an .mplifier circuit to
a cathode-follower circuit. This will reduce the effect of stray



capacities, and moreover, since a small output resistance is used,
the frequency range of the meter is much increased. lf we
consider, as mentioned before, that the upper limit of the value
of CRf is 0:0565 at unity power factor and 0007 at zero power
factor (for a maximum error of 3% ), and taking R as 200 ohms,
and C about 10 ppF (for a high-frequency pentode in a cathode-
follower circuit), then the predicted higher limits of the frquency
range will be about 30 Mc at unity power factor and 3:5 Me at
zero power factor. However, other factors not considered will
cause trouble at such a high frequency as 30 Mc, especially as
regards the operation of the square-wave generator, and 10 Mc
can be considered as the probable higher limit.

As far as the different sources of error are concerned, this
type of power-factor meter will behave the same as the other
two types, and the errors will be also negligible.

-

VI —CoMMUTATING W ATTEMETER

By means of any of the three aforementioned devices, a
direct current proportional to I cos ¢ could be produced. lf now
the voltage across the load is rectified so that a direct-current out-
put proportional to the voltage is obtained, the product V1cos ¢
is most easily secured through the use of an ordinary electro-
dynamic instrumsnt, and the whole arrangement takes the form
shown in Fig. 12.

£.D. Ingtrment

o
Teos o ,
ﬁ &(ﬁfff’ |
~
R
¢ 1
Square Vortage
- 'ave o
B Genevater . I’— Rectifiet

Frg. 12 - Prneple of Commulating Wetlmater




1.—The Electrolynamic Instrument:

A survey of a number of typical electrodynamic instruments
of the laboratory tvpe has shown that in order to obtain full-scale
deflection, a relatively large power, of the order of a few hundred
milliwatts, is required for the current as well as for the voltage
coils.

It should be pointed out that scme of the modern tvpes of
instruments have better sensitivity, and much more sensitive
electrodynamic instruments could be obtained by abandoning the
classical technique of using air-core instruments, and using iron-
corc instraments instead, and consequently a sensitivity as good as
that of the moving-coil d-¢ instrument could be obtained. Iron
has many defects, especially when used as a core for a coil
carrying direct current to produce a magnetic flux. However,
several papers (*—2) have described iron-core instruments which
overcome these defects.

In the present work, it was not possible to obtain nor to con-
struct such a new type of instrument, and therefore stress was
given to obtaining as much power from the circuits as possible
through the use of normal powerful receiving-type tubes zpd
comparatively large a-c signals, and sacrificing the use of acorn
tubes to extend the working frequency range.

The usually-available electrodynamic instruments have their
coils designed for operation in ordinary power-supply circuits,
and will thus not be suitable for use in conjunction with the
circuits under consideration. Therefore, the coils of one of these
instruments had to be rewound with the proper number of turns
and wire diameter and to the proper value of their resistance,

(!) Geyger W.“Tests by the compensation method of an a-¢ wattieter containing
a closed iron circuit ”, Arch. f. Elektrot., 22, pp. 119-140, June 15, 1929,

(?) Zwierina 0., “Measurements with the iron-cored dynamometer, E. u. M. 53,
pp. 589-597, Dec. 1935.

() MacGahan P., “Improved type of d-c wattmeter of the shunted type ”, Trans.
Am. I. E. E., 60, pp. 4-7, Jan. 1941.



but at the same time having almost the same physical shape
and size as the original coils. Moreover, the use of push-pull
circuits necessitates that each coil should consist of two sections
which should be electrically and physically identical, and therefore
the bifilar construction was adopted.

The rewound moving coils of the instrument had 1400 turns
and about 1500 ohms each, while the field coils had 4000 turns
and 900 ohms each. The instrument was provided with a
uniform scale.

9.—The Voltage Rectifier:

The voltage rectifier circuit is shown in Fig. 13. A type
GHG tube is used for rectification. The d-c voltage appearing
across condenser C, will be equal to the peak value of the applied

646 6Y6

P
Q=

=3

F:'q. (3 = Clonceclion Diagmam of vollace /?ecf:'[;‘er
-~ ~ 7

a-c voltage. [f this voltage contains appreciable harmonics, it
would be preferable to obtain the average value, which is less
sensitive to harmonies, across Gi. This can be effected through
reducing R, and increasing K..

Two type 6Y6 beam tetrodes, used as cathode followers,
are operated In push-pull in order to eliminate errors due to
non-linearity that may existin the working range of their charac-
teristics. These tubes are chosen because of their large current
ratings and large mutual conductance, in order to provide the



large curreut necessary for ine op«tutivu of the electrodynamic
indicating instrument. The value of the cathode resistor was
chosen in view to obtaining as large a linear range of characteristic
as possible, as maximum output power as possible, and the linear
part of the characteristic extending equally on both xides of the

100 zero-input-voltage axis so that the tubes
+" | are operated without grid-bias supply.

m.a.
A Y

75 Vi

The circuit was tested for varying
a-c input voltages, and the results are

ou‘ﬁfvt
9

/ shown in Fig. 14, which shows good

§25 / linearity from zero up to 45 volts a-c
with these tubes. It is obvious that

° this range can be easily extended as

o 0 4o 60 . .
A-c. zn,.uf verts desired by applying only a known frac-

£9.14- Resulls of 7st om iy of the rectified voltage to the grids
Yettage Reclifier of Fipp /3 of the type 6Y6 tubes.

VII.—ExXPERIMENTAL VERIFICATION

Each type of the power-factor meter was tested by comparing
its readings with those of a dynamometer wattmeter at 50 cycles.
Line voltage was applied to the voltage coils of the dynamormeter
wattmeter as well as to the input of the square-wave generator.
This same voltage was made to supply current to a resistive load,
and the phase angle of this current was varied by means of a
phase shifter introduced between the supply and the load. The
same current was passed through the current coils of the
electrodynamic wattmeter, while a small fraction of the voltage
across the resistive load was applied to the input of the power-
factor meter. Tests were carried out for different values of su pply
voltage, load current, a-c input signal and for power factors
from unity to zero. In all cases, results showed close linear
relation between the readings of the power factor meter and the
readings of the electrodynamic wattmeter (divided by the supply
voltage). The accuracy as well as the sensitivity were quite
satisfactory.  Full-scale reading could be obtained by an a-c



signal of only a small fizctin + . volt, a5 unity power factor,
depending on the sensitivity of the indicating instrument. The
sensitivity can still be increased by using tubes of higher transfer
characteristic slopes, or using a more sensitive indicating
instrument.

The frequency characteristics of the power-fuctor meter,
predicted in Fig. 8, were simply

~

checked by increasing the value

controlled power-factor meter
are shown in Fig. 15 for dif- ,
ferent power factors. A large ool o ere

input signal (7'5 volts) was — Lagping P . Leading PF

I . Fr9. K—Mﬂ'f 6/';/74, (‘964-(/?/'65.
used. It is interesting to note o Meper Readings (Boxperimental)

that these curves agree quite

- well in shape and in magnitude with the curves of Fig. 8. The
same test was repeated for different input signals, and the error
was found to be almost independent of the signal amplitude.

? P.F.3 }7 Z
of C instead of increasing f, so % og g&_‘.’/ ><;
as to be able to compare the 3 Toil~ N
readings to those of the electro- \:" 0.6 - ,4,“22/\ N\
dynamic wattmeter. Two § T‘T“>/, \(
similar decade condensers were % ok ,—fz/“ \>/ \
connected across the square- \‘; AT— L ;)(\ N \
wave generator output. The § °2 T ks /\\ Y
readings obtained by the grid- &aﬂ LB Y

\\\‘

Some tests were also carried out on the power-factor meters
at frequencies other than the power-line frequency. In one of
these tests an oscillator was connected to a simple series circuit
consisting of a non-inductive resistance and a calibrated decade
condenser. The frequency and output voltage of the oscillator
were kept constant, while the condenser was varied, and the meter
was conuected to give readings of IR cos ¢ and IR, from



which R, X and cos ¢ werc calculaicd, and the results plotted

:
? 1Rcos® |

‘——v.—__.’

_’M“’ 7est orr I cos 2]
Heler of Frg-I]y USrmng

R-C Crreord.

in vector form as shown in Fig. 16,
which shows also the theoretical

semicircle to be expected, for compa- -

rison. The figure shows close accuracy
of the readings, as the error was always
less than 1%. The fact that the
experimental points tend to lie outside
the circle indicates that this small error
is mainly due to stray capacities.
Actually this test is a rather severe test,
since a small error in the readings
appears exaggerated on the vector
diagram.

8% The tests on the
S
£ / complete wattmeter were
24 . - .
3¢ / carried out on similar
A g 5 . .
3 o lines to those done on
& 6 i ) ) R £ I
g L the power-factor meters,
L‘: e 3 rs
Sa 4 that is to say, by com-
S Y parison to the readings
3 2 of an ordinary electro-
> 4 . _
A dynamic ‘wattmeter ai
o = “ power-line frequency.
Yy
Deflection of Dyasamometer (ahtwcter In each. test, two of the

Fig. 17 Resolts of 7ests on Q;_,,m, three variable quantities,

Wattmeler, Compived %o Readings of Dyna~ viz.a-c voltage to power-

momeley Wallmeter-

factor meter, a-c voltage

to rectifier circuit, and power factor, were kept constant and the
third varied over its full range. The power factor was varied

from unity down to zero.

The instrument indications are plotted

against the electrodynamic wattmeter readings in Fig. 17, using

the suppressor-conirolled power factor meter. The figure shows

very good linearity and accuracy.



VIII.— APPLICATIONS 0F 1HE INSTRUMENTS

It is to be gathered from the above, that one instrument can
be used for the measurement of voltage, current, power factor or
power. This can be readily accomplished through the addition
of simple switching arrangements to switch over one or the other
of the two a-c signals to the inputs of the square-wave generator,
I cos ¢ rectifier or the voltage rectifier, and to take readings
either on a d - ¢ instrument or on the electrodynamic indicating
instrument.

The instrument may also be used as a multirange one. The
a-c signal derived from the load-current circuit can be changed
by making the load-current resistor vary in known steps. = The
a-c signal derived from the load-voltage circuit can be changed
cither by using a voltage divider to take known fractions of this
voltage (shough this may cause some difficulties at the higher
frequencies), or preferably using a condenser voltage divider
civeuit for the rectified output of the type GHG tube in the
voltage rectifying circuit. |

The instrument can also be used for impedance measure-
ments under actual operating conditions of voltage and frequency.

Finally, the instrument can be made as one self-contained a-c
operated unit incorporating its power supply circuit.






