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ABSTRACT

‘Thc resulting effect of a significant incrcase in non-sinusoidal
signals on power systems and cquipment duc to the application of new power
electronic devices is a question yet to be answercd. A subquestion in trying to
determine the cffects of non-sinusoidal signals on power systems and cquipment
is how to accuratcly measurc these signals. This thesis makes an attempt to
answer not only the question of how to measure accurately single-phase
sinusoidal and non-sinusoidal power but also tue question of which types of
power and encrgy meters are most accurate and are less affected by these non-
sinusoidal power variations. This thesis comparecs the accuracy of various power
mcasurcments using two General Electric Type P-3 Electrodynamometer wattmeters,
two Clarke-Hess Model 255 Digital Wattmeters and one General Electric Type VM-
63-S Induction Watthour Meter.

The experimental setup used to test the accuracy of the power and encrgy
meters consisted of using a standard 120 V, 60 Hz single- phase source which
fceds the power and cnergy mcters. The power and energy meters werc connected
to the specific test source (either ac, half-wave rectified, or bidirectional
thyristor-controlled) which was connected to the test load (high power-factor
load, R-L load, or R-C load). ?/

The results of the experimental work indicated that the P-3 wattmeters and
the Clarke-Hess wattmeters measurcd accurately sinusoidal, non-sinusoidal and

half-wave rectificd power. The accuracy of the VM-63-S induction watthour

metcr is questionable as large variations in averaged power rcadings did occur.

'
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Laventure, George C. Jr., (M.S., Electrical Engincecring)
Mcasuring Accuratcly Single-Phase Sinusoidal and Non-Sinusoidal
Power

Thesis Directed by Assistant Professor Robert W. Erickson

The advance of tcchnology by the development of new power
clectronic devices for conversion, inversion, rcetification and cy-
cloconversion have resulted in more cfficient ways of trénsforming and
controlling power but at thc samc time have crecated a problem at times
of inducing harmonic distortion and a dc component into the power
system. The resulting cffect of a significant incrcase in non-
sinusoidal signals on power systems and cquipment is a question yet to
be answcered.

A subquestion in trying to dcterminc the cffects of non-
sinusoidal signals on power systcems and cquipment is how to accuratcly
mcasurc these signals. This thesis makes an attempt to answer not only
the question of how to mecasurc accuratcly single-phasc sinusoidal and
non-sinusoidal power but also the question of which types of power and
cnergy meters arc most accurate and arc less affected by these non-
sinusoidal power variations. This thesis comparcs the accuracy of
various power mcasurcments using two General Electric Type P-3
Elcctrodynamomcter wattmeters, two Clarke-Hess Model 255 Digital
Wattmecters and onc General Elecctric Type VM-63-S Induction Watthour
Mcter.

The cxperimental sctup usced to test the accuracy of the power

and cncrgy meters consisted of using a standard 120 V, 60 Hz single-
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phasc sourcc to fced the power and energy meters. The output of the
mcters was fed to the specific test source (ecither ac, half-wave
rectified, or bidircctional thyristor-controlled) and from this source
to the test load (high power-factor load, R-L load, or R-C load).
The results of the experimental work indicatcd that the P-3
wattmeters and thce Clarkc-Hess wattmeters mecasurcd accurately sinu-
soidal, non-sinusoidal and half-wave recctified (wherc a dec component
is present) power. The accuracy of the VM-63-S induction watthour

mcter, based on the limited testing donc in this thesis, is question-—

able as largec variations in averaged power rcadings did occur.
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INTRODUCTION

As tcchnology has progressed in the last 20 ycars, ncw mcthods
using powcr clectrtonic devices for conversion (de to dc), inversion
(dc to ac), rcctification (ac to dc) and cycloconversion (ac to ac)
have cvolved. These new mcthods have resulted in more cfficient ways
of transforming and controlling powecr but at the same time have
crcated a problem at times of inducing large harmonic distortion and a
dc current component into thce power system. The advance of technology
by thc dcvclopment of thesc new power clectronic devices has crcated
the likclihood of power signals bcecing non-sinusoidal. The resulting
cffcet of a significant incrcasc in non-sinusoidal signals on power
systems and cquipment is a question yct to be answered.

A subquestion in trying to dctcrminc the cffects of non-
sinusoidal signals on power systcms and cquipment is how to accurately
mcasurc thesc signals. Considering just the quecstion of how to
mcasurc non-sinusoidal signals on power systems or morc specifically,
the question of how to accuratecly mcasurc single-phase power and
cnergy when non-sinusoidal or de components arc present is the concern
of this thesis. The way of mcasuring single~phasc power and cnergy is
by the usc of a power mcter (wattmeter) or an crorgy meter (watthour
meter).  There arce many ditferent type of wattmcters and watthour
mcters available for measuring power and cnergy but their ability to
mcasurc non-sinusoidal power and cnergy accuratcly has not been

sufficiently proven. Of particular conccrn to both the supplicr and
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the uscr of power is how the induction watthour meter will rcact to
these non-sinusoidal signals, many of which contain a dc current
componcnt . Since the induction watthour mcter is designed for
mcasuring ac variations only, thce crcation of a dc component in an ac
circuit duc to thyristorecontrolled sources or powcr-factor motor
controllcrShas led to the question of whether an induction watthour
meter 1s accuratce cnough to mcasurc modern day power systems. The
questions to be answered by this thesis arc not only how to measurc
accurately single-phasc sinusoidal and non-sinusoidal pbwcr but also
which types of power and cncrgy mcters arc most accurate and arc less
affccted by these non-sinuscidal power variations. This thesis then
is an attcmpt to comparc the accuracy of power mcasurcments using two
waATTMe TS

General Electric Type P-3 Elcctrodynamomcterdl, two Clarkc-Hess Modcl
255 Digital Wattmeters, and one General Electric Type VM-63-S Induction
Watthour Mcter. This thesis will also try to answer the question of
whether the older analog wattmeters arce more or less accurate in
mcasuring sinusoidal and non-sinusoidal power than the modern digital
wattmeters. Sccondary objectives of this thesis are:

a) to define the basic power definitions associated with sinu-
sofdal power, non-sinusoidal power and power factor.

b) to become familiar with and understand the basic operation of
somc of the different metering cquipment available for
mcasuring single-phasc power and cnergy.

¢) to dcfinc mecasurcment standards and types of mcasurcment
errors.

c¢) to define the basic definitions for precision and accuracy,

cspecially as applied to power mecasurcments.

racep -
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c) to become familiar with and understand the specific operation
of the Clarkc-Hess digital wattmeter, the General Electric
P-3 clecctrodynamic wattmeter, and the General Electric in-
duction watthour mcter.
f) to bccome familiar with and understand the factors which
affcct the accuracy of the Clarke-Hess digital wattmeter, the
General Elcctric P-3 clectrodynamic wattmeter, and the Gen-
cral Elcctric induction watthour mcter.
g) to verify by cxperimental testing which types of meters give
accurate mcasurcment of sinusoidal and non-sinusoidal power.
This thesis work ts broken down into three arcas. Part I
includes a discussion of the general background information uncoverced
during the litcerature scarch. It defines the basic power definitions
of sinusoidal power, non-sinusoidal power and power factor. It
defines the measurement standards and types of mecasurcement crrors that
can occur when performing power measurcments. 1t defines the basic
definitions of precision and accuracy. Part I discusses different
types of power and cnergy meters and treats specifically the operation
of the P-3 clectrodynamomcter wattmeter, the Model 255 digital
wattmeter and the VM=63-S induction watthour meter. Part 1 concludes
by discussing the factors which affcct the accuracy of the P-3
wattmeter, the Model 255 wattmeter and the VM-63-S watthour mcter.
Part I fulfuills the sccondary objectives (a through f) of this thesis.
Part TI covers the testing and cxperimental work performed.

It discusscs the pre-cgperimental analysis and the criteria used in

determining the accuracy of the power mcasurement. 1t discusscs the




various test sources (ac, half~-wave rccetified, and bidircctional
thyristor-controlled) and the charactcristics of the various test
loads. Part II concludes by discussing the results obtained when
mcasuring single-phasc power using a sinusoidal source, a half-wave
rectificd source and a thyristor-controlled source with a high
power-factor load, a R-L load and a R-C lead. Part 11 fulfills the
sccondary objective (g) of this thesis.

Part 111 states the genceral conclusions drawn from this thesis
work as well as summarizes the specific conclusions drawn from the
experimental work done in Part IT. Part i1l concludes by making somce
specific recommendations concerning the type of meter to use when
making single-phase power measurcments and by making some specific

recommendations concerning possible additional rescarch that can be

done with regard Lo measuring single-phasc non-sinusoidal power.

Y
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CHAPTER 1

POWER, PERIODIC AND NON-PERIODIC FUNCTIONS

In order to undecrstand how to mecasurc sinusoidal or non-
sinusoidal powcr, it is helpful to definc the terminology associated
with cach. The following 1s an introduction of somc of the basic
terminology and theory rclating to the mcasurement of power {1,2,3,

4,5,6,7].

1.1 Power

Power is defined as the rate of change of cnergy with respect

to time or the rate of doing work and can be cxpressed as
p=3w.yd (1.1)

The electrical unit of measurcment for power is the watt, which is
equivalent to onc joule/sccond. Power (p) 1is considered to be an
instantancous quantity. If onc is intcrested in mcasuring power over
a specified time interval {c.g., for scveral periods), then the
average power (P) may bc computed by integrating the instantancous
power over this interval and the following results:
totnT
|
P = — f p dT (1.2)
aT
to
where n  is the integral number of periods, ¢ty is the initial time,

T 1is the time for onc period and p is thc instantancous power. In

practical applications, however, onc is often intcrested in the cnergy




used and as a result watt~scconds or kilowatt-hours arc mcasurcd. In

my cxperimental work, I will be mecasuring both of these quantities.

1.2 Pecriodic and Non~Pcriodic Functions

Before defining sinusoidal and non-sinusoidal power, it is
nccessary to define periodic and nonm-periodic functions or waves [3,

4,5]. A periodic function is onc that satisfics the cquation
f(t) = £(t+nT) (1.3)

for all values of t , where n is an intecger and T is the period.
Basically, a periodic function is onc that rcpeats itsclf during cach
period of timec; an cxamplc of a periodic function would be a sinc-wave
or the waveform shown in figure 1.1. NQOTE: For my cxperimental work

all voltage and current (power) waves were periodic.

£(c)

| ]

woWw T

Figurc 1.1 Periodic Waveform

,—t g,




A non-periodic function or wave is onc that docs not satisfy
cquation 1.3 and is basically non-repetitive in naturc. An cxample of

a non-periodic function would be random noisc or the waveform shown in

figure 1.2.
£(t)

| r

Figurc 1.2 Ron-periodic Waveform

Most powcr applications involve the use of periodic current
and voltage waves; thesc waves may be sinusoidal or non-sinusoidal. 1

will ncxt define sinusoidal and non-sinusoidal power and somc related

thcory for cach.




CHAPTER 2

SINUSOIDAL POWER, NONSINUSOIDAL POWER
AND POWER FACTOR THEORY

2.1 Sinusoidal Power

gy RS

Sinusoidal power is power that is a function of a sinusoidal

i
t

voltage and/or current being impressed across and/or passing through a
power dissipating clement. The term sinusoid comes from the re-
lationship that cxists when a conductor is rotated in a magnetic ficld.
The rotation of the conductor in a magnctic ficld results in an induccd
clectromotive force (emf) which is directly proportional to the sinc

of the angle through which the conductor has rotated from the reference

axis (rcfecrence figurc 2.1).

Rotaticn -

(b}

Figurc 2.1 Naturc of the induced comf.

Source: Herbert W. Jackson, Introduction to Elcctric Circuits (New
Jerscy: Prentice-Hall, 1965) p. 282




I1f the variations in alternating emf arc plotted as in figurc 2.1, the
resulting graph is tcrmed a sinc curve. The altcrnating comf that
varics in accordance with the sinc curve is called a sinc wave. The
power resulting from a sine-wave voltage and/or current is sinusoidal
power. Sinusoidal power then is a function of forcing functions or
cmf's that arc sinusoidal in naturc.

In order to defince power in alternating circuits, it is
nccessary to define what is mecant by real or average power, recactive
power and apparcnt power. .

The rcal or average power (also referred to as truc power) is
dcfined as the equivalent dc power delivered by an alternating source
or the cquivalent dc power dissipated by a pure resistance. This
rclationship is bascd on figure 2.2 where the heat dissipated by the
resistance for the dc source is comparcd to the heat dissipated by the
resistance for the ac source. When the temperature measured with the
ac source is the samc as the de sourc . then the average clectrical
power delivered to the resistor by the ac source is the same as that

dclivered by the de source.

sSwatch 2

S "——*\,&- \ R\,ﬁ“j
$ SSwich H
4

i
. /7 . —
b (9‘“ mencrator T“‘ coarce |

e A e —————— e

Figurc 2.2 Power Mcasuring Test Sct-up

Source: Robert L. Boylestad, Introductory Circuit Analysis (Ohio:

Charles E. Merrill, 1977) p. 331




In sinusoidal ac power applications the instantaneous power

delivered by an ac supply is given by

p = vi (2.1)

If a general case is considered where

v = Vm sin (wt+A) (2.2)
i = Im sin (wt+B) (2.3)

then
p = VmIm sin (wt+A) sin (Wt+B) (2.4)

using the trigonometric identity

sin X sin y = SoS(X-¥) —ZCOS (X+Y) (2.5)
then
p = VmlIm s (A-B) - YBIM  cos (2wC+A+B) (2.6)
2 2

The plot of current, voltage and powcr is shown in figurc 2.3.

)
L——l‘ {averayt)

—— / by X
4 > }V"’,"‘ cos(A-8)
s/ é 5 / 2
¥ ~ Y wt
\ -
’ po— ' \ -~ r&'
\ /
N Seahe

Figurc 2.3. Current, Voltage and Power Wavcforms
for the Gencral Case.

Source: Robert L. Boylestad, Introductory Circuit Analysis (Ohio:

Charles E. Mcrrill, 1968) p. 309.
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Notc that the sccond factor in cquation (2.6) is a cosinc wave with an
amplitude of VmIm/2, and a frequency twice that of the voltage or
current. The average valuc of this term is zero, producing no net
transfer of power. The first term in cquation (2.6) has a constant
magnitudc (no time dependence), and therefore could result in some
nct transfer of power. This first term is defined as the Average
power (P) and is mecasurcd in watts (W) or kilowatts (KW). The angle
(A-B) is the phasc angle (@) betweern v and 1 . Since cos (-9) =
cos (8) rthc magnitudc of thc average power is independent of whether
v lcads or lags i . The average power for equation (2.6) can now be

rewritten as
p = Yﬂ%ﬂ cos @ (2.7

or as

P = V. relogg cos § = [VIII] cos 8 (2.8)

The Apparcnt power of a system which applies to above general
casc, is defined by the product Vigp Iogg or VmIm/2 and is mecasured
in volt-amperes (VA) or kilowatt-amperes (KVA). 1Its symbol is P,.

The apparent power can be cxpresscd as

Pg = Vogg Iogg = IVII] (2.9)

Anothuer terminology associated with apparent power is Complex power
(8). Complcx power is defined as VI¥ ; where 1% is the conjugatce

of I. For an cxample, if

V= lviei\Wl

(2.10)




1= |v]eild (2.11)
then Tre= f1je~i\e (2.12)

and the complex power could be defined as

s = vir = uirle ML) o yp 10t (2.13)
or
§ = Vi1l (cos® + j sinB) = P + jQ (2.14)

The magnitude of the complex power S| is also referred to as the

Apparcent power and can be cxpressed as
tst = lvisl = V[T = yP2eQ2 = (2.15)

The reactive power of a system which applics to the above
general case is defined by the product Vi gp 1.y 5ind and is mcasurcd
in volt-amperes—reactive (VAR) or kilovar (KVAR). 1Its symbol is Q.

The rcactive power can be expressed as
Q = Ivlirl sin 6 = [S] sin 6 (2.16)

Considering ncxt some of the basic lincar components uscd in
ac power applications, the instantancous power cvan be defined as
follows:

Rewriting cquation (2.6)
p = VI cos (A-B) - VI cos (2pt+A+B) (2.17)

a) Tn a purcly resistive circuit,

2
PR = IVIIT] = |1]2R = —'—;ﬂ (2.18)




and thec resulting voltage, current and power waves arc shown

in  figurc 2.4.

Power
de-livered
tn ciement
by Seuree

Pawer

returiged

tu syuree

byoeiemaent

- -

Figure 2.4 Voltage, Current and Power
Wavcforms for Purcly Resistive Circuit

Source:  Robert L. Boylecstad, Introductory Circuit Analysis (Ohio:
Charles E. Merrill, 1968) p. 434.

b) In a purcly inductive circuit,
Pi, = ~ VI cos (2wt+A+B) (2.19)
and the resulting voltage, current and power waves arc

shown in figure 2.5.

fower
dettvered
taelement
by souree |

Power
returned
by element
Lo souree

Figure 2.5 Voltage, Currcnt and Power
Wavcforms for Purcly Inductive Circuit

Sourcc: Robert L. Boylestad, Introductory Circuit Analysis (Ohio:
Charles E. Merrill, 1968) p. 437.




and

¢) Im a purcly capacitive circuit,

Pe = VI cos (2wt+A+B) (2.20)

and the resulting voltage, current and power waves arc

shown 1n figure 2.6.

Power
delivered to
element by

source . w7z ; o _

——

—
— —e———
wl
Power
retnrned to A 3 returned
source by l \
clement ‘ — = N\

—_ Y Y—

Figurce 2.6 Voltage, Current and Power
Waveforms for Purely Capacitive Circuit

Source:  Robert L. Boylestad, Introductory Circuit Analysis (Ghio:
Charles E. Merrill, 1968) p. 439.

In my cxperimental work in Part 11 of this report, resistive
(R), resistive-inductive (RL) and resistive-capacitive (RC) nctworks
arc used. The resulting waveforms occuring under thesc conditions
would be between the extremes above, and look something like figurc

2.3.

2.2 Non-sinusoidal Powcr

Any wavcetform tha* differs from the basic definition of the

sinusoidal wavectorm is referred to as nonsiunusoidal [1,2,3). A
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periodic nonsinusoidal waveform is one that is repetitive in time and
nonsinusoidal in form. A periodic nonsinusoidal wave of current
passing through a resistor results in a power which 1s determined by
the cffective or rms valuce of the wave. This average power can be found
by dircct mctering, by graphical analysis using the method of
integration of the instantancous powcr (the product of v and 1), by
determining the harmonic content of the nonsinusoidal wave and
applying Fourier analysis, and by a mcthod bascd om the principle of
reciprocity. The direct metering method and graphical analysis will
be used in my thesis work. The accuracy of direcet metering using an
analog, a digital, and a watthour mecter will be comparced with cach
other and comparcd with the solution obtained by graphical analysis
and rcported on in Part IT. The mcthod of calculating average power
using wavecform synthesis is applied when using the principle of
reciprocity and Fourier analysis. Waveform synthesis is combining the
parts of a wave so as to form the entire complex wave. In order to
determine the average power in ac circuits with nonsinusoidal wave-
forms using waveform synthesis, the fundamental frequency, which
harmonics arc prescnt, their relative amplitudes and their phase
relationships with respect to the fundamental must be known. The
principle of reciprocity is used in the Hammond clectronic organ to
duplicatc the tone quality of various musical instruments and is bascd
on the principle that an cxact duplicatec of a given nonsinusoidal wave
can be obtained by adding together certain harmonically rclated sine

waves with proper magnitudes and phasce relationships. Fouricr

analysis is uscd 1n power analysis by rocombining the terms of a
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trigonomectric scrics to form the complex waveform [2,4,5,8,9]. Four-

icr analysis can bc applied to cither a linear or nonlincar nctwork.

In the case of a lincar nctwork such as a resistive or a

scries resistive—inductive (RL) network, with a nonsinusoidal waveform
applied, the principle of supcrposition can be used as shown 1in

figurc 2.7.
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Figurc 2.7 Applying Principlc of Supcrposition to Lincar Network

Source: Robert L. Boylestad, Introductory Circuit Analysis (Ohio:
Charles E. Merrill, 1977) p. 617.

By brcaking the input signal down into a scrics of sources and looking
at the cffect of cach sourcc independently on the linmear nctwork, the
total response of the system beecomes the algebraic sum of the Fourier
series.

Before using the Fourier serics, it is necessary to define the
cffcctive valuc of a waveform. For the test sct-up shown in figure

2.2, the cffcctive valuc of the currcent derived from the experiment is

given by:

t
fo[i(t)lzdt
Iogg = T (2.21)




Equation (2.21) statcs that in order to find the cffective wvaluc
(Iogg), the function i(t) must first be squared. After squaring i(t)
and plotting, the arca under the curve is found by intcgration. This
arca is then divided by the period (T) to obtain the average or mean
valuc of the squarcd waveform. The final step is to take the squarc
root of the mcan valuc. The squarc root of the mecan valuc is the
cffective value or '"root-mcan-squarc (rms) valuc." The general
cxpression for the cffecetive value of any wavcform from a.mathcmatical

analysis 1s given by:

t
Feee =\| 1 [ (e (2.22)

Applying this general cquation to the following Fouricer ser-

ics:
v(wt) = V, + V; coswt + ... V, cos nwt
+ Vy' sinwt + ... + V' sin nwt (2.23)
yiclds
1 ¢t
Veff = \| T ]o [v(wt))2de (2.24)

which after performing the indicated operations yiclds

Vol v+ V2w v v eyt 2 ey, 2
2

(2.25)

Vofe =\

and since

ir (i 2
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then

chf =dv02+v12((‘,ff)+' . +Vn2(cff)+vl' Z(fo)+' . ‘+V'2(Cff) (2.27)

Similarly, for

ilwt) = Tg + I] cos wt + ... + I, cos nwt
+ 11" sin we + ...+ I,' sinnwt (2.28)
then
Torf =\|102*112(cff)+ - *Inz(cff)+11 z(cff)* N £ Z(Cff) (2.29)

The total power delivered to a lincar nctwork is the sum of that
delivered by the corresponding terms of the voltage and current. In
the following cquations, all voltages and currents are cffective

values:

Pp =V I,+ V)i cos 01 + ...+ VI, cos 6n + ... (2.30)
Pp= 2R+ )20+ ... + T 2R+ ... (2.31)
pp = Igff R = V%ff/R (2.32)

In the casc of a nonlincar nctwork such as an idcal half- wave

rectificr as shown in figure 2.7, the impedance of the circuit docs
not rcmain constant throughout the since wave voltage and current
waveforms. The rectifier is a nonlincar device and causcs harmonics
not contained in the input waveform to be gencrated. As a result,
supcrposition cannot be applied to the input and it becomes ncecessary

to know the total makcup of the sourcc at the output of the diode. By

cxamination of the waveform of figure 2.7, 1t can be scen that the




_(Sine wave from 0~ =}

Figurc 2.7 1ldcal Half-Wave Rectificr Circuit and Wavcform

Source: Robert L. Boylestad, Introductory Circuit Analysis (Ohio:
Charles E. Merrill, 1968) p. 532

average value of the voltage waveform over a complete cycle is not
zcro. This is an indication that a dc component is present in addi-
tion to the harmonically related sine waves. The Fourier cquation for

the voltage wave of an idecal half-wave rectifier is

Vo = 0.318 vV, + 0.500 V; sinwt - 0.212 V; cos 2wt

2V, cos rwt (2.33)

- 0.4024 Vm cos bwt - ... - *EYT—

where n is an cven number and V; is the maximum volrage across the
resistor. The total power delivered to this nonlincar nctwork can be
calculated by cquations 2.30 through 2.32. This nonlincar diodec-
resistor circuit will be used in the testing in Part II of this report.

Generally spcaking, for cither lincar or nonlincar nectworks
thc average power can be cxpressed as the sum of the de power (Pdc), the
fundamcntal ac power (Pp) and the sum of the total harmonic power (Py)

fto, 11].
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where
Total Power = Ege Ig. + Eplp cos Op + Eyly cos Oy (2.34)
or

Pt = Pqc + Pp + Py (2.35)

Tt is important to note that only voltage and power at the samc fre-
quency combine to produce average power, and that the sign of the
harmonic power term depends upon the power's point of origin in the
nctwork. This harmonic power term 1s of intcrest becausce the
commercial induction watthour meter uscd to mcasurc the cnergy used by
the customer will measure in crror based on the dircction of the
harmonic power flow. If the harmonics are being injected into the
nctwork by the supplier a ncgative registration error should occur in
an induction watthour meter and thc result should be a reduction in the
customer's bill; if on the other hand the harmonics arce being causcd
duc to a nonlincar impcdance or nctwork at the customer's cnd, a
positive registration crror should occur in an induction watthour
mcter and the result should be an increasc in the customer's bill.
The following discussion on apparcnt and rcactive non-
sinusoidal power is includcd for completeness of the subject arca but
is not central to my thesis. Tt docs, however, indicate the complexity
of trying to define apparent and rcactive non-sinusoidal power and
shows that scrious disagrcoment cxists betwecen cxperts [12,13,14] on
how to define these quantities. In the articles [12, 13] by Shepherd

and Zakikhani apparcnt power is defined as

T

c T

2 1
= ccdt . —
Te L’ Ti

$2 =

[ i2de = g2 + sy? + 5p2 (2.36)
(o]




where

Sg = active apparent power

Sx = truc apparcat power

Sp = apparent distortion powecr
The above definitions arc classified by defining that portion of the
apparent power duc to active current (IR) as apparent active power
(SR), the portion caused by rcactive currcent (Iy) as apparcnt reactive
power (Sy) and that additional portion of apparcnt power present with
nonlincar loads as apparcnt distortion power (Sp). The authors never
define reactive power but they do disagree with the definition of

recactive power given by V.N. Nedelcu

where

E I, sin 6, (2.37)

o
i
s 1

Also the article [14] by Sharon takes slightly a diffcrent approach
than cither Nedeleu or Shepherd and Zakikhani and defincs apparent
power (S'y or S) as being made up of the quadraturc reactive power (SQ)

and a complementary recactive power (SC)

where
n .om n 9 .. 1/2
s'x =|{ 1 v, 2+ vaZ } 15% sin? ¢ + ncgligible terms (2.38)
1 1 1
and
n
5Q = Vems () InZ sin? ¢ )1/2 (2.39)
1
m n P
8¢ = i sz 2 In2 cos? bn * v%ms lez
1 1 1
by 1/2
+ 1/2 1 1 (Wply cos ¢ = VyIp cos ¢p)? (2.40)
11




The above cquations simplified give the following cquations for

apparcnt powcr

which comparcs with the 1929 definition of apparent power in a non-

lincar system given by
S = (P2 + g2 + p)1/2 (2.42)

where P is the average power, Q 1s the rcactive power and D is the

distortion power.

2.3 Power Factor

The power factor of a circuit is universally defined as the
ratio of the average power 1in watts to the apparent power in
voltamperes, where

Power Factor (P.F.) = Avcrage Power - (2.43)

Apparcnt Power Pa

This definition of power factor is independent of frequency and wave-
form and applies to both sinusoidal and nonsinusoidal power. The
actual meaning of power factor is rclative to the type of power under
considcration.

In the casc of sinusoidal power, the power factor angle (6 )

is dcfined as the phasc difference between the voltage and current in

a systcm, where

6 =\Vv-\L (2.44)
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This phasc angle indicates how closc the load is near to being cffec-
tively resistive or how close the load i1s near to unity power factor.

The power factor 1s cxpressced in terms of the power factor angle wherce
P.F. = cos 8 (2.45)

At unity power factor (P.F. = 1, 8 = 0), maximum cffective power
transfer occurs, that is, the average power 1s equal to thc apparent
power. Power factor can further be classified as lagging power factor
for inductive loads and lcading power factor for capaéitivc loads.
Bascd on the above, the cos  or power factor has rcal or recognizable
mcaning in sinusoidal power applications.

On the other hand in nonsinusoidal power applications the term

power factor can take on various meanings and is not casily defined.
Depending on the sampling time, the phasc relationship between voltage
and current could change from leading to lagging almost instan-
tancously depending on the appliecd signal or the unonlincarity of the
load. Any attempt to assoclatce the power factor with cos 6 lecads to
difficulty since there is no longer a single phasc angle between
voltage and current waveforms but a secparate phasce angle for cach
frequency component {reference cquation 2.29). Power factor takes on
a wide varicty of definitions depending on application. For cxample,
in a thyristor controlled resistive load, P.J. Gallagher and W.

Shepherd in their articles {15, 16] have defined power factor as

P.F. =\lpcr unit powaer = \lPowcr (pu) (2.46)

and in a singlc-phase scrics R-L circuit with load voltage controlled

by symmctrical triggering thc power factor is given by




P.F. = \lPowcr (pu) . cos 8§ (2.47)

6 = tan~! (WL/R) (2.48)

where

also scveral authors {15, 16, 17] have defined power factor for non-
sinusoidal applications in terms of a displacement factor and a
distortion factor. Spccifically in thyristor controlled circuits with
sinusoidal supply voltage, the power factor is e¢xpresscd as

ETl, cos © 1 I

p.¥., = _EI—'——‘— = 'T COs 61 (2[49)

where the distortion factor I1/1 1s largely duc to load impedance
nonlincarity and the displacement factor cos 8) is largely duc to
b load recactance.

It was also obscrved 1n scveral articles covering passive-
A nctwork compensation that power factor can take on many different
definitions depending on type of compensation. Some of these formulas

Y arc given in table 2.1.

Generally spcaking, power factor can take on a varicty of
definitions and mcanings depending on applications and types of power

signals uscd. For my experimental work power factoris not a criti-

cal mcasurement variable and is addressced here for general infor-

mational purposcs only.
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Table 2.1
Power Factor With Diffcrent Forms of Passivce-Network
Compensation Connected at Supply Terminals
Form of compensittion Power fuctor
Uncompensated
Cunstant capacitance C e e —
SR ZEL «C sin 4,)
Variable woptimum}
capacitance
1‘
Il.. sin ‘l'! - o »f_x—' .7
C = Cs - ,,;_-F E (l‘:tt coss by _\4 l!’.,,’
P, - EZR
Constiunt resistance R E i XEy E2 LD
5 I - P e
" \Ll ) L‘ R R J
ap,
},;.‘x~x.;:l'):lcprcsx:;t:uxcc I;"'”, ' — . 3Py
A ! : 1 Ty \\li'l — “‘"n 71.‘;)
P~ E4R
4 Constant resistance R T T e e s e e e
7 and constiant capacitinee € " () R EfaiCr - 2El C s d . E_: . :}7 i
' P ‘-lr“ .":“ [ DTN ‘L,l,'lu J[ll:-'.. R: R/
% Constant resastance R Do EYR #
g and varable copacitanee Cg 777 7000 T Ly ap .
¥ Ey /\lf CosE b,y I -
4 : SR R -
. Variathe resi tance o,
2 R- B P - = - R }
&) i ) LAy
and varable E \lI.,' eust by + 0y e v )
¥ capavitanee C, N
: Adapted from W. Shepherd and P. Zakikhani, '"Power Factor Compensa=
tion of Thyristor-Controlled Single-Phasc Load," IEE Proccedings,
. Vol. 120, 1977, p. 246.




CHAPTER 3

. GENERAL METERING EQUIPMENT AVAILABLE FOR MEASURING
SINGLE-PHASE POWER AND ENERGY
There are numerous different types of meters available for
mcasuring avcerage power and cnergy. This chapter will list somc of thce
various mcters availablce and the basic principle of mecasurcment usecd

in cach.

3.1 Power Mcasuring Mctcrs

Instruments designed to mcasure the amount of average power
consumcd 1n a circuit arc known as wattmeters [23,24,31]. Some of the

various types of wattmeters available, their basic operating principle

and their principle use will be described next.

(1) Electrodynamometer Waitmeter

&
“ The clectrodynamomcter or dynamomceter is a dircct in-
s
% dicating wattmeter that measures the average power in a
circuit by developing a torque which is proportional to the
current in the fixed and moving coils which 1s proportional
y to the average power. This relationship for determining

power can be cxpressed as follows:

PaTaii, (3.1)

The dynamomcter wattmeter has a high degree of accuracy

(normally 0.25 percent of full scalec in a precision instru-

ment ) and is used as a standard for both ac and dc power




mecasurcments. The dynamometer 1is accurate for ac mcasure-—
ments with frequencies up to 125 Hz without special cor-

3 rection curves or spocial compensating nctworks. A problem

may occur when using the dynamometer at low power factor due
to the high inductance of the voltage coil.  The electro-
dynamomcter is used te measure both sinusoidal and non-
sinusoidal power.

(2) Iron-cored Dynamometer

The iron-cored dynamomcter is a dircct indicatiﬁg watt-
moter that mecasures the average power in & circuit by
developing a torque which is proportional to the current in
the current and moving coils which is proportional to the
average power. This relationship for determining power can

be expressed as follows:
P T i, (3.2)

An intcorior view of an iron-cored dynamomcter wattmeter

movement 1s shown in figure 3.1.

Figurc 3.1 Interior View of Iron-corced Dynamomctcer
Wattmeter Movement

Sourcc: W. Alcxander, Instruments and Mcasurcments (London:
Cleaver-Hume Press LTD, 1962) p. 66




The usc of the iron-cored dynamomecter wattmeter 1is
largely duc to incrcasing usc of circular-scale instruments;
that is, instrumecnts having scale arcs of the order of 24009,

This instrument can only be used on ac of standard industrial

to 1.5 per cent of full

frequencics and is of normal industrial gradc accuracy (1.0
scale).

The usc of an iron-core
dynamomcter for non-sinusoidal power mcasurcments would not
be recommended duc

to frecquency and waveform errors and
because the meter would not measure to dec component of power.
(3) Induction Wattmetcr

The induction wattmeter is a dircct indicating wattmeter

which mcasurcs the average power in a circuit by developing

a torque which is proportional to the current and voltage in
the fixed voltage and current coils.

This rclationship for
determining power can be cxpressed as:

P a1l « ili') « ilv'y

(3.3)

The itnduction wattmeter has a high driving torque and

is almost immunc from cffects duc to stray ficlds.

The
induction wattmeter 1s of industrial grade accuracy and

operates on ac circults at stated calibration frequencics
and temperaturcs.

sinusoidal

The use of an induction wattmeter for non-

power measurements would not be recommended as

crrors could be introduced duc to the de component of power.
The induction wattmeter is csscntially a watthour meter

in which the moving part is restricted to give an indication

of power by a control device instcad of being free to rotate




continuously as in the energy mcter.

(4) Electrostatic Wattmeter

1 The clectrostatic (quadrant clectrometer type) watt-

meter 1s a dircet indicating wattmcter which mcasures the
average power in a circuit by developing a torque which is
proportional to the average power absorbed by the load. The
deflecting torque developed is proportional to the charges
on the plates which is proportional to Vy{Vo9. This rclation-

ship for determining power can be cxpressed as:

PaT «vivy (3.4)

The clectrostatic wattmcter has been built following the
principle illustrated in figurc 3.2 in which clectrostatic
forces resulting from the applicd line potential and the IR

drop across a resistance (R) provide the torque.

R
|
Lane ~{ e Load
1
v, v, f
o— f -

Figure 3.2 Elcctrostatic Wattmeter

Source: Walter Kidwell, Electrical Instruments and Mcasurcments
(New York: McGraw-Hill, 1969) p. 177.

The clectrostatic wattmeter is a precision or laboratory

wattmeter and normally would not be used for industrial




applications. It is used for thc mecasurcment of power of
small magnitude and low power factor, and also when the
voltage of the system is high.

(5) Electrothermic Wattmeters

An clectrothermic wattmeter 1s a wattmeter made from a
pair of matched thermoclements {(sce figure 3.3). Thermal
wattmeter indications arce derived from the temperature
difference (crcated by current difference) between two
hcater eluements. Heater currents iy and iy arc functions
of the voltage (c) across the load and the load currecat
(1). 1If the circuit is symmetrical and the thermocouples
matched, the voltages produced at the thermocouple junc-
tions arc identical if cqual currents flow in the hcaters.
The thermocouples are connected in polarity so that they arc
opposing cach other. When there is no load, the combined
thermocouple output is zero. When power is consumed by the
load, the additional current through Py wunbalances the
bridge and produccs a resultant thermocouple voltage (V)
which is proportional to the load power. This relationship

for determining power can be expresscd as

Pay2 (3.5)




Figure 3.3 Elecctrothermic Wattmeter

Source: Walter Kidwell, Electrical Instrumcnts and Mca-
surcments New York: McGraw-Hill, 1969) p. 178,

(6) Digital Wattmeters

A digital wattmeter such as the Clarke-Hess Model 255 1is
a modern clectronic measuring device which takes the load
voltage and current signals and multiplics them together to
glve an iLnstantancous power output. This instantancous
powcr output 1s fed through an output filtering network
which cenverts the instantancous power signal to an average
power vquivalent. This relationship for determining power
can be cxpressed as:

P « iv (3.6)
This avecrage power cquivalent 1s fed to an analog-to-

digital (A/D) converter which is uscd to drive a count-

cr/display nctwork which displays the average power in its




equivalent numcric valuc.
A digital wattmeter can be used to mcasurc both ac and
dc sinusoidal and nonsinusoidal power. The accuracy of a
digital wattmecter such as the Clarke-Hess Model 255 1is
dependent on frequency and power factor and is normally in
' the range + 0.5 to 1.0 percent of full scale and + 0.5% of

rcading.

3.2 Encrgy Mecasuring Mcters

Instruments designed to mecasurc the amount of power consumed
in a circuit in a given time interval arc known as cnergy meters.
Somec of the various types of cnergy mcters, thelr basic operating

principle and their principle use will be discussed next.

(1) cClock Mcter

The basis of this mcter operation consists of a two-
pendulum clock mechanism. Two sects of coils arc cnergized,
onc sct by the current passing to the load and the other by
the supply voltage. The voltage coils are carried by the
pendulums and are subjccted to a magnectic pull on swinging
past the fixed current coils. This interaction causcs an
accclerating force on one pendulum and a retarding force on
the other, and the resulting difference in time period of ]
oscillation of the two pendulums is arranged to give an

indication on a dial registcer mcchanism, proportional to

the cnergy passing through the meter.




The clock mechanism is suitable for both ac and dc
cnergy mcasurcments but the mechanism is complicated and
costly, and is now scldom used.

(2) Motor Mcters

Motor metcrs 4arc cnergy mcters that work on the
principle of motoring action. They have threc mailn parts
consisting of a driven rotating clement (disk), a braking
system, and a clock or dial register. The rotating clement
is driven at a spced proportional to the cnergy: Pro-
portionality betwcen the ecnergy and speed is given by the
braking systcem, which supplics a controlling action pro-
portional to the spced of the rotor clement. There is no
damping system and the deflecting system now becomes a
rotating system which is coupled to a gecared mechanism which
registers in kilowatt-hours.

There are two types of motor meters. The mercury motor
meter (sce figure 3.4) which 1s usaed for de c¢nergy mca-
surcement and the induction meter (sce figure 4.10) which is
usced for ac cnergy mecasurcements. The mercury motor mcter
is cssentially an  ampere-hour type meter but can  be
calibrated to rcad kilowatt~- hours sincc the supply voltage
will normally rcmain constant. The ac induction watthour
mcter is uscd extensively in residential and industrial

installations and is trcated in great detail in Chapters 4

and 8.
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Figurc 3.4 Mercury Motor Encrgy Meter

Source: W. Alcxander, Instrumcnts and Mcasurcments

(London: Clecaver-Hume Press Ltd., 1962) p. 158
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3.3 Conclusioas

The meters to be used for the mecasurcment of sinusoidal and
non-sinusoidal powcr or cnergy for standard industrial applications
arc limited to the following types of meters: (a) clectro~
dynamomcter, (b) digital wattmeters and (c¢) induction watthour
meters. The clectrodynamomcter and digital wattmeters are most
accuratc and opcerate cffectively on both ac and dc power applica-
tions. The induction watthour mcter Ls most commonly used to mecasurc
industrial cnergy usage and is subject to crror when mcésuting non-
sinusoidal power with high dc current and/or voltage components. For
my ecxpcrimental work, all thrce types of meters were used and the

rcesults are summarized in the conclusions of Part IT.
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CHAPTER 4

OPERATION OF SPECIFIC METERING EQUIPMENT USED FOR
SINGLE-PHASE POWER AND ENERGY MEASUREMENTS

This chapter covers the operation of the power and cencrgy
meters that will be used in the testing phasc of this thesis. It
covers specifically the operation of the Clarke-Hess Model 255 Digital
V-A-W Mcter, the operation of the Gencral Elecctric Type P-3 Elcctro-
dynamic Single-phasc Wattmeter, and the opecration of the General
Elcctric Typc VM~63-S Induction Watthour Mcter. This chapter contains
a discussion of the gencral ciaracteristics of cach mecasuring device
such as its basic opecration and frequency range. It covers the theory
of opcration for cach mecter and gives a short conclusion as to the

accuracy and application of cach.

4.1 Clarke-Hess Model 255 V-A-W Mcter

General

The Clarke-Hess Model 255 V-A-W mcter (sce figurc 4.1)
mcasurcs average power and truc rms voltage and current. These
mcasurcments are csscntially independent of the waveshape or power
factor from dc up to a frcquency of 100 KHz. The intcrnal wiring
configuration of the Model 255 [20] is composcd of six circuit boards
(sce figurc 4.2) with the input conrols being integrated on the Digital
Control scction. Elcctrically, the main printcd circuit boards arc

the Analog scction, the Digital Control scction, and the Power Supply

scction. The three smaller printed circuit boards include the




Display/Counter and Latch scction, the Current Attcnuator board, and

the Voltage Input board.

MR L3 AT s R
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Figure 4.1 Clarke-Hess Model 255 Digital V-A-W Mcter

Source: Clarke-Hess Corporation, Opcration Manual for the Clarke-Hess
Model 255 V~A-W Mcter (New York: Clarke-Hess, 1980) Spccifications

The basic operation of the Model 255 when used for power
measurcments is as follows: The input voltage and current signals arc
attenuated, frequency compensated, and amplificd and sent to a multi-
plier nctwork which combines both the instantancous voltage and
current to produce the instantancous power at its output. Since this
instantancous powcer output 1s independent of wavceform, the Model 253
mcasurcs dc, sinusoidal and non-sinusoidal power. This instantancous
power output 1s next fed through an output f[iltcring nctwork which
converts the instantancous power to an average power. The average
power is then fed to an A/D converter which converts this average power
to a BCD cquivalent. This BCD cquivalent 1s sent to the Dis-
play/Counter nctwork which displays this average power in its cqui-

valent numeric valuc. A morce detailed cxplanation of this operation

follows.
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Theory of Opcration

The operation of the Clarke-Hess Model 255 when used to
mecasurc power 1s described as follows: The signals to be mcasured
cater the V-A-W metcer via the voltage and current input terminals (sce
figurc 4.1 and figurc 4.3). The voltage signal is attecnuated and
frequency compensated via a resistive-capacitive voltage divider
network, and fed to a buffer network which converts the high impedance
iaput to a low impedance output. The output of the buficr is then sent
to the two stage voltage amplificr portion of the Analog Qcction. This
voltage output 1is then sent to the multiplier.  During this time
intcrval the same operation 1s occurring on the current signal. The

current signal iIs converted to a voltage via the input resistance

%,
g bridging nctwork, attcauated and frequency compensated before being
2 fcd to the two stage current amplifier portion of the Analog scction.

R Notc: no buffer 1s nceded for input impedance conversion as the
¢ o . . S .
% bridging resistance is very low (30 milliohms to 20 ohms). This

. current (actually a voltage) output is then sent to the multiplier.
-

k. . . . . .

by The multiplier rceceilves the two analog signal inputs together with
B control inputs and produces the instantancous product of the inputs
. (instantancous power). After processing by the multiplicr output
é circuitry, thec low frequency (ncar de) portion of this product is
.

' scparated out by the output filter nctwork giving an average power

cquivalent which is fed to the Analog to Digital (A/D) converter. The
A/D conversion is accomplished by an Integrator/Comparator nctwork

together with a number of logic control circuits from the Digital

scction and the digital counters on the display board.
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The operation of the A/D converter is broken down into two

periods (sce figurc &4.4), known as SIGNAL and REFERENCE.

Vc}
velty) p—————
|
|
|
{
KyP | Ko
]
. .
- = 1T0C
Lo | t N
_—_——_—-%
signal i refcreonce
interval interval

Figure 4.4 A/D Converter Operation Periods

During the SIGNAL period the output of the filter nctwork is appliced to
the Integrator and a capacitor is charged during this 9.99 milli-
sccond interval by a current cqual to the output filter voltage divided
by tho intcgrator resistance. At the cnd of this SIGNAL period the
output filter network is removed and a reference signal is applied to
the integrator. The period from the time the reference signal 1s
applicd, which 1s the length of time necessary to completely discharge
the capacitor back to zero, is known as thce REFERENCE period. The end
of thce REFERENCE period is gencrated when the capacitor rcaches zero
volts which causes the Comparator to change ststcs. It can bc scer

from figurc 4.4 that thc average power mcasurcment is dircctly

prop- tional to the output tilter voltage applicd during the SIGNAL

4

- ———g—




intcrval but is mcasurcd bascd on the decay time (t) of the REFERENCE
incerval. The output voltage at the end of the SIGNAL interval can be

cxpressed as:
ve(ty) = KyPeg (4.1)

and the output voltage at the beginning of the REFERENCE interval can

be expresscd as:
v (ty) = Kot (4.2)

By cquating the SIGNAL and REFERENCE intervals

KyPt, = Kot (4.3)
the following results:
K1 p (
t = —
%, t, 4.4)

[t can be scen that the average power (P) can be cquated or is pro-

portional to the time (t), where

t < K3P (4.5)

This time period (t), which is a mcasurc of the average power, 1is
mecasurcd by the use of a digital counter network. The counter output
is moved at the ond of the REFERENCE period into the binary coded
decimal (BCD) latches and into the digital display Jatches on the
Display Counter lLatch board. Tu. actual valuc of the average power is

then read dircctly from the display on the front of the Clarke-Hess

meteor.,




Conclusion

Because of its ability to mcasurc power instantancously and
indcpendent of frequency or waveform variations, the Clarkc-Hess
Model 255 mcasurcs dc, sinusoidal and non-sinusoidal power up to a
frequency of 100 KHZ. The accuracy of the Modcl 255 is specified as +

0.4 per cont of full scale and + 0.2 per cent of the reading.

4.2 General Electric Type P~3 Elcctrodynamic Wattmeter

General
The General Electric (G.E.) Type P-3 Wattmeter ([21,22], is
referred to as an clectrodynamometer or clectrodynamic instrument and

is often further shortencd to '"dynamometer." The G.E. Type P-3 Watt-

meter is shown in figure 4.5.

Figurc 4.5 General Electric Type P-3 Elcctrodynamic Wattmeter

Source: General Electric Manual of Electric Instruments, GET-1087A
(New York: General Electric, 1949) p. 47




The P--3 wattmeter mcasurcs average power and can be configured
to mcasurc truc rms voltage and currcent. These measurements  arc
cssentially independent of the waveshape from de up to 133 Hz. The
cffect of power factor and harmonic distortion is discussed under
factors which affect the accuracy of the P-3 wattmeter in Chapter 7.

A typical cutaway view of a dynamomcter mechanism is shown in
figurc 4.6 and a front vicw of the type P-3 dynamomcter is shown in
figure 4.7. The principle parts of a dynamomcter mechanism are the
framc, the ficld coils, the moving clements (shaft, the érmaturc coil,
the lead-in spirals), the control spring, the pointer, balance
weights, the damping vanc, the damping magnets, the jcwel bearings.
the scale, the pointer stops and the resistance spool,
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4 Figurc 4.6 Cutaway View of a Figurc 4.7 Front Vicw of a G.E.
A . .
. Dynamomcter Mechanism Type P-3 Dynamomcter

Sourcce:  General Electric, Manual of Elcctric Instruments, GET-10874A

: (New York: General Electric, 1949) p. 49 and p. 51.
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The basic operation of the typc P-3 wattmcter is as follows:
the P-3 wattmeter is an instrument that mcasurcs power by mcans of the
torque developed duce to the changes in cither ficld or armature
current . Torque is proporticnal to the product of the ficld and

armaturc current, where

The dynamomcter mechanism usced as a wattmeter is shown in figure 4.8.
This figurc shows the ficld coil (stationary coil) of Lhc mechanism
connected in scries with the line and the armaturc coil (moving coil)
in scrics with a resistance connected across the line. Since the ficld
flux is proportional to the linc current (1)) and the armaturc flux is
proportional to the line voltage (ijR), the instantancous torque is
proportional to the instantancous product of the line current and line
voltage. This instantancous torque is a mecasurc of the instantancous
powcr. Becausce of its ability to mcasurc power instantancously and
independent of frequency and waveform variations, the General Electric
Typc P-3 Wattmcter measures dc, sinusoidal and non-sinusoidal power up
to a frequency of 133 Hz. The P-3 wattmeter 1is calibrated to recad the

average of the instantancous power pulsces or the recal power of the

nctwork. A morc detailed cxplanation of this opecration follows.




SOURCE
N R

LOAD '

Figurc 4.8 Dynamomcter Mechanism Uscd as a Wattmcter

Sourcc: CGeneral Electric, Manual of Elcctric Instruments, GET-1087A
(New York: CGeneral Electric, 1949) p. 51.

Theory of Opcration

The operation of the P-3 dynamomcter when usced as a wattmeter
is as follows 121,23,24,25]: the dynamomcter movement operates on the
intcraction of a fixed or stationary sct of coils and a moving sct of
coils. This coil arrangement can be represented by figure 4.9, where
the fixed coils (F; and Fy) arc connccted in serics and the moving
coils (M; and My) arc connected in series. It should be noted that the
P-3 wattmcter uscs circular coils for the fixed and moving coils as
thcy are moce stable as to shapce than the oval or flat-sided coils of

carlicr design. Also, the fixed and moving coils arc two in number and

have their planes parallecl and a short distance apart. This
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arrangcment gives approximatcly a uniform magnetic ficld in the region

between the coils.

A Fq

Figurc 4.9 Planc View of Stationary and Moving Coils
of an Elec.rodynamomcter Mcchanism

Source: C.T. Baldwin, Fundamcntals of Elcctric Mcasurcments, (Ncw
york: Frcederick Ungar Publishing Co., 1961) p. 84

Considering figurc 4.9, let currents 1} and 19 be the
currcents in amperes in the fixed and moving coils and let the planc of
thc moving coil in its rcsulting deflected position make an anglc ¢
with the plancs of the fixed coils. Let M be the mutual inductance
between the coils in this position. Then the flux density of the ficld
produccd by the fixed coils is proportional to i} and the resulting
force on the conductors of the moving coils for a given ficld strength
is proportional to ip . Hence, the torque on the moving coil is
proportional to the product of the currents in the coils and the rate

of change of mutual inductance with respect to the deflection angle, or

w: . &M
T =4i) 37 (4.7)
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The quantity &M/ 86 is constant over a wide range of 8§ , so cffcc-
tively the torque is proportional to 1319 . Since the period of the
moving coil system 1s much grcater than the period of the input
signals, the pointer assumes a position proportional to the average

valuc of the power (P).

Conclusion

Becausc of its ability to measurc powcr instantancously and
independent of frequency or waveform variations, the Gencral Electric
Typc P-3 Wattmeter measures de, sinusoidal and non-sinusoidal power up
to a frequency of 133 Hz. The accuracy of the P-3 wattmeter 1is

specified as + 0.2 per cent of full scale valuc.

4.3 General Electric Type VM-63-S Induction Watthour Mcter

General

The General Elcctric Type VM-63-S is a polyphase induction
watthour meter. For my cxperimental work, I have modified this mcter
for singlc-phase power mcasurcment by connecting the current coils in
scries and the voltage coils in parallel. The VM-63-S watthour mcter
is being uscd becausce of unavailability of a siangle-phase watthour
meter that has contacts available for scnsing the number of disk
revolutions. The number of disk revolutions will be counted, averaged
and comparcd to the average power mecasurcd by the Clarke-Hess digital
wattmeter and the General Elcectric eclectrodynamomcter wattmeter. The

General Electric Type VM=-63-S meter is similar in construction to the

V=64~S mcter |[26] shown in figurc 4.10.
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Figurc 4.10 View of Intcrnal Construction of the General
Elcctric Type V-064-S Induction Watthour Meter

Source: General Elcctric, How to Test and Adjust General Electric
AC Watthour Mcters, GET-813G, (New York: General Electric, 1964) p.13

The General Elcctric Type VM-63-S induction watthour meter is an
cacrgy meter. It differs from a wattmeter in that a wattmeter measurcs
the instantancous power or rate of clectricity utilization; whercas,
the induction watthour meter integrates all of the instantancous powcr
valucs so that the total cnergy utilized over a period of time is
known. If onc is able to hold a load relatively constant over a period
of timec, thc cnergy used can be converted to an average power and
compared to the average wattmeter reading for this same time interval,

This mecthod is used in Part II1 of this thesis.
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The General Electric induction watthour meter, whether single
phasc or polyphasc, wmeasurcs the cnergy used over a pcriod of time.

The cnergy measurcment is not indcpendent of the waveshape and the

induction watthour meter is calibrated normally to operate on 50 or 60
Hz sinusoidal signals. Bcecausce the induction watthour mcter is not
independent of waveform or frequency variations, the use of this mcter
for mcasuring non-sinusoidal power, c¢specially when a large dc
componcnt is present is questionable. The cffects of power factor and
harmonic distortion on the induction watthour meter arce discussed

under factors which affect the accuracy of the induction watthour

mecter in Chapter 8.
The principle parts of a single-phasc induction watthour meter arce
shown in figurc 4.11 . Thc main parts arc the clectromagnetic clements

(voltage and current coils), the magnectic breaking system, the moving

clements (guide and disk), and the register.

The principle parts of a polyphasc watthour mcter are a combina-
tion of single~phase watthour meter clements. The main mcter parts
consist of multi-clectromagnetic clements, a magnetic breaking system,
the moving clements, a register and any nccessary compensating
devices.

The basic operation of a single-phase induction watthour meter 1s
as follows: A torquc is crcated in an induction watthour mcter which
causes a rotor disk to turn which in turn drives a number of counting
dials at a spced proportional to the product of the supply voltage (Eg)
and the load current (Ig). This torque is a result of cddy currents in

the disk producing a magnetic flux opposing the 1inducing flux [the
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Figure 4.11 Principle Parts of a Single-Phasc
Induction Watthour Mcter

Sourcce:  General Electric, Manual of Watthour Mcters, GET-1840 (New
York: General Electric, 1950) p. 13.

inducing flux 1is causcd by a combined action of a magnctic flux
proportional to the supply voltage and a magnetic flux proportional to
the load current}. The nct torque or the disk then becomes propor-

tional to

T « Eglg cos 0 (4.8)

where cos  1s the load power factor. 1t should be noted that although
frcquency is abscent from equation 4.8, it will affect the induced cddy

currcnts and hence the torquc. Thus, an induction watthour mcter is

normally only suitable for usc at its calibrated frequency. As a




result, nonsinusoidal signals with high harmonic content can causc
serious corrors (10 to +30% crror (281 [29]) in induction walthour
meter rcadings. A more detailed explanation of the induction watthour

meter operation follows.

Theory of Operation

A singlce-phase induction watthour meter uscs ianduction motor
action to crecate its driving torquec [23,24,25,27,30,31). Figurc 4.12
shows the fluxes producced for a single-phase watthour meter operating

at unity power factor.
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Figurc 4.12 Generation of Driving Torque in a Single-Phasc
Watthour Mcter at Unity Power Factor

Sourcc: General Electric, Manual of Watthour Mcters, GET-1840 (New
York: General Electrice, 1950) p. 16.

The rotor of the motor is an aluminum disk mounted concentrically on a
shatt. The stator of thce motor is an clectromagnet which has two sets
of windings asscmbled on a laminated, soft-iron core. One winding,

called the potential coill, is connected across the load; the other
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winding, callced the current coil is connccted in serics with the load.

The internal wiring diagram of a single-phasc watthour meter is shown

in figure 4.13.

Figurc 4.13 Intcrnal Wiring Diagram of Single-Phasc
Induction Watthour Mcter.

Source:  General Elecctric, Manual of Watthour Mcters, GET-1840 (New
York: General Electric, 1965) p. 15

Thc mathematical analysis of an induction watthour mcter is as
follows: Assume that the current coil carrics a current Ij and
produces a flux ®; that is proportional and in phasc with I; . Also
assumc that the potential coil, which has a high inductance and
negligible resistance, has a current I, which is cqual to V,WL. The
flux ¢ caused by 15 is proportional to V/wL and lags V by 90°.
If the load current has a lagging phasc anglce ¢, then ¢1 lags V by
angle ¢ and &, lags ¢; by (90-¢). The pnasor diagram for this

configuration is shown in f{igurc &4.14.
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Figure 4.14 PFhasor Diagram for Singlce-Phase
Induction Watthour Mcter

Source: C.T. Baldwin, Fundamecutals of Electric Mecasurments (New York:
Frederick Ungar Publishing Co., 1961) p. 125.

Thus the cqualions tor both an induction watthour meter as well as an

induction wattmeter are

I'= Kwép 9 sin & (%.9)
and
Ta oyl % sin (90-¢) (4.10)
%] u)L
or
T« VI cos ¢ (4.11)

A further analysis of the induction watthour meter structurce
shows that it is somewhat like a tramsformer that has two primary
windings and two sccondarics. The primary windings are the potential
and current coils. The sccondarics consist of scparate cddy-current
paths within the disk. Becausce the disk cuts the flux produced by the
current in cach of the two colls, potentials arce induced in the part of

the disk that is in the air gap. Since the disk provides closed

circuits, the induced voltages cause alternating currents (cddy
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currents) to flow. Thesce currents react with the potential coll and
current coil fluxes to produce torque.

Since the driving torque developed by cquation 4,11 15 always
proportional to the load current, the lince voltage, and the power
facter; the torque, as well as being a measure of the energy used, can
be made to be a measure of the average powoer. A watthour wcter
mechanism can be uscd as a wattmeter mechanism by adding a polnter,
scale and counter-torque spring. it should also be noted that an
induction watthour mcter operates only on alteruating current cir-
cults, since theilr operation depends on the production of alternating
currcuts by alternating fluxes. As a result, the induction watthour

metoer i

o

not uscful for measuring dc encrgy or power and would mecasure
in error in an ac circuit that has a high d.c. current component. This

statcement will be vaerified in Part IT of this thesis.

Conclusion

Because the induction watthour mcter is not independent of
wavetorm or frequency variations and becausc the induction watthour
moter 1s not designed to measure de power, the usce of this meter for
measuring non-sinusoidal power, cspecially when g large de component
1 present is questionable. Although past rescarch has shown an orror
ol less than + 10 per cent occurs when standard industrial watthoeur
mutoers are subjected to nonsinusoidal power variations, the verdict is
not out as to whether this crror is too cxcessive under the worst

conditions or whether this crror will increase under future loading

conditions.




CHAPTER 5

MEASUREMENT STANDARDS, TYPES OF MEASUREMENT
ERRORS, LIMITING OR GUARANTEE ERRORS, PRECISION AND ACCURACY

This chapter defincs the different types of measurcment
standards and the various typcs of mcasurement crrors which occur in
making mcasurcments. It discusses the effccts of limiting or
guarantecce errers and how they rclate to the actual pcrccﬁt crror when
comparing rcadings at diffecrent points on a mcter scale. This chapter
defines the terms precision and accuracy and concludes by showing how

all of the above arc applicd to power measurcements,

5.1 Mcasurcment Standards

There are four diffcerent types of standards of mecasurcment
which arc classified [25,30,32) by their function and application into
the following categorics:

(a) International Standards

(b) Primary Standards

(¢) Sceondary Standards

(d) Working Standards
The International Standards arce defined by international agreements
and arc maintainced at the International Burcau of Weights and Mcasurcs
and arc not available to the ordinary uscr of mecasuring instruments for
purposcs of comparison or calibration. The Primary Standards arc
maintained by national standards laboratories in diffcrent parts of
the world. The National Burcau of Standards (NBS) in Washington is

responsible Lor maintainence of the primary standards in North
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Amcrica. The primary standards are not available for usc outside

the national laboratorics but are used primarily for the verification
and calibration of secondary standards. The Sccondary Standards arc
the basic reference standards usced in industrial or college high
precision measurement laboratories. They are periodically sent to the
NBS laboratory for certification of their measured valuc in terms of
the primary standard. The fourth type of mcasurement standards arc the
Working Standards which arc used in mecasurcment laboratories requiring
precision measurements. Both the sccondary standards ana the working
standards are¢ at times classified as "Transfer Standards."  The
General Electric Type P-3 Electrodynamometer wattmeter 1s classificed
as 4 transter standard and is used as the reference standard in Part 11

of this thesis.

5.4 Types of Measurement Errors

The orror in a measurcment 1s defined as the algebrailc
differcnce between the indicated or measured valuce and the true value.
It is stated 1n reference [30) that the true valuc can never be found
(that is the measured valuce must always be expressed with a tolcrance

or unccrtainty factor) and as a result the “true value'" is replaced by
"the conventional truc value" which is the value the measurand can be
realistically accepted as having. In order to get the most accurate
measurcment possible it 1s nccessary to define the different types of
crrors and theilr causecs. Ervors arc usually classified (25,30,32]
under three main hecadings:

(a) Gross Errors,

(b) Systematic Errors,

(¢) Random Errors.




Gross crrors mainly result from "human' mistakes in rcading or using
instruments and in rccording and computing mcasurcment results. Sys-—
temat ic Errors arc further classificd as Instrumental crrors, Environ-
mental crrors, and Observational crrors, Instrumental crrors arc
crrors inherent in the mecasuring instrument becausce of its physical or
mechanical construction. Irrcgular spring tension and improper scale
divisions arc cxamples of instrumental crrors. Insertion crror or
meter loading can be classified as a gross or instrumental crror. The
cffcects of Lnstrument componcent ageing 1s also an c%amplc of an
instrumental crror. Eonvironmental crrors are crrors duc to conditions
external to the measuring device, including conditions in the arca
surrounding the instrument. ¢Changes in temperaturce. humidity, baro-
metric pressure, magnelic or clectrostatic fields may result in
improper operation of the i1nstrument and the resulting crror would be
an cavironmental crror. Observational crrors are errors that result
from thce obscrver's usc of the instruments. As a result, scveral
obscrvers using the same equipment for duplicate scts of mecasurcments
do not nccessarily produce duplicate results duc to the fact that some
observers will rcad the mcter consistently high while other obscrvers
will rcad the meter consistently low., Systematic crrors arc also at
timcs divided into static or dynamic crrors. Static errors arc crrors
causced by limitations ol the mcasuring device or the physical laws
governing its bchavior. Dynamic crrors arc crrors causced by the
instrument not responding fast enough to follow the changes in a
measured variable.  Systematic crrors are those which consistently

reoccur when a number of measurements arc taken. They mav be caused by

deterioration of the measurcement system (weakened magnetic ficld,
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change in rcference resistance value), alteration of the mecasured
valuc by the addition or extraction of cnergy from the clement being
mcasurcd, responsc-time cffccts, and attenuation or distortion of the
mcasurcment signal.

The last major typc of crrors arc Random crrors. Random
crrors arc duc to unknown causcs and occur cven when all systematic
crrors have becen accounted for. Random errors are often a result of
neglecting sccond order or residuc effects. Random crrors may also be
a result of noise or induced signals occurring during'transicnt or i
stcady statc conditions. Random crrors arc accidental, tend to follow

the laws of chance, and do not exhibit a consistent magnitudc or sign.

5.3 Limiting or Guarantcec Errors

In most indicating ilnstruments, the accuracy is guaraateced to
a cecrtain percentage of full-scale rcading. Circuit components are
guranteed within a certain percentage of their rated value. The limit
of these deviations from the specified values arc known as limiting
crrors or guarantcc crrors (25). The cffect of limiting error is shown
by the following cxample: !
Example 5.1

A 0-500w wattmecter has a gurantced accuracy of 1 per cent of
full-scale rcading. Thc power mcasurced is a) 450w and b) 50w res-
pectively. Calculate the limiting error in per cent.

The magnitude of limiting crror 1s

0.01 X 500w = 5.0w

the percentage crror is

y 2
a 50 x 100% = 10.0%
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5
b) —— %= 1.1%
) 450 ¥ 1007 1.1%

The above cxamplce shows clcarly how a meter can be specificd as having
an accuracy of 1% of full scalec but actually have a limiting crror of

grcater than 10% at the low end of the scale. This is why a mcter

should be rcad as closc to full scale as possible. The above limiting
error is not only applicable to analog meters but to digital meters as
well,

The factors which makc up the accuracy or limiting error of a
mcasuring instrumcnt can be partially accountcd for by looking at the
cffect that diiferent types of errors have on pointer position. This

is shown graphically in figurc 5.1.
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Figurc 5.1 Curves Showing Variation Along the Scale
of Various Types of Instrument Error

Source: Melville B. Stout, Basic Electrical Mcasurements, (New
Jerscy:  Prentice-Hall, 1960) p. 476.

Figurc 5.1 shows that some crrors (Group A) affcct the instru-
ment indication about cqually at all parts of the scale, while others
(Group B) increasc in proportion to the rcading. Thc abscissa repre-

sents the scale of the instrument. Errors, plotted as ordinatcs to a




lincar scalc, represent the actual distance the instrument pointer is

from its truc position. The crrors arc classified [33]) into two

groups.
(a) Group A
This group compriscs thosc effects that tend to produce
crrors of the samc magnitude at any point of the scale
and 1include scale corror, zero c¢rror, rcading crror,
parallax crror and friction crror.
(b) Group B

This group compriscs thosce cffects that produce errors
proportional to the pointer detlection and include
crrors causcd by incorrcct resistance, the cffects of
temperaturce on resistance, control springs, and the
strength of permanent magnets in d¢ instruments, the
cffeet of frequency om  reactive components.
The total crror cxpericnced is made up of the cffects from Group A
and B but the actual error may diffcr as the components cnter to
diffcrent cxteont in various cases. The Composite curve of figure 5.1
illustrates the general cffect that may be expected., It should be
noted that smaller errors may be anticipated at midscale than at full
scale but not iu proportion to the readings.

The net result of limiting crror 1s that the crror at
diffcrent parts of the scale is more nearly constant in actual amount
than it is as a percentage of the reading being taken. Thercfore, the
abbreviated marking "Accuracy: 1.0 per cent'” really means that the

crror at any point on the scale will not cxceed 1.0 per cent of the

full-scale recading.

5.4 Prccision and Accuracy

Prccision and accuracy arc often thought of as being inter-

changcable. [n mcasurcment work, however, it is nccessary to provide

|
|
!




further distinction bcetween the two. Precision and accuracy arce

dcefincd as follows:
(a) Precision
(1) Precision refers to the degree of agreement within a group
of mecasurcments or Lnstruments. It is composed of two
characteristics: conformity and the number of signifi-
cant figurcs to which a measurement may be made [25].
{(2) Precision is a mecasurc of the reproducibility of the
mcasurcment or is a mecasurc of the dcg;cc to which
successive measurcments differ from one another [25].
(3) Precision is a mcasurc of the sprcad of repeated deter-

minations of a particular quantity. Precision depends on

the resolution (the smallest change in measurced valuce to
;? which the instrument will respond) of the measurcement
&
; means and vartations in the mceasured valuce caused by
f instabilities in the measurcment system [33]
- (b) Accuracy
‘j (1) Accuracy rcfers to the degrec of closcness or conformity
5 to which an instrument rcading approachces the truc valuc
of the variable being mecasured [25].
; (2) Accuracy is conforming cxactly to truth or to a stan-
ﬁ. dard[32].
: (3) Accuracy is a statcment of the limits which bound the
dcparture of a mcasured value from the truc valuce.
“ Accuracy includes the imprecision of the measurcment

along with all the accumulated crrors in the mcasurcment




chain cxtending from the basic reference standards to the
mcasurcment in question [33]

(4) Accuracy is the quality which characterizes the ability
of a mecasuring instrument to give indicatlions cquivalent
to the truc value of the quantity mecasured. It should be
expressed in terms of tolerance or uncertainty [30]).

It can be deduced from the above delinitions that a measurc-
ment system may provide precisc readings, all of which are inaccurate
becausc of an error in calibration or a defect in the system. It can
also bc said that precision is a nccesary prercequisite for accuracy but

prccision docs not guarantce accuracy.

5.5 Conclusions

The application of mecasurement standards, a knowledge of
diffcrent types of crrors, and a clear understanding of the distinc-
tion between precision and accuracy arc all necessary ingredients for
accuratcely mcasuring power. The nced for defining the variables that
can affect measurements is often overlooked and as a result, the
cxperimental data produced and conclusions drawn are in crror.
Another reason for counsidering the above variables prior to doing any
experimental work is that it gives the experimenter a chance to devise
sound cxperimental techniques that climinate many of the gross and
systematic crrors. The next three chapters summarize the gross,

systematic and random crrors that arce associated with the test

equipment usced in Part Il of this thesis.




CHAPTER 6

FACTORS WHICH AFFECT THE ACCURACY OF THE
CLARKE-HESS, MODEL 255 V-A-W METER
This chaptcer discusscs the types of gross, systematic and
random crrors that may occur with the usc of the Clarke-Hess, Model
255 Digital Wattmecter [20,30,34]. It discusscs the limiting or
guarantcc crror which in cssence defines the accuracy of the Model 255
wattmcter. The chapter concludes with a discussion of why the Clarke-

Hess, Model 255 V~A-W mecter is an accuratce power mcasuring device.

6.1 Gross Errors

The gross ecrrors associated with the operation of the
Modcl 255 wattmeter vesult from failure to zero meter, failure to recad
the digital display properly, failurc to apply any neccssary cor-
rcetion factors, faillurc to notice an "input overload" condition and
failure to record the data correctly. For thc Model 255 wattmeter the
gross crrors arc normally ncgligible and can be kept to a minimum if
multiple rcadings arc taken and if good cxperimental techniques arc

uscd.

6.2 Systcmatic Errors

The systematic crrors associated with the operation of the

Model 255 wattmeter arc classificd as a) instrumental crrors and b)

environmental crrors.




r a) Instrumecntal Errors

* Instrumental errors arc inherent meter errors caused by:
(1) instrument power losscs

(2) changes in power factor

‘ (3) changes in frequency

(4) crest factor

(5) measurement ratc
(6) changes in wavcform
(7) ageing clectrical propertics
The following is a discussion of the instrumental crrors that f
may bec associated with the opcration of the model 255
wattmeter.
(1) TYastrument Power Loss

The instrument power losscs associated with the Model 255

are a result of inscrtion losscs duc to the physical connce-

tions made by the voltage and current circuits. The two
mcthods for connecting the Model 255 wattmeter for mcasuring

power arc shown in figurc 6.1(a) and 6.1(b).
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Figure 6.1(a) IZRS Corrcction Connection
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Figurc 6.2(b) v2/Ry Corrcction Connection

Source: Clarke~Hess, Operation Manual for Clarkc-Hess Model 255
V-A-W Mctcer (New York: Clarke-Hess, 1980) p. 1-4

In figure 6.1(a) the wattmeter recads high by the corrcc-
tion factor (12R5) since the current 1 passes through the
current-clircuit resistance (RS). As a result this added power
loss nceds to be subtracted from the rcading. In figurc
6.1(b) the wattmctcer rcads high by the corrcction factor
(VZ/RV) since the voltage drop across the voltage circuit
resistance (Ry) results in an added power loss which must be
subtracted from the rcading. The typc of conncction to be
usced 1s dependent on which conncetion will give a more
accuratc rcading. Normally for the Model 255 wattmcter the
12RS connection is uscd becausce of the capability of the
mcter to expand power mcasurcments on a PX10 position. In
this position both the input voltage and input current must be
less than 40 per cent of their full scale values. The result
of using the PX1Q position 1y an additional decade of

resolution which results i1n a more precise reading. In the




PX10 position the IZRS connevtion should be used. For the
Model 255 wattmeter with a 120 volt supply and a circuit
currcent between O to 5 amps, the VZ/RV loss 1s approximately
0.003 watts and the I2RS loss varics between 0 to 0.7 watts.
I have used the IZRS connccelion in my cxperimental work to
allow for use of the expanded PX10 position as well as for
circuit wiring consistcncy with the VM-63-9 induction watt-
hour mcter and the P-3 analop wattmeters.

(2) Changcs in Power Factor

The Model 255 is affected by changes 1n pover factor. Sco

q table 6.1 for variations in stated accuracy as both the power
2 i .

N factor and frequency 1s changed.  The type of c¢onnection

ks

: ) . ” . .
.. uscd (either IZRS or  V-/Ry) tor weasuring power has Littl
; affcecct necar unity power factor. At very low power tactors the
4 ’

. o . :

¢ 1-R¢ conncetion should not be used because scerious errors
&

g between 75 to 90 per cent could result due to insertion
; losses.  The accuracy data above assumes that proper correc-
4 tion term and conncction has been applicd.  1In the experimen-
¥ tal work donc in Part IT of this thesis, changes in power

4

factor did not have a significant cffcect as the power factor

was maintained greater than 0.5,
(3) Changes in Frequency

The accuracy of the Model 255 1s atfocted by changes in
frequency as can be scen by Table 6.1, One of the main causcs
for this accuracy change 1s duc to changes in the scries
impedance of the current civenit. At low frequencies this

impedance i1s resistive, At high frequencics the input scrics
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Specifications

tmpadance may contain a significant inductive component. The
cffect of frequency change on the experimental data in Part 11
was negligible duc to low operating frequency (60 Hz).
(4) Croest Factor

Crest factor [34] is the ratio of the peak valuc to the
rms valuc of an ac waveform. The Model 255 will unormally
measure pulsc or spike inputs with pcak valucs of four times

the full scale dc value. 1In the casc of pcak to pcak valucs

around a zcro average the Model 255 will mcasure spike inputs




up to cight timcs the full scale de valuc. The ability of the
Model 255 scnsing cilvcuitry to operate and respond to these
dynamic changes in amplitude adds to the accuracy of the power
measurement . For most input signals including diode recti-
ficd and SCR waveforms the crest factor is normally less than
3:1. The Model 255 is rated at crest factors up ta 3:1 and as
a result crest factor had a negligible cffect on the ex-
perimental data in Part TIL.
(5) Mcasurcment Ratce
The measurement rate and the display rate are locked to

the power line frequency and are normally sct at 10 rcadings
per sccond for 60 lHz opcration. This sampling rate was fast
cnough for the data taken in Part 11.
(6) Changes in Waveforms

Waveform variations can have an ctfect on the Model 255's
measuring circultry 1f the sampling rate is not Jast cncugh to
weasure the input signal varlations or 1f the crest factor
limitations are cxceoded.  Since the Model 255 15 a true rms
and 1nstantancous mumcasuring device and since neither the
sampling rate or crest factor limitations were cxceceded,
waveform crrors were considered neypligible for the testing
done in Part IT.
(7) Ageing Electrical Propertices

The eftfect of ageing on various circult components 1s not
spectited in the operations manual. The tolerance or accuracy

of the Model 255 1s puaranteced for one year. It practical and

cost offcctive, the Model 255 should be recalibrated cvoery



yecar. For the Model 255's usced in Part IT the calibration

dates were December 1980 for SN 656 and SN 657 and Junc 1982

for SN 5955, These meters were bought and shipped to Colorado

Statc University around January and August 1982 and were

tested in Part II without recalibration duc to cconomic

considcerations as well as the fact that these meters were

hardly ever used and hopefully had maintained their accuracy.

Opcrational calibration procedurcs were porformed prior to

testing.
b) Environmental Errors

The environmental crrors arc crrors duc to cxternal and
internal influcnces not assoclated dircectly with the components
that go into the fabrication of the instrument. Somc of the
enviroumental errors that may arisc tor the Model 255 are caused
by:

(1Y ambicnt-temperature influence

(2) sc¢lf heating influcnce

{3) stray-ficld influencc

The following is a discussion of cnvironmental crrors that
may be associated with the operation of the Model 255 wattmeter.

(1) Ambicnt-temperature Influcnce

Normally, digital meters have a specific per cent change
per depree centigrade change (eg. + 0.01 per cent per degrece
centigrade).  The specifications for the Model 255 state an

operating temperature range of 0°C to 50° € with specified

accuracy maintained between 159 (¢ to 359 C. For the




Lalom aebeicmiaed

cxperimental work done in Part I1 all tests were conducted
within the specified tempecrature range.
(2) Self~hcating Influence

The sclf-hcating influence is caused by the tempceraturc
risc duc to the IR losscs in the instrument. For the model
255 the 5 amp scale will have a "drift" causcd by sclf-heating
of the iaternal shunt if it is used for currents above 7.5
amperces. For the experimental work in Part 11, the current was
maintaincd below 5 ampercs so this cffect was négligiblc.
(3) Stray-ficld Influcnce

The influence of stray ficlds on the model 255 1s not
spcceified.  Since specific manufacturing design criteria is
not speciticd and since no external ficlds were introduced for
the experimental work, the effect of stray-ficld influcnce is
considered negligible for the cxperimental work donc in Part

IL.

6.3 Random Errors

The random crrors associated with the operation of the Medel 255
wattmeter arc unpredictable and probably would be a result of noisec or
transicnt over~ or under-voltage conditions. Random crrors arc
considered to be negligible unless specifically stated as an experi-

mental variable in Part 11 of this thesis.

6.4 Limiting or Guarantcc Error

As mentioned in Chapter 5, the Model 255 is subject to limiting or

guarantec crror. The limiting crror or stated accuracv {for the Model




255 is + 0.6 per cent of full scale and + 0.4 per cent of the rcading
for de to 30 Hz and + 0.4 per ceut of full scale and + 0.2 per cent of
the reading for 30 to 50 KHz at power factors greater than 0.5. The
following cxample illustrates this error. For a rcading of 500 watts
on a 60 Hz system and using the 5 amp and 1000 volt range, a limiting
crror of (20 + 1) + 21 watts could occur. For a rcading of 500 watts
using the 5 amp and 200 volt range, a limitiug error of (4 + 1) + 5 watts
could occur. This limiting error could be very significant at 1aw power

rcadings.

6.5 Conclusions

The Clarke~Hess Model 255 Wattmeter 1s a versatile and accurate
mcasuring device and can be uscd to mcasurc dc, sinusoidal and non-
sinusoidal power. The effects of gross or human crrors arc kept to a
minimum if good cxperimental technique is used. The effccts of
systematic crrors duc to changes in power factor, frequency and wave-
form arc negligible. The Model 255 is a fast rcsponding mcasuring
device and will measure signals with a crest factor of up to 3 to |
accurately. The two most important systematic crrors occur due to
instrument inscertion power losses and duc to the ageing propertics of
clectrical componctns. Both of these instrumental ecrrors can be
minimized 1f power loss correction factors and proper mcter connec-—
tions arc uscd and if the meter is calibrated on a ycarly basis. The
cffeects of cuvironmental crrors due to (1) ambicnt-temperaturc in-
fluence (2) self-hecating influcnce and (3) stray-ficld influence are
negligible 1f the Model 255 is operated in its normal temperaturc and

current range and cnvironment. The cffects of random crrors on the

Model 255 arc unpredictable and arc considercd to be negligible. The
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cffecr of limiting or guarantee error is only significant at low power
rcadings at the low end of the voltage X current power range.

The reason why the Clarke-Hess Model 255 is an accurate mcasuring

device results from its ability to measure instantancously the average

power through the use ot 1ts digital clectronic circuitry. The Model

259 s not adverscly attected by many of the normal types of meter

errovs and offers low circurt loading.  The accuracy of the Model 255
applications and its

is sufticient tor me t o collere and andustrial

versatilicy as an rms voltage and Surrent and average power meter makes

1t a very usetul meter for measeriag a1l tvpes of ¢ironit parameters.




CHAPTER 7

FACTORS WHICH AFFECT THE ACCURACY OF THE

GENERAL ELECTRIC TYPE P-3 ELECTRODYNAMIC WATTMETER

This chapter discusses the types of gross, systematic and
random errors that may occur with the usce of the Ceneral Electric Type
P-3 Elcctrodynamometer wattmeter {23,22,23,24,30,32). Lt dicussces the
limiting or guarantec orror which in cesscnce defincs the accuracy of
the P-3 wattmeter. The chapter concludes with a discussion of why the
General Electric Type P-3 Wattmeter 3s an accuratc power measuring

device.

7.1 Gross Ervors

The gross crrors associatced with the operation of the P-3
wattmeter result from failure to zero the meter, failurce to rcad the
meter properly and apply any necessary corrcction or multiplying
factors, parallax error, and crrors in recording the data corrcctly.
For the P-3 wattmeter the gross errors arc normally negligible and can
bec kept to a winimum 1f multiple readings are taken and 1f good

expermmental techniques arce usced.

7.2 sSystcmatic Errors

The systematic errors associated with the operation of the P-

3 wattincter arce classificed as: a) instrumental ervors and b) cnviron-

mental crrors.,




a) lnstrumental Errors

lnstrumental orrors arc inherent meler crrors caused by:

(1) instrument powcr losses

(2} voltage-coil inductance
(3) volt: c—-coll capacitance
(4) mutual inductance
(5) eddy currents
(6) changes in power factor i
(7) changes in frequency
(8) changes in waveform
(9) physical construction defects
(10) ageing clectrical and mechanical propertics

The following is a discussion of iastrumecntal errors that

3 may be associated with the operation of the P-3 wattmeter.

(1) Instrument Power Loss

3 R

The instrument power losses associlated with the P-3

Pid<s

wattmeter arc a result of insertion losscs duc Lo the

5.0

i physical conncctions made by the voltage and curvent- coil
circuits. The two methods for connceting the P-3 wattmeter

for mcasuring power arc shown in figurce 7.1(a) and 7.1(b).

: In figure 7.1{a) the wattmeter reads high by the correction
lLactor (ILZRC) since the current Iy passces through the
current coil resistance (Rg). As a result this added power
loss nceds to be subtracted from the recading. In figure
3 7.1(b) the wattmeter rcads hizh by the corrcction factor

(VLz/Rv) since the voltage drop across the voltage coil

resistance (Ry) (neglecting any inductive cffects of the
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7.1(b) VLE/RV Correction Counncction

voltage coil) results in an added power loss which must be
subtracted from the recading. The type of conncction to be
usced is dependent on which connection will give a more
accuratce rcading. Normally for the P-3 wattmeter the
ILZRC conncction 1s more accurate below an rms current of
4.0 amps. In practicc however, the VLz/RV conncction is
normally used because it is casicr to corrcct for a

rclatively constant loss in the voltage-cail circuit than

R T TR S —




for the varying loss in the current-coil circuit. For the
P-3 wattmecter the ILZRC losses vary between 0 to 2.0
watts, while the VLZ/RV losscs are constant at 1.3 watts.
1 have used the ILZRC conncction in my experimental work
for circuit wiring consistency with the VM-63-S induction
watthour meter and the Clarke-Hess digital wattmeters.
(2) Voltage—-coil Inductance

The torque developed in the P-3 wattmeter is a resule
ol the load current 1Ij, and the voltage-coil current Iy

and the angle between thesce curreats, where
T « ILLy cos 9 (7.1)

1f the cffcct of inductance in the voltage coil is neg-

lected, then torque is reclated as follows
\J
T « —I-R— cos 0 (7.2)

where 1 is the curreant-coil current, V is the voltage
coil veoltage and R 1s the voltage coil resistance. In
practicc, the voltage ceil bhas some inductance (P-3

voltage coil inductance is approximatcly 5 milli-henrys)
and a resulting reactance. This reactance results in phase
displacement (u) for currcat Ty . See figure 7.2 (a) and

(b) for phasor diagrams with and without inductive cof-

feets.




The resulting cffect of inductance 1is that the

voltage-coil current Iy is altered and cqual to

\Y

Iy = E cos o (7-3)
where
R
cOos QO =\I=;_T—
ReX (7.4)
Iv ‘Y -~ v
>- — >
0 g ™ Iy
I:lL 1=1y,
() (b)

Figure 7.2 (a) Non-inductive Voltage Coil
(b) Inductive Voltage Coil

Source:; C.T. Baldwin, Fundamentals of Elecctric Mcasurc-
mcnts, (New York: Frederick Ungar Publishing Co.,
1961), p. Yl

and the resulting torque becomes

. IV

T cos o cos (0-a) (7.5)

Comparison of cquation (9.2) and (9.5) shows that the

correction factor by which the torque or deflection must be




multiplied is

cos G

cos a cos (B-a) (7.6

For the P-3 wattmeter @ is normally very small and has
little cffect for low frequency, sinusoidal input signals.
(3) Voltage-coil Capacitance
Capacitance 1s present in the scries resistance of the
voltage-coil circuit. The net cffcct of this capacitancce
is to recduce the angle or offsct the inductance of the
voltage coil. Normally at powcr~line frequencies and at
power factors above 0.5 the cffect of capacitance 1is
ncegligible for the P-3 wattmeter.
(4) Mutual Inductance

A small cerror wayv be intruduced in the P-3 wattmcter
due to wmutual inductance between the current and voltage
coils. A small cmf 1s induced in the voltage-coil circuit
duc to the load current in the corrent coil. This crror is
normally very small for the P-$ wattmeter and is not casily
calcutated unless the variation in mutual inductance with
angle 0  is known. The net etffect of mutual inductance
would causc the meter to recad low with lagging power factor
loads and high with lcading power factor loads at the
upper half of the scale and rcad high with lagging power

factor loads and low with lcading power factor loads at

the lower half of the scale.
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(5) Eddy Currcuts

Any mass ot mctal In close proxiulity to a coll carry
current will have oddy currents induccd In 1t and the
magncetic 1ireld produced by these currents will react with
the current and voitage cotl fields. The net oftect will
have some neglipible citect on deflecting torque and will
vary with power factor. For the P-3 wactmeter this effect
1s negligible as the metal structure is kept to a minimum
and is chosen of waterial with low hysteresis, high
saturation density and high resistivity.
(6) Changes in Power Fuctor
Power factor errors arce causced by tiie inductive
reactance of the vortage and currenl coils whi b cauce the
current to lag the voltage dependont on the frequency of
the civcurt.  Ax stated under the voltasze=-colt iaductanso
cxplanation the phase angle belwern the toad current and
voltage corl curveat 1s adversely attoectod, The nee
cffcce, especially at low power factor and high rregnoacey,
1s a reduction in torque.  This reduction in torque can
result in crror if the control spring is not designed to
offer less countertorque. In the case of the P-3 watt-
meter, it is not designed to be a low power factor meter
and should be operated above 0.5 power tactor.
(7) Changes in Frequency

Frecquency errors are errors causced by the etffect of too

high or too low of a frequenc. As mentioned ecarlicer,

highcer f{requencics cause more inductive reactance and
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resvlt in less current at a greater phase displacement in
the volrtage-corl circuit. This coffect 15 wmore pronounced
itn tron-core than in air-core lnstruments wod 1s one reason
wity the voltage coil of the P-3 wattmeter is made with a
minimum number uf turns necessary to provide adequate
torque. Frequency errors are also related to eddy current
losses as the eoddv current losses lncrcasce at higher

fregquency. Generally speaking, the P-3 wattmeter is

negligibly affected by frequency crrovs primarily due to

1ts low inductance.
(£) Changes in Wavetorm

Waveform crrvorvs arc crrors causced by the meter being
adversely affected by non-sinusoirdal or non-periodic sig-
aals.  These signals or distorted waves arc composed of
several harmoaics above the fundamental and the net result
15 similar to {requency distortion where the inductive re-
actance of the current and voltage coil changes. This
change in inductive reactance van cause a change in voltage
and current=-coil current and result in a greater phasce dis-
placewent which affects the torque developed and hencd the
power reading. The cffect of waveform errors on the P-35 is
considered to be negligible.
(9) Phvsical Construction Defects

Physical construction detfects are normally a result of
errors introduced In the manufacture of the meter.  Some
pussible construction defects which would result in error

conld be scale crrors, frictional crrove duc to the pivot




or jewel belng too loose or too tight and crrors duc to
improper spring tension. For a calibrated P-3 wattmeter it
is assumcd that these crrors arce negligible.
(10) Ageing Electrical and Mechanical Propertics
The effects of ageing 1n the clectrical propertics such
as reslstance and Inductance over time 1s negligible for
the P-3 wattmeter. The offects ol ageing in the mechanical
properties such as spring tension and pivot and jewel wear
may be significant 1f not calibrated un a regular basis.
The construction of the P-3 wattmeter is of high precision
quality parts and normally errors duc Lo agelng  are
avgligible.
b) Epvirommental Ervors
Encironmental  orrors dre orrors doe to external  and
tnternal influcnces not associated dircectly with the compo-
nents that 7o inte che fabrication ol the instrument. Some of
the covironmental crrors that may arise arce caused by:
(1) ambiecnt-temperature influcnce
(2) sclf-hecating influence
(3) stray-ficld influcnce
The following ts a discussion of cnvironmental crrors that
may be associated with the operation of the P-3 wattmeter.
(1) Awbicnt-temperature Influcnce
Changes in ambicent temperature affect the resistance
of the 1astrument and the clasticity of its control o) ring.

The resistance of the voltage coil has a positive temper-

ature cocfficient which could cause the meter to read low




as the ambicnt temperature rises. The offect of resistance
change is offsct by the eftect of the control spring
change.  The control spring has a uegatlive temperature
coctticicat which could cause the meter to read high as the
ambilcent temperaturce 1s raised. The overall ctfect of
ambient-temperature on the P-3 wvattmeter appears to be
negligible, The specification on the P-3 meter states that
the change in reading does not exceed 0.01 per cent por
degree centigrad..
{(2) sclf-heating Intlucnce

The seltf-heating influcence 1s causcd by the temper-
aturc rise due to the I9R losses in the instrument windings
and resistance. Thoe overall effeet o sceltf-Lhcating on the
P-3 wattmeter appeavs to be negligible as compensation is
provided. The specification on the P~3 meter states that
the change 1o reading does not oxceed 0.2 por cont of fuly
scale reading.
(3) Sitray-tield Influcace

The tafloaence of stray tfields on the clectrodyada-
momcLer meter  movemenl  is o sevicos dae te the o raall
operating fluxes. o the destgn of the 703 wattmetoer the
cficct of stray ticlds 15 negligtblc boeauss o the use ot
a taminated-iron shicld and because  of  the phver. Lt

construction of the current and voltage ¢ ils cangod

torque created by thoese stray frelds,
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7.3 Random Errors

The random crrors associated with the operation of the P-3
wattmcter arc unpredictable and probably would be a result of noise or
transicnt over or under-voltage conditions. Random crrors arc
considercd to be negligible unless specifically stated as an experi-

mental variable in Part II of this thesis.

7.4 Limiting or Guarantce Error

As mentioned in Chapter 5, the P-3 wattmeter is subject to
limiting or guarantec crror. The limiting crror or stated accuracy
for thc P-3 wattmeter is specified as + 0.2 per cent of fuil scale value
or dircct current and on alternating current of any frequency up to 133
Hz at power factors greater than 0.5. The limiting crror for the P-3
wattmcter translates to a + 1 watt to + 4 watt crror depending on scale
being used. This crror is normally only significant at rcadings at the

low end of the scale.

7.5 Conclusions

The General Elcectric Type P-3 Elcctrodynamometer wattmeter 1s
a versatile and accuratce measuring device and can be used to measurc
dc, sinusoidal and non-sinusoidal power. Thc cffects of gross or human
errors arec kept to a minimum if good experimental technique is used.
The cffects of systematic crrors duc to voltage-coil inductance and
capacitance, mutual inductance, cddy currents, changes in frequency
and changes in waveform arc negligible. Systematic crrors duc to
changes in power factor are negligible i1f power factor is grcater than

0.5. The systcmatic crrors that occur most oftem arc crrors duc to

inscrtion losses, physical construction dcfeccts and the ageing of




mcchanical componcnts such as bearings and springs. All of these
systcmatic crrors can be minimized if power loss correction factors
arc usecd and if regular calibration and maintcnance is performed. The

cffeccts of cnvirommental crrors duc to (1) ambicnt-temperature in-

fluence, (2) sclf-hcating influcnce, and (3) stray-ficld influence are

ncgligible if opcrated in its normal temperature and current range and

canvironment. The cffects of random errors arc unpredictablc and are

+ e R

considercd negligible. The cffect of limiting or guarantee error is
only significant at low power rcadings (bclow 50 watts).

The reason why the P-3 clectrodynamomcter wattmeter is an
accuratc mecasuring device results from its ability to measurc instan-
tancously the avcrage power by developing a torque which is propor-
tional to thc instantancous voltage and currcat. This accuracy is also
a result of high precision and high quality parts usced in its
fabrication. The P-3 wattmczer is not adversly affeccted by many of the
normal typcs of meter crrors and offers low circuit loading at low

frequencies.

o




CHAPTER 8

FACTORS WHICH AFFECT THE ACCURACY OF THE
GENERAL ELECTRIC, TYPE VM-63-S INDUCTION

WATTHOUR METER
This chapter discusses the types of gross, systematic, and
random crrors that may occur with the usec of the General Electric Type
VM-63-S Class 10 Induction Watthour Meter {23,27,31,35].. It discusscs
the limiting or guarantce error which in csscnce defines the accuracy
of the induction watthour mcter. The chapter concludes with a dis-
cussion of why the VM-63-S induction watthour mcter is or is not an

accurate cnergy (power) mcasuring dovice.

8.1 Gross Errors

The gross crrors associated with the VM-63-S induction
watthour mcter rcsult from manufacturer's or test laboratory's cali-
bration errors, failurc to makc neccessary meter compensating adjust-
ments for low power factor loads, failure to rcad and record data
corrcctly and failure in computational analysis of data. For the VM-
63-S mcter usced in Part I1I, the magnitude of the gross error is

considered to be negligible unless specifically stated otherwise.

8.2 Systcmatic Errors

The systcmatic errors associated with the operation of the

induction watthour meter arc classified as a) instrumental crrors and

b) cnvironmental crrors




a) Instrumecntal Errors

Instrumental crrors are inherent meter errors caused by:
(1) instrument power losses

(2) impropcr meter adjustments

(3) changes in voltage

(4) overload

(5) changes in frequency

(6) changes in waveform

(7) changes in power factor

(8) physical construction defects

(9) agecing clectrical and mcchanical propertics

The following is a discussion of instrumental crrors that

may bec associated with the operation of the VM-63-S induction

watthour mcter.

(1) Instrument Power Loss

The instrument power losses associated with the VM-
63-S watthour mecter arc a result of insertion losses duc to
the physical conncctions made by the voltage and current-
coil circuits. Just like the P-3 wattmeter the two
conncctions are the IZRC and V2/Rv corrcction connecc-
tions which arc shown in figurc 8.1(a) and 8.1(b). For
the VM-63-S induction watthour mcter the IZRC losses vary
between 0 and 1.25 watts, whilc the V2/Rv losses are
constant at 93.5 watts. The large VZ/RV loss results from
the low voltage-coil resistance of 154 ohms and as a result

the IZRC conncction must be used to prevent large

systcmatic crror.
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(2) Improper Mcter Adjustments
The correct operation of an induction watthour meter
is dcpendent on three main adjustments. These adjustments
arc the full-load adjustment (also called the main speed
adjustment), the light-load adjustment (also called the
friction adjustment) and the inductive-load adjustment
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(also called the lag adjustment). The full-load ad-
justment provides for the correct magnetic- breaking
action to give the proper speed when the meter is operated
at ratced voltage and current at unity power factor. The
full-load adjustment has approximately the same effect on
mecter operation at all loads. The light-load adjustment
compensates for the cffect of factors which have neg-
ligible cffect at full load but would introduce appreci-
ablec error at light load. Some of these light load factors
arc friction, lack of lincarity of driving torquc with
respect to load current and the cxistence of torques due to
thc potential flux alone. The light load adjustment
rcsults 1n a compcnsating torque which is constant. The
cffect of this adjustment on meter accuracy is inverscly
proportional to load. Thc inductive- load adjustment is
used to provide the full 90 degrec lag necessary between
the voltage-coil flux and the linc voltage to give correcct
mcasurcment at all power factors. If this inductive- load
ad justment is not properly madc scerious mcter crrors will
result at power factors less than unity.

Onc last adjustment that neceds to be made is for meter
“ercep' which causcs the disk to rotatc slowly at no load
(zero current in current coil). This crecp is usually
causcd by too large of a friction- compensating torquc and
is corrccted for by drilling two small holecs in the disk

which open circuit the cddy currents in the disk which

rcsults in a small locking torquc. The nct cffect of




improper meter adjustments for the induction watthour
meter is that large errors will result in meter readings 1if
the meter is improperly adjusted.
(3) Changes in Voltage
In theory an incrcasc of the voltage applied to the
voltage circuit should incrcasc the driving torquc pro-
portionatcly; however, in practice an cxactly proportion-
al incrcase in disk spced will not occur for the following
two rcasons [23].
"(1) The breaking torquc in a mcter is mainly produced
by the cutting of the flux of the permanent magnet,
but is partly duc to cutting of thc altcrnating fluxcs
of the voltage and current magnets. This is of little
momcnt as long as these alternating fluxes arc of
constant rms valuc. 1Increcasc of thc voltage flux
clearly violates this condition and causes the mcter
to run slow. This e¢ffect is important at higher loads
and is minimized by kceping the value of braking-
magnet flux as high as possiblc in comparison with the
voltagc-magnet flux.
(ii) Increcasc of the voltage flux incrcases the
friction-~ compensating torquc produced by the voltage
flux and tends to causc the meter to run fast. This
is the morc important cffcct at light loads."
The cffect of changes in voltage is necgligible providing
these voltage changes are not large or frequently occur-

ring.




(4) Overload

The term “overload" mcans that the current in the
current coil, while not large cnough to causc damage, is in
cxcess of the rated current of the meter. Often under
actual load conditions current in excess of rated current
exists and the result is the meter tends to run slow due to
saturation of thec current magnet and the increasc in the
small braking torque produced by the flux of the current
magnet. The cffect of overload is negligible providing
this condition docs not exist for extended periods of time.
(5) Changes in Frequency

Changes in frcquency from the calibrated valuc causcs
a variation in the rcactance of the voltage-coil circuit
and a variation in thc amount of compcnsation in the phasc
compensating circuit. Under normal operation this fre-
quency variation falls within a narrow range and 1is
ncgligible for 60 Hz sinusoidal signals. When non-
sinusoidal signals are cncountcred, thc effects of fre-
quency variations can be significant.
(6) Changes in Wavcform

Since waveform variations arc composcd of scvcral
harmonics, the nct cffect is similar to frequency dis-
tortion wherc the inductive rcactance of the current and
voltage coils changes. This change in inductive recactance
can causc a change in voltage and current-coil current and

result in a greater phasc displacement which affccts the

— Ty




A o2

T
3
L
H
¥

.

torque developed and hence the power rcading. The cffects
of non-sinusoidal signals on induction watthour meters can
be significant and have bceea investigated [10,11,28,-
29,35,36,37,38,39,40,41] and will be investigated more in
the futurc as more power clectronic devices impact on the
power industry. Another characteristic of waveform dis-
tortion is thec prescnce of a dec component which is not
mcasurcd by an induction watthour meter. The nct effect of
this dc component on utility company billing has bcen
investigated [10,11,38] but futurc impact will nccessitate
further analysis.
(7) Changes in Power Factor

Power factor errors arc primarily caused by the
inductive rcactance of the voltage-coil circuit. As
mentioned earlier, this inductive cffect is compensated
for by adjustment of the inductive-load ad justment. If thc
meter is properly calibrated and operated at power linc
frequency this cffect should be negligible.
(8) Physical Construction Defects

Physical construction dcfects arc nomally a result of
crrors introduced in the manufacturc of the meter. Some
possible construction defects for an induction watthour
mcter might be defective bearings, bent shaft, warped
disk, defective coils, or wecak magnets. Normally for a ncw
and calibratcd mcter these crrors arc ncgligible.

(9) Agcing Elcctrical and Mcchanical Propertics

The cffects of ageing on the clecetrical properties




such as recsistance and inductance is negligible for the
induction watthour meter. The cffects of ageing on the
mcchanical propertics can be significant if the meter is
not quality checked and calibrated on a regular basis. The
induction watthour mcter is subjecct to errors due to dust
and dirt in thc mcter movement mechanism, worn or improp-
cerly aligned bearings, warped disk, defective coils, and
wcaken magnets. Also, the effect of vibration on the
mcchanical parts of a meter can be significané if the meter
is improperly installed or subjected to vibrations for an
cxtended period of time.

(b) Environmental Errors

Environmental crrors that may adverscly affcct the inducti;n

watthour mcter arc:
(1) ambient-tcmperaturc influcnce
(2) seclf-hcating influcnce
(3) stray-ficld influcnce

The following is a discussion of cnvironmental crrors
that may be associated with the opcration of the VM-63-S
induction watthour meter.
(1) Ambient-tcmperaturc influence
The cffects of changes in ambicent-temperature on the

operation of an induction watthour mcter arc classificd as
Class I or Class II. Class I cffccts producc a change in
spced and arc indcpendent of the power factor of the load

being mcasured. The major influcnce of Class I cffects is

a +hange in strength of the braking magnets which will




normally cause the meter to run faster as temperature
incrcases. Class II effects produce a change in spced and
vary with the power factor of the load. The major
influence of Class Il cffects is a change in phasc angle
between the potential flux and the current flux which is
caused by a change in resistance of the potential-coil
winding, a change in iron loss of the potential-coil corc
and a change in resistance of the lag plate and disk. The
overall cffect of ambicnt-tcmperature on éhc induction
watthour mcter normally is not significant. I was unable
to find a specification that specified the change in
accuracy per degree Centigrade change for the VM-63-S
watthour mcter.
(2) Sclfi-hcating Influence

The sclf-hcating influcnce is caused by the tempera-
turc risc duc to the I2R or VZ/R losscs of the instru-
ment. For thc VM-63-S mcter the VZ/R loss is very large
(93.5 watts) and nccessitates using the I2R  conncction.
The overall cffect of sclf-hcating on the VM-63-S using the
12R  conncction is ncgligible. I was unable to find a
specification that specified the change in accuracy for
the VM-63-S watthour mcter.
(3) Stray-ficld Influence

The influence of stray ficlds on the operation of
an induction watthour meter is normally considered negli-
gible due to the high driving torquc of the mcter. If the

stray ficlds are cxcecedingly strong, cddy currents can
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be produced in the meter disk which react with the
potential~coil flux to devclop a torque which causes

creeping.

8.3 Random Errors

The random crrors associated with the operation of the VM-63-
S induction wattmcter arc unpredictable and probably would be a result
of noilsc or transicnt over~ or under-voltage conditions. Random
crrors arc considercd to be negligiblc unless specifically stated as

an cxperimental variable in Part II of this thesis.

8.4 Limiting or Guarantce Error

As mentioned in Chapter 5, the VM-63-S induction watthour
meter 1s subject to limiting or guarantec crror. The limiting ecrror or
stated accuracy [reference ANSI Standard €12-1975] for the VM-63-S
class 10 induction watthour meter is specified as a nominal manu-
facturer's accuracy (26] of + 0.4 per cent of full-load currcnt at a
power factor of 1.0, and + 1.0 per cent at full-load current at a power
factor of 0.5 lagging, and + 0.5 per cent at light-load (10 per cent of
full load) current at a power factor of 1.0 for 60 Hz alternating
current systems. The main differcnee in specifying limiting crror for
an indcution watthour meter is that its pcr rent accuracy ls expressed
as a per cent of the reading and thercforc has the same per cent error

at low and high cnergy (power) rcadings.

8.5 Conclusions

The General Electric Type VM-63-~S Induction Watthour Mcter is j

the typical induction type of mcter that is used in most industrial i




applications for mcasuring cnergy usage. It is not designed to measurc
accuratcly cncrgy (power) that has both an ac and a dc componcnt, as
the meter only responds to ac variations. Its ability to mcasurc
accurately non-sinusoidal power, ospccially power with a large dc com-
poncent, is questionable. Extensive studics have been conducted by the
Electric Power Rescarch Institute (EPRI) [35] into the cffects of
harmonic distortion on the opcration of the induction watthour mcter
and EPRI has concluded that the induction watthour meter does register
within standards for power mcasurements at 60 Hz if the harmonic con-
tent 1s less than 3 per cent of the total power. EPRI goes on to con-
clude that the induction watthour mcter does not accurately measure
harmonic powcr content that cxists in distorted currcant and voltage
waveforms. Also, articles [28,29] indicated that an induction
watthour meter usced ta measurce SCR loads could have an accuracy of + 10
per cent. These loads were a worst case condition and wouldn't
nccessarily occur under normal industrial loading.

The GE VM-63-S watthour meter is an accurate mcter for
measuring standard industrial 60 Hz mcasurcments for both sinusoidal
and nonsinusoidal applications. The cffccts of gross or human errors
arc kept to a minimum 1f good cxperimental technique is usced. The
cffects of systematic errors duc to changes in voltage, overload, and
changes in power factor arc negligible. Systematic crrors duc to
changes in frequency and waveform can be significant with non-
sinusoidal signals containing a high dc component. Systcmatic crrors
duc to physical construction dcfects or duc to the ageing of clectrical

and mcchanical components can be minimized if regular calibration and

maintcnence is performed.  Probably the two most significant sys-




tematic errors occur duc to high insertion losscs if proper correction
factors arc not uscd and duc to improper meter adjustments if the meter
is misaligned or miscalibrated. The cffects of cnvironmental errors
on the induction watthour meter arc considerced to be negligible if
opcrated in its normal temperature and current range and environment.
The cffects of random crrors arc unpredictable and arc considered
negligible. The cffecet of limiting or guaramtce crror is negligible
because the meter accuracy is based on a per cent of thc.metcr rcading

rather than a per cent of full scale.
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PART 11

TESTING AND EXPERIMENTAL WORK




CHAPTER 9

Pre-cxperimental Analysis and Test Proccdures

This chapter scts forth the pre-cxperimental analysis that
was donc and the criteria uscd to determine the accuracy of the meters
used 1in mcasuring singlc-phasc power from a sinusoidal, a hal{-wave
rectified and a bidircctional thyristor-controlled source. It dis-
cusses the cxperimental sctup and proccedurcs as well as the power
corrcction factors usced. It concludes by defining the characteristics

of the various test loads.

9.1 Pre-cxperimental Analysis

Prior to doing thc cxperimental work, it was nccessary to
cstablish proccdurcs that would fairly comparc the meters being tested
under what would be their normal operating conditions. The types of
meters tested woere:

a) two-General Electric, Type P-3 Elcctrodynamomecter Watt -

mctcers

b) two-Clarke-Hess, Modcl 255 Digital Wattmeters

¢) onc-General Electric, Type VM-63-S, Class 10 Induction

Watthour Mcter.
A complcte list of cquipment uscd for the cxperimental work can be
found in Appendix 1.

It was decided that thrcce common sources of power that all

mcters were cxpected to measurce were the 120 volt, 60 Hz sinusoidal

sourcc, a half-wave rectified sourcc and a bidircctional thyristor-




controlled source. It was also dccided that the mcters would be
subjected to the following loading conditions:

a) a high power-factor load (primarily rcsistive)

b) a resistive-inductive (R-L) load

¢) a resistive-capacitive (R-C) load.
This varying load would subjcct thc test mcters to both a lagging and
a lecading powcr-factor.

In order to comparc the meters, the following limitations were
cstablished:

a) the total composite current was less than or cqual to

5 amps.
b) the total power mcasurcd was less than 1000 watts.
¢) the power factor of the circult was varied between 0 and
1.00 (both lagging and lcading).

The above limitations were primarily based on the limited current
rangc of 5 amps of the Clarke-Hess (C.H.) mcters and the requirement to
mcasurc within a power range, such that the clectrodynamomcter (P-3)
wattmeters would not incur gross crrors duc to the limited scale
resolution of the P-3 meters at the low end. It was decided that bascd
on a singlc-phasc 120 volt sourcc that the power range would vary
between 0O to 600 watts. This power range was uscd primarily for
comparing the P-3 and the C.H. meters. This power range was at the
lower range of the VM-63-S induction watthour mecter but later test
results did not show this to be a problem cxcept at power rcadings

below 50 watts.




9.2 Criteria Uscd in Dectermining the Accuracy of the Power
Mcasurcment

The original idca was to do a comparison of the different
types of mcters, and to comparc thesc results to a calculated power
rcading bascd on the voltage and currcnt across a purcly resistive load
and to a graphical analysis mcthod. Later cxperimental results,
however, showed two significant problems that would make the later two
mcthods for detcrmining power less accurate than a comparative
analysis of meters approach. The first problem camec from the fact that
a purcly rcsistive-load was not available for the power and current
ranges desired.  As can be scen in scction 9.5, the actual character-
istics of the high power-factor load contained a significant amount of
inductancc. Also it was found that depending on the way the load was
dialed into the circuit (crudc adjustment or load potentiometer) or
depending on how much of cach resistance load was used that a
considerable differcence in inductance resulted. The problem of trying
to calculatc power bascd on the voltage, current and powcr factor of
the load grew worse when additional inductance (R-L load) and
additional capacitance (R-C load) was addced to the high powcr-factor
load. An additional problem in trying to compute a calculated valuc of
powcr based on thc voltage, current and power factor of the load is the
guarantce crror associated with cach mecasuring mcter. Therefore, this
mcthod of computing power was climinated, as the accuracy of this
mcthod was suspect for the above listed rcasons. The sccond problem
camc from trying to apply a graphical analysis mcthod. Aftcr the tests
were performed, the test data on the P-3 and C.H. mcters variced

normally by only + 3.0 per cent. It was deccided that duc to the




inherent inaccuracies of the graphical analysis method becausc of
scope and probe antcnuation, becausc of variations in shunt and load
resistance, and becausce of computational crror and inaccuracy, that
the graphical mcthod would not be used.

Since both the calculated power method (VpxIjx cos ) and the
graphical analysis mcthod proved insufficicent for the type of accuracy
desired, and since no primary or absolute standard was available, it
was decided that a comparative mcthod using the P-3 mcters as the
rcference standard was the best approach in dctcrmining.thc rclative
power rcading being mcasured. This comparative method was not
cxpected to give an absolute valuec of power but to show how a
comparative range or rclative degree of uncertainty cxists in similar

typcs of power mcasurcments using thesc types of moters.

9.3 Experimental Sctup and Proccdurcs

Expcrimental Sctup

The experimental sctup designed for mecasuring single-phasc
power is shown in figurcs 9.1 and 9.2. Figurc 9.1 shows that a standard
120 V 60 Uz sourcc is becing fcd to the power and cnergy mcters. The
output of the mcters arce fed to the specific test source (either ac,
half~wave rectified, or thyristor-controlled) and from this source to
the test load. A shunt with cathode~-ray-oscilloscope 1s usecd to
maintain a visual prescntation of what is happening in the circuit.
Figure 9.2 is the actual wiring diagram usced for all testing. A
switching arrangement is used for the various power and cnergy mcters
to provide isolation of cach mecter when mcasuring power and to limit

the loading cffect of cach meter. This arrangement worked very well

throughout the cxperimental process.
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It should be pointed out that all powcr and cnergy mcasure-

ments were made at the linc side of the test source. For this rcason
the voltage coil of all the mecasuring devices was always subjected to
a sinusoidal voltage signal. Also as a rcsult of this linc side
mcasurcment the only nonsinusoidal circuit variation would occur in
the current waveform. The linc side measurcments werc used primarily
bccausc this would be the normal configuration for the induction

watthour meter (W.H.M.).

Experimental Proccdurcs

The coxperimental procedures consisted of varying cach load
with cach test source and mecasuring the power. The 120 V, 60 Hz source
and the half-wave rectificd source were direct in-lince sources. The
bidircctional thyristor-controlled (triac) source was fabricated
carlier during work on a spccial rescarch project for the U.S. Army
(contract number DAAK 70-80-C-0136). The tecst loads consisted of a
high power- factor load (0-240 ohms of rcsistancc and 0 to 100 ohms of
inductive reactance), a resistive-inductive load (high power-factor
load plus a 65 milli-hcnry inductance), and a rcsistive-capacitive
load (high powecr-factor load plus a 140 micro-farad capacitancce).

The test procedurcs comsisted of sclecting a source and load,
varying the current from 0 to 5 amps and mcasuring individually the
circult power with cach meter. In the case of the W.H.M., a counter

nctwork was devisced to mcasurc the number of disk rcvolutions. This

counter circuit its shown in figure 9.3.
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Figurc 9.3 Counter Network Used With the W.H.M.

The average power of the cirvcuit, when using the W.H.M. was mcasurcd by
counting the number of disk revolutions in a specified period of time.

The average power of the circuit was calculated by the following

cquation

PavG = 5% x 3600 x COUNT x % (9.1)
where Kh = is the watthour constant = 2.4

t = time in scconds




Equation 9.1 c<an be further simplified to the following:

COUNT
x ———

Pavg. = 4320
AVG. tsEc

(9.2)

Notc: In order to be able to comparce the W.H.M. power readings with the
P-3 and C.H. power readings it 1s csscntial that the load be maintained
constant for thec mcasuring time intcerval. Power rcadings werc taken
with the C.H. wattmeters both before and after the recadings werce
completed using the W.H.M. No large changes between these initial and
final power rcadings werce obscrved, thus the comparison of W.H.M. to
the P~3 and C.H. mcters arc fair comparisons. It 1s also rcalized,
however, that some load variation did cxist with timc and as a rcsult
some crror may be introduced in this comparison, cspecially at low
power mcasurcments. This change in load with respect to time was
partially offsct by reducing the time interval and mecasuring time in

tenths of a sccond versus mcasuring time in scconds.

9.4 Power Corrcction Factors

As mentioncd in Chapters 6, 7 and 8, all threc mcters arc
subject to instrumental crror duc to instrumcnt power loss causcd by
the loading cffect of the meters. This instrument power loss causcs
the meters to rcad high for both the lzRS and the V2/RV connecctions.
As a result of this instrumental power loss all mcasurcd raw data was
converted to a power corrected (Pegrr.) valuc. This corrected value
was uscd for the comparisons between meter types.  The actual power

corrcction factors uscd for cach meter at the various current rangces




and for thce various connections arc shown in Table 9.1. The IZRS
corrcction term was uscd for all meters as this was thc actual test

configuration uscd.

9.5 Characteristics of Various Test Loads

The test loads used in the experimental work consisted of the
following:

a) a high powcr-factor load {(0-240 ohms of rcsistance and

0-100 ohms of inductive reactance)

b) a resistive-inductive (R-L) load (the high power-factor

load plus a 65 milli-henry serics inductance)

¢) a resistive-capacitive (R-C) load (the high powcr-factor

load plus a 140 micro-farad scrics capacitance).
The test loads werce selected so that the test meters would be subjected
to both a lagging and a lcading power factor and so that the range in
powcr factor would vary considerably {rom 0 to 1.00.

The major problem with the load characteristics was with the
high power-factor load. Idcally, this load was desired to bue purcly
resistive but because the load resistance was actually wrapped in
coils on an insalator an actual inductance value as great as 266 milli-
henrys was observed.  The data taken in determining the actual load
characteristics is given in Table 9.2 and a plot of the actual load
inductance for the high power-facter load 1s shown in ligure 9.4 A
further complication with determining the actual load characteristics
of the high power-factor luvad resulted trom the actual experimental

procedurc uscd in dialing the various resistive loads (crude adjust-

ment on load potentiomcter) into the civcuit. It was found that,
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dcpending on how much of cach resistive load was uscd in the circuit,
a considerable difference in inductance could result. Because of this
nonlincarity of the resistive loads it was nccessary to cstablish a
test procedurce where the high powcr-factor load was varied the same
(removing onc load resistance at a time in the same order cach time)
for cach test sctup. The resulting inductance curve for this sctup is
shown 1in figurc 9.4.

The test R-L load consisted of the high power-factor and the
load 1In scrics with an inductance of approximately 65 miili—hcnrys and
the test R-C load consisted of the high power-factor load in scrics
with a capacitance of approximately 140 micro-farads. These test
luads did not prescent any problems in the experimental work as did the

high power~factor load mentioncd previously.




CHAPTER 10
MEASURING SINGLE-PHASE POWER USING A SINUSOIDAIL SOURCE

This chapter discussces the cxperimental results obtained
using a sinusoidal sourcc with a high power-factor load, a R-L load and
a R-C load. 1Tt draws individual conclusions for cach type of load by
comparing the power rcadings by meter types and by comparing the
average power rcadings of the P-3 meters, the C.H. mcters and the
W.H.M. The chapter concludes by summarizing the conclusions obtained

using the sinusoidal source with the various loads.

10.1 High Power-Factor lLoad Test

This test was conducted using a sinusoidal source and the high
power-tactor load. The results of this test are as {ollows:
a) Comparison of Power Readings by Mcter Types

(reference tables 1001 and 10.2)

(1) The P-3 meter toadings were within + 2 per cent of cach
other for all power mcasurements,

(2) The CHD metcr reading: wore within + 3 digits and + 3
per cent ot cach other for all power measurcuaents cxcept
At the low power measuroment of 56 watls.

(3) A comparison of C.H. meters, measuring power on tho Pai0
and P ggp ranges resulted in a difference of less than + 2
per cent. This indicated that either scale could be usced

for measuring power. The Py range was used for the re-

mainder of the experiments as the Pyggg range gave con-




.sistantly higher rcadings than the Pogg range and because
the Pygg range was closer to the values measured by the
P-3 mcters. Note: the Pogg and Pyggg measurements are
bascd on the voltage sclection switch settings of Vopgg and
i Viugg- There 1s no actual Py and Pyggg sctting on the
v C H. ometers.

(4) The cxpanded scale (Px10) for the C.H. mcters is only

guarantced accurate at current and voltage values of lcss

than 40 per cent of the current and voltage switch !
scttings. The wvalues of Px!0 rcadings for currcnts
grecater than 2.0 amps became suspect.  The data from

table 10.1 indicates clearly how gross crrors can occur if
one trics to usc the cxpanded scale outside its specificed
rangce.  The maximum crror lor using the cxpanded scale
(Px10) outside its specified range ("INPUT OVERLOAD"
light ON) was a =9.2 per cent at the 5 amp value. Note:
the "INPUT OVERLOAD'" light is an indicating L.E.D. that
indicates that the peak input levels cxceed the de sct

points. The brightness ot the L.E.D. indicator gives an

indication of how long the input signals arc spending in

the overload region.

b) Comparison of Avecragc Powcr Rcadings (refercnce table 10-3)
(1) The C.H. AVG. powecr rcadings were between 1 and 3 per cent
higher than the P-3 AVG. rcadings.
(2) The W.H.M. averagc power rcadings werce between 0 to 3 per
cent lower than the P-3 AVG. rcadings with the cxccption

of onc rcading at the 1.00 amp sctting.

. | JUP—




10.2 Resistive-Inductive (R-L) Load Test

This test was conducted using a sinusoidal source and the high
powcr-factor load in scrics with a 65 milli~hcnry inductance. The
results of this test are as follows:

a) Comparison of Power Readings by Mcter Types

(reference tables 10-4 and 10-5)

(1) The P-3 mecter readings were within + 2 per cent of cach
other for all power measurments c:icept for onc rcading at
the low power mcasurcment of 43.2 watts.

(2) The C.H. meter readings were within + 2 digits and + 2 per
cent for all power measurcements taken up to the 4.00 amp
setting. At current values greater than 4.00 amps C.H. #]
was affected significantly by the decrcasce in power-
factor duc to the increasc in inductance. At a powcer-
factor less than 0.500, the variation between C.H. #1 and
C.H. #2 becamc significant and resulted in a maximum
difference of 12.7 per cent at the 4.80 sctting. Note:
C.H. #2 mcter behaved very similarly to the P-3 mcters.

b) Comparison of Average Power Readings (reference table 10-6)

(1) The C.H. AVC. power rcadings were between O to 2 per cent
higher than the P-3 AVG. readings for valucs up to 4.00
amps. At values grecater than 4.00 amps this difference
incrcasced to 4 per cent higher due to the increcasc power
recadings of C.H. #1.

(2) The W.H.M. average power readings worce generally between
3 to 7 per cent lower than the P-3 AVG. rcadings for all

values oxcept at the low power readings of 52.5 and 44.5




watts. At thesce low power rcadings the W.H.M. indicated
a significantly smaller rcading of 11.2 and 19.6 pcr cent
fower than the P-3 AVG. These lower rcadings were 4
result of the incrcased circuit inductance and a corrces-
pondingly lower power-factor at thesc low power rcadings.

Note: Thesce values at low power arce approximatcely 10 per

cent lower than for the high powcr-tactor load of table

10-3.

10.3 Resistive-Capacitive (R-C) Load Test

This test was conducted using a sinusoidal source and the high
power=factor load in scrics with a 140 micro-farad capacitance. The
results of this test arce as follows:

a) Comparison of Power Rcadings by Mcter Types

(rcference tables 10-7 and 10-8)

(1) The P-3 meter rcadings werce within + 2 per cent of cach
other for all power measuremcnts except for onc rceading at
the low power measurcment of 55 watts.

(2) The C.H. meter readings werce within + 2.5 digits and + 3
per cent for all power measurcements.

(3) A comparison of C.H. mcters indicated a similar com-
parison to the high power-factor load of table 10-2.

b) Comparison of Average Power Readings (reoference table 10-9)

(1) The C.H. AVG. power readings ranged from 1 per cent lower
to 3 per cent higher than the P-3 AVG. rcadings.

(Z) The W.H.M. average power rcadings ranged from 9 per cent

lower to | per cent higher than the P-3 AVG. rcadings.

The W.H.M. showed a tendency to increase in value comparced




to the P-3 AVG. rcadings as the capacitive rcactance
became a more significant part of the circuit load. This
incrcasc i1n power rcadings of the W.H.M. 1is duc to the
phasc-angle  decreasing between the voltage and current

componcnts which results in a higher nct power rcading.

}O.A Conclusions

The results of using a sinusoidal source and varying the

loading with both a lcading and lagging power-factor and mcasuring the

average power with the P-3's, the €.H.'s and the W.H.M. arc as follows:

a)

b)

The P-3 wattmeter rcadings werce generally within + 2 per cent
of cach other for all types of loads. The P-3 mcters did not
scem to be affected by power-factur variations. This result
agrees with refercnce 21, as the P-3 wattmeter rcading is
cxpected to be the same regardless of leading or lagging
power-factor circuit conditions, since the average torque and
average power 1is a vesult ol the instantancous product of
voltage and current. The cffcect of limiting crrov on the P-3
wattmeter is only significant at low power rcadings (bclow 50
watts) and this cffcct was confirmed by the test results,

The C.H. wattmecter rcadings were gencrally within + 3 digits
or + 3 per cent of cach other for all types of loads. The only
significant differcnce occurrced with C.H. #1 when measuring
the R-L load at current valucs above 4.00 amps. The test data

of tables 10-5 and 10-6 indicatce that C.H. #1 was affccted by

changecs in power~factor, cspectirally at a lagging power-factor




(¢)

d)

of 0.112 where the per cent difference between C.H, #1 and
cither C.H. #2 or the P-3 mcters increcasced to + 13 per cent.
Generally, the C.H. meter rcadings were within + 3 per cent of
the P-3 mcter rcadings for all tests performed in this
chapter.

The C.H. meters have the capability of mecasuring power on
several scales (Pygg, Pyggp and Px10) and the experimental
data showed 1lecss than a 2 per cent difference between
different scale measurcments. It was also found that the
"INPUT OVERLUAD" couadition would result if cither current or
voltage values werc cxceceded on any scale., The result of an
Input Overload condition on the Px10 scale resulted in a gross
error of -10 per cent for the test performed on the high
pchr- factor load.

The W.H.M. rcadings comparcd to thce P-3 AVG. wattmeter
rcadings varicd considerably depending on the type of load.
For the high power-factor load, the variation between the
W.H.M. and the P-3 AVG. rcadiung ranged {rom 0 to 3 pcr cent
lower. For the R-L load, the variation between the W.H. M. and
the P-3 AVC. reading was generally lowered an additional 3
pervent and the range of this variation was between -3 to -7
per cent.  This increased diflerence was a result of the
increcascd inductance in the circutt which causcd a consider-
able lagging power factor. This lagging power~-factor also
had a significant cffect at low power rcadings as the dif-

fcrence between the W.H.M. and the P-3 AVG. rcading incrcascd




to -1l and -19.6 per cent. This diffcrcence may have been
partially duc to operating at the low cond of the W.H.M. but
test data on Lhe high power-factor load only resulted 1n a 3
per cent difference at this same low power rcading. For the
R~C load, the variation between the W.H.M. and the P-3 AVG.
reading varied between a =9 per cent to a +1 per cent.  Again
this result indicated that the W.H.M. 1is affccted by power-
factor. The effcer of incrcasing capacitive rcactance was
that the W.H.M. reading was greator than the P-3 AVG. rcading.
This speeding ap ol the WoLM, occurs with a capacitive load,

as a similar rersult ocvurred on the thyristor-controtled

'

R=C 1oad roat Lscee rable 12-97.
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CHAPTER 11

MEASURING SINGLE-PHASE POWER USING A HALF-WAVE RECTIFIED SOURCE

This chapter discusses the cxperimental results obtained
using a half-wave rectified source with a hiigh powcr-factor load, a
R-1. load and a R-C load. 1t draws individual conclusions for cach typc
of load by comparing the power recadings by meter types and by comparing
the average power rceadings of the P-3 meters, the C.H. mecters and the
W.H.M. The chapter concludes by summarizing the conclusions obtaincd

using the half-wave rectificd source with the various loads.

11.1 High Power-Factor Load Test

This test was conducted using a half-wave rectified source and
the high power-factor load. The results of this test are as follows:
a) Comparison of Power Readings by Mcter Types
(reoterence table T and 102D
(1) the P-3 moeter readings were within + 2 per cent of cach
other for all power measurements cexceept for the low power
measurcment s below 100 watts. Again, the cffecct of
ltmiting crror at the low end of the P-3 meter scale was
indivated, as a 3 watt ditforence in power resulted in a
7oper cent difference in meter readings.
(2) The ¢ H. meter readings were within + 4 digits and + 3 per

cent of cach other for all power measurcments except for

the Jow power measurements below 100 watts. The cffect of




(3)

limiting crror at the low cnd of the C.H. mcter range was
indicated, as a 2.5 watt difference in power rcsulted in
a 6 per cent difference 1n meter rceadings.

Surprisingly, the "Input Overload” 1light lit for C.H.
moter readings of composite ac and dc current valucs
greater than 4.00 amps. This is an indication that the
C.H. 1nput nctwork is scensitive to signals with a large dc
component and thus the specificd input range of 0 to 5
amps may nced to be claritfied to staté that a non-
sinusoidal signal containing a large dc component, such
as with a half-wave rectitied source, mav result in an
Input Overload condition at compositc current valucs less

"

than 5 amps. Analysing the C.Hl. rcadings indicated that

these readings were within the expected range.

(b} Comparison of Average Power Readings (reference table 11-3)

(1

The C.H. AVG. power rcadings were between 0 to 3.2 per
cent higher than the P-3 AVC. readings.

The W.H.M. average power readings were between O to 3 per
cant lower than the P-3 AVG. rceadings for power rcadings
arcater than 100 watts. At power rcadings less than 100
watts the inductive offect of the high power-factor load
was significant and a per cent difference of -11.7 per
cent  was  obscrved. Generally the W.H.M. pecrformed

similarly to the sinusoidal sourcc casc.




11.2 Resistive-Inductive (R-L) Load Test

This test was conducted using a half-wave rectified source and
the high power-factor load in scrices with a 65 milli-henry inductance.
The results of this test arc as follows:

a) Comparison of Power Readings by Mcter Types

(reference tables 11-4 and 11-5)

(1) The P-3 meter readings were within + 2.5 per cont of cach
other for all power mecasurcments.

(2) The C.H. meter readings were within + 2 digits and +3 per
cent of cach other for all power mcecasurements.

b) Comparison of Average Power Reading: (reference table 11-6)

(1)} The C.H. AVG. power readings weoo between O to 3.4 per
cent higher than the P-3 AVG. readings.

(2) The W.H.M. average power readings were betweea 0 to .5
pecr cent lower than the P-3 AVG. readings for power
readings greater than 112 watts. At power readings less
than 112 watts the inductive offect of the high power-
factor load was significant and a per cont difference of
-16.1 per cent was obscrved. Generally the W.H.M.
performed similarly to the sinusoidal casc up to a load

power value of 225 watts.

11.3 Resistive-Capacitive (R-C) Load Test

This test was conducted using a half-wave rectificd source and the
high powecr-factor load in scries with a 140 micro-farad capacitancce.
There arce no results for this test as the capacitor presented and

infinite impedance to the circuit and no ac current componcent flowed.




The capacitor charged up to\|2 times the rms line voltage. The actual
voltage across the capacitor was 156.8 V. and thc power consumed in

the circuilt was 3.7 watts.

11.4 Conclusions

The results of using a half-wave rectified source with a
varying load while mcasuring the average power in the test circult with
the P-3's, the C.H.'s and the W.H.M. arc as follows:

a) The P-3 wattmeter readings were gencerally within + 2.5 per
cent ot cach other for all power measurcments except at very
low power readings of less than 50 watts.

b)Y The C.H. wattmeter readings were generally within + 4 digits
and + 3 per cent of cach other for all power mecasurcments
except at very low power readiugs of less than 100 watts. The

maxtanm per o cent divtorencs between CUHL meters was 5.9 per
coentoand the maxpmum per cenl ditterenee betweon the COHLAVG.
readings and the V=34 AVG. roadiors was +3.4 poer cent.

¢) The W.H.M. veadines comparcd to the P-3 AVG. readings were
botween 0 to 3 per cent lower 1or power readings greater than
le o watts. At power readings less than 112 watts  the
induc tve cffect of the high power-factor load was signi-
ficant and a per cent difference of up to =16.1 per cent was
observed.  Generally the W.H.M. performed similarly to the
sinusoidal casc and had a tcudency to improve in per cent
difference between power readings as  load power was in-
creased. This reduction in per cent difference in power

rcadings between the W.H.M. and the P-3 AVG. rcading was




d)

¢)

primarily a result of improved accuracy of the W.H.M. with
increased power.

Surprisingly, the "Input Overload" light lit for the C.H.
meter readings of composite ac and de current values greater
than 4.00 amps. This is an indication the the C.H. input
nctwork is scnsitlve to signals with a large dc componcnt and
thus the specified input range of 0 to 5 amps may nced to be
clarificd to state that a nonsinusoidal signal containing a
large dc component, such as with a half~wave rccﬁificd source,
may result in an Input Overlaod condition at cumposite current
valucs of less than 5 aaps. It should also be noted that
analysing the C.H. readings when this lnput Overlaod con-
ditron cxisted indi-ated that the power rcadings were still
within the cxpocted vaonge and were less than 4 per cent high
compared to the P-4 AVE readiags.

Since the w.li. 0. ot measure doeopower 1t was cxpected

that the power eodlaes tor the half-wave rectificed source

woulld be uach lower than the values measured by the P-3
meters. Bascd «n this limited testing, this was not the
casv.  The only answer for this apparent contradiction was

that the voltage component was always sinusoidal and that the
de compoucnt of current did not causc a significant cffect on
the carrent coil tluxes. A morc detailled investigation into
the operation of the W.H.M. when large de voltage and current

components are cither individually present or jointly present

should be looked at 1n the future.
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CHAFTER 12
MEASURING SINGLE-PHASE POWER USING A THYRISTOR-CONTROLLED SOURCE

This chapter discussces the coxperimental results obtained
using a bidircctional thyristor-controlled (triac) source with a high
power-factor load, a R-L load and a R-C load. It draws individual
conclusions for cach type of load by comparing the powc-r rcadings by
mcter types and by comparing the average power rcadings of the P-3
mcters, the C . meters and the W.H.M. The chapter concludes by
summarlzing the conclusions obtained using the thyristor-controlled

source with the various loads.

12.1 High Powecr Factor Load Test

This test was conducted using a bidircctional thyristor-
controlled source =ct at a firing anglce of 90 degrecs and the high
power-factor load. The results of this test are as follows:

a)  Comparison of Power Readings by Mceter Types

(reference table 1201 and 12.2)

(1) The P-3 meter readings were within + 2.5 per cent of cach
other for all power mcasurcments.

(2) The C.H. meter readings were within + 3 digits and + 2.5
per cent of cach other for all power mcasurcments eoxccpt
at the low power measurcement of 40 watts.

(3) Surprisingly, again, the "Input Overlaod" light lit for

the C.H. meter rcadings for current values grcatcer than

P S =8




b)

(4)

4.00 amps. It appcars from this indication that the C.H.
mcters arc sensitive not only to large de components but
to signals that arc nonsinuscidal. As was the casc with
the Input Overload condition of chapter 11, the actual
powcr measurcments were within the expected range and
didn't vary by morc than 3.2 per cent greater than the P-3
AVG. mcter rcadings.

Generally, the results of this test were similar to the

results obtained for the sinusoidal source of Chapter 10.

Comparison of Average Power Rcadings

(reference table 12-3)

(1)

(2)

The C.H. AVG. powcer recadings were between 0.5 and 3.2 per
cent higher than the P-3 AVG. rcadings.
The W.H.M. average power rceadings ranged from 11.6 per

cent lower to U.9 per cent higher than the P-3 AVG.

recadings. This result was very similar (o the reosult
obtatned with a sinusoidal source and a R-C load. The

results of this tesr indicate tihat for a high-power factor
foad, e¢specially as the load becomes mostly resistive
that  the W.H.M. has a tendency Lo specdup. This
conclusion is Ln agreement with reference 36, in which the
article states that the W.H.M. has a tendency to speed-up
with nonsinusotidal currents. The results of this test arc

not conclusive, as different results occured with the R-L

load of scction 12.2.




12.2 Resistive-Inductive (R-L) Load Toest

This test was conducted using a4 bidircctional thyristor-
controlled source sct at a firing angle of 90 degreces and the high
power-factor load in series with a 695 milli-thenry inductance.  The
results of this test are as follows:
a)  Comparison of Power Readings by Moter Types

(reterence tables 12-4 and 12-9)

(1) The P=-3 meter readings were within + 2 per cent of cach
other for all power measurcments cxcept for the recading at
4.51 amps. The overall power readings for this test were
less than 125 watts which resulted in all the power
mcasuruicno. being taken at the low end of the P-3 meter
scale. As a rcesult of these low power values it was hard
to read differences in power when using the P-3 meteors.

(2) The C.H. meter readings wore within + 2 digits and + 5.5
per cent for all power measurements taken up to the 4.00
amp sctting. At current valucs preater than 4.00 amps,
C.H. #1 was atfected significantly by the increasce in
tnductance in the civeuit.  The maximum per cent dif-
feronce between C.HL #1 and C.HL #2? was 10,6 per cent.
This rvesult is similar to the result obtained for the
sinusoidal sourcc and R-L load (refcerence table 10-5).

b) Comparison of Average Powcr Readings
(rcference table 12-6)
(1) The C.H. AVG. power readings were between 1.7 to 5.4 per

cent  higher than the P-3 AVG. rcadings. The main

diffcerence occurred at low power values (less than 50




watts) and was duc primarily to the increcased inductance

in the circuit,

(2) The W.H.M. avcerage power readings were gencrally between

3 to 8 per cent lower than the P-3 AVG. rcadings for all

values cxcept for the low power readings below 75 watts.

At thesce low power readings the W.H.M. indicated a signi-

tficantly smaller rcading of 10.8 to 16.4 per cent lower

than the P-3 AVG. rcading. These lower rcadings werc a

result of the increasced civcult inductance and a corrcs-

ponding lowcr power—~factur at thesce low power valucs.

12.3 Resistive=Capacitive (R-C) Load Test

This test was conducted using a bidirectional thyristor-

controlled source set at a firing angle of Y0 degrees and the high

power-factor load in scrics with a 140 micro-farad capacitance. The

results of this test are as tollows:

a) Comparison of Powcr Readings by Mcter Typus

(reference table 12-7 and 12-38)

(1) The P-3 meter veadings were within + 2 per cent of cach

other for all power measurcments.

(2) The C.H. meter readings were within 4+ 3 digits and + 2.5

per cent of cach other for all power measurcments cxcept

at the low power measurcment of 41 watts.

(3) The Input Overload light again came on for the C.H. mcters

at a current valuce of 3.60 mops and 250 watts. It appcars

from this indication that the C.H. mecters arc scnsitive to

nonsinusoidal signals. Again, the power rcading at 3.60




b)

I

- ey

)
b
b

(4)

(s)

amps was only 2 per cent higher than the C.H. AVG.
rcading.

The test current for this test was only taken up to values
of 3.60 amps bccause the thyristor-controlled source
would not hold the 90 degree firing angle and would resort
back to sinusoidal operation as the high power-factor
load was variced.

Generally the results of this test were very similar to
the results obtained for the sinusoidal source of Chap-

ter 10.

Comparison of Avcrage Power Recadings (refercnce table 12-9)

(1)

(2)

-

The C.H. AVG. power readings were between 0.7 to 5.0 per
cent higher than the P-3 rcadiungs. The main difference
occurred at low power valucs (less than 50 watts).

The W.H.M. average power readings ranged from 10 per cent
lower to | per cent higher than the P-3 AVG. rcadings.
The W.H.M. showed a tendency to incrcasce 1n valuce compared
to the P-3 AVG. recadings as the capacitlive reactance
became a more significant part of the circuit load. This
result was similar to the result obtained for the

sinusoidal source and R-C load of Chapter 10.

12.4 Conclusions

The results of using a bidircctional thyristor-controlled

sourcc with a varying load whilec measuring the average power in the

test circuit with the P-3's, the C.H.'s and the W.H.M. arc as follows:




a)

b)

c)

The P-3 wattmeter readings were gencrally within + 2.5 per
cent of cach other for all power measurcments.

The C.H. wattmeter readings were gencerally within + 3 digits
and + 2.5 per cent for all types of loads. Therco was a slight
increcasce in per cent difference between the ¢ HLO AVC. readings
and the P-3 AVG. rcadings at low power (less than 50 watts)
but this was primarily duc to limiting crror at the low cnd of
the mcter ranges.  The only signiticant dificrence occurred
with C.H. #1 when measuring the R-L load at current valucs
above 4.00 amps. The test data of tables 12-5 and 12-6
indicate that C.H. #1 was affected by changes in power-factor,
cspecially at a lagging power-factor of 0.102 where the per
ceat difference between C.H. #1 and cither C.H. #2 or the P-3
meters lncrcased to + 10.6 per cent. This result is similar
to the result obtained for the sinusvidal source and R-L load
ot Chapter 10.

The W.H.M. rcadings comparced to the P-3 AVG. wattmecter
readings varicd considerably depending on the type of load.
For the high power-{actor lead, the variation betwecen the
W.H.M. and the P-3 AVG. reading ranged from 11.06 per cent
lower to 0.9 per cent higher. This result was very similar to
the resull obtained with a sinusoidal source and an R~C load.
The results of the high power-factor load test indicated that
the W.H.M. has a tendency to speedup  with nonsinusoidal
currents. This conclusion was in agrcecement with statcments
made 1n reference 36 in regards to the W.H.M. having a

tendeney  to speed-up with non-sinusoidal currcents. The

results of this high power-factor load test with regard to the




, W.H.M. spceding-up with non-sinusoidal current 1s not con-
clusive as different results occurred with the R-L load. For
the R-L load, the variation between the W.H.M. and the P-3
AVG. rcading was gencrally lowered an additional 3 per cent
and the range of this variation was between -2.5 to -8 per

cent. This incrcecasced difference was a result of the incrcasced

.

inductance in the circuit which caused a considerable lagging
power-factor. This lagging powcr-factor had a significant
cffect at Jow power rceadings as the difference between the

W.H.M. and the P-3 AVG. reading incrcased to -16.4 per cent.

For thce R-C load, the variation between the W.H.M. and the P-3

AVG. rvading varied beotween a -10 per cent to a + 1 per cent.

Again, this result 1ndicated that the W.H.M. is affccted by

power—-factor. The cffect of tncreasing capacitive recactance

was  that the W.H.M. rvecading increasced and f{inally becamce
greater than the P-3 reading. This speeding-up of the W.H.M.
occurs with a capacitive load and was similar to the results
obtatned with the sinusoidal source and R-C lead of Chapter

10.

d) Surprisingly, the "Input Overload™ light 1it for the C.H.
meter r-adings for current values greater than 4.00 amps for
the high powcre-factor load and for current valucs greater than
3.6 amps for the R-C load. The lighting of the Input Overload
light appears to indicate that the CH. meters are sensitive i
not only to large d¢ components but alse to non-sinusoidal

signals above a current ranpe ot 3.0 amps.  As was the casce

with the Input Overload condition of Chapter 11, the actual




power mcasurcments woerce within the expected range and didn't
vary by more than 4.8 per cent pgreatoer than the P-3 AVG. meter

rcadings.
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CHAPTER 13
THESIS CONCLUSIONS/RECOMMENDATIONS

This chapter states the genceral conclusion drawn from this
thesis work as well as summiarizing the specific conclusions drawn from
the ecxperimental work done in Part II. It concludes by making somc
speciiic recommendations concerning the type of meter to use when
making single-phase power mcasurcments and by making some specific
rceccommendations concerning possible additional rescarch th:t can be

done with regard to measuring single-phase non-sinusoidal power.

13.1  Thesis conclusions
The primary chjectives ot this thesis were to be able to
measure  accuratoly single-phase power when non-sinusoidal  or  de

current conponents are prosent oand to determine which type ot power
meters are most accurate and are less affectod by these non=sinusotdal
or de current variations. The sccondary objectives of this thesis were
the following:
a) to define the basic power detinitions associated with sinu-
soidal power, non-sinusoidal power and power factor.
b)Y  to become tamiliar with and understand the basic operation of
some  of the different metering cquipment available for
measuring single-phase power and encrgy.

¢)  to detine measurement  standards and types o f mcasurcment

errors.,




d to define the basic definitions for precision and accuracy,
cspecially as applied to power measurcments.
¢) to become familiar with and understand the specific operation
of the Clarke-Hess digital wattmeter, the General Electric
P-3 clectrodynamic wattmeter, and the General Electric in-
duction watthour mcter.
f) to become familiar with and understand the factors which
affect the accuracy of the Clarke-Hess digital wattmeter, the
General Electric P-3 clectrodynamic wattmeter, and the Gen-
cral Electric induction watthour metcer.
g) to verify by cxpcrimental testing which types of meters give
accurate measurcment of sinusoidal and non-sinusoidal power.
Considering first the question of whether the sccondary
objectives of this thesis were met, the answer 1s yes.  The sccondary
objectives were moet  through the cxtensive literature scarch  and
through the cexperimental work done in Part II of this thesis.
Generally, 1t can be concluded that a general knowledge of how power
and cnergy meters work and of what type of errors can extst when taking
power mcasurcements, as well as a specific knowledge of the specific
opcration of the various power and cnergy metlers tested and the factors
which affecct the accuracy of these mecters, was gained in fulfilling
these sccondary thesis objectives.

Considering now the question of whether the primary ob-
jectives of this thesis werc met, the answer 1is yes. The main

objectives of this thesis were to be able to measurce accurately single-

phasc sinusoidal and non-sinusoidal power and to determine which typces




of power and cnergy meters arc most accuratce and arc less affected by
non-sinusoidal powcr variations. Considering the first objective of
being able to measure accurately single-phase sinusoidal and non-
sinusoidal powcr, the conclusions that were drawn arce the following:
a)  Accuracy is defined [30] as the quality which characterizes

the ability of a measuring instrument to give indications
cquivalent to the truce value of the quantity measurcd and is
expressed in terms of tolerance or uncertainty. Since it was
impossible to express the absolute quantity or true valuce of
the power quantitics measurced in this thesis and sincce the
transfor standard (P-3 clectrodynamomcter wattmeter) had a
limiting crrov or talerance, the only real determination that
could be made was a comparative analysis of the various test
meters against cach other. This comparative method was uscd
in the vxperimental work tn Part 11 of this thesis and was not
cxpectoed to pive an absolute value of power but was cxpected
to  show how a comparativ: range or rolative degree of
uncertainty exists between meters of the same type and between
meters of different types. The following are the gencral
results of the experimental work:

(1) The P-3 wattmeter readings were generally within + 2 per
cent of cach other for all power rcadings.

(2) The €., wattmeter rcadings werce generally within + 3
digits and + 3 per cent of cach other for all power
rcadings.

(3) The C.H. AVG. power readings werce generally 0 to 3 per

cent higher than the P-3 AVG. rcadings.




(4) The W.H.M. averaged power rcadings comparcd to the P-3
AVG. power readings varied considerably depending on both
the type of source and the type of load uscd. This
differcnce in readings ranged from 19.6 per cent lower to
0.9 per cent higher.

b) Considering accuracy as defined in a) above and realizing that
most power measurcments in the ficld would be conducted in a
similar manoner, 1t can be concluded that the P-3 wattmeters
and the C.H. wattmeters give accurate indications of the power
consumed 1n a circult on sinusoldal, non-sinusoidal and half-
wave rectified (where a de component 1s  present)  power
measurements., The accuracy of the W.H.M., bascd on the
limitaed testing donc in this thesis, is questionablce as large

X' varitations in averaged power readings did occur, cspecially

at low powcer (less than 75 watts) readings.
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¥ Considcering the sccond main objective of this thesis of being
=
» able to determine which types of power and cenergy meters arce most
. accuratce and arc less affected by non-sinusoidal power variations, the
conclusions that were drawn arce the following:

a)  The general conclusions concerning the accuracy of the types
i of meters tested 1s summarized under the first main objective
: . .o . .
* above.  Some additional conclusions concerning the accuracy
3 of the meters tested arvce:

(1) All mcters tested variced non-lincarly at times. Mcters of
the same type would vary (at times being greater or less
than the other mcter) dependiug on the type of source, the

typc of load, or the current valuce in the circuit. This




b)

variation was nol c¢ritical but 1s important in rcallzing

that correcction curves for cach meter arce nccessary to

accurately comparc meters. There woere no correction

curve. avatlable tor the C.H. meters or the W.H.M.

(2) The accuracy of the power and energy meters at the low
of their scale is wubjoot to both gross (human)
Timiting «ryros . Fhis limiting crror was a factor {or
meters tested ot valuco bess than 50 watts and

cspecially noticeable when trying to read and comparce
P-3 and the W.H.M. power readings.
The general conclusions drawn 1n determining which meters

affected least by non-sinusordal power variations arc:

cnd

and

atl

arc

(1) The P-3 moeters were atfccted least by non-sinusoidal

power variatiouns. The P-3 meters were not affected by

cither the half-wave rectified or the thyristor-con-

trolled source nor were they affected by changes in load.

(2) The C.H. wmecters generally responded well to non-sinu-

soldal power variations. The test data did indicate that

C.H. #1 was affcected by changes 1n power-factor during

testing with the R-L load. C.H. #1 had a tendency to read

noticeably higher than cither C.H. #2 or the P-3 meters on

R-I. loads with both the sinusoidal and the thyristor

controlled source.

(3) surprisingly, the "loput Overload" Tight 1it for the € H.

meter readings of composite ac and d¢ current valucs

greater thaon 4.0 amps for the half-wave rectificed source.

The "Input Overload" light alse lit for current values




greater than 4.0 amps tor the high power-factor load and
for currcent values greater than 3.6 amps for the R-C load
for the thyristor~ controlled source. The lighting of the
Input Overload light 1s an indication that the C.H. input
nctwork is scnsitive not only to signals with a large dc
componeat but also to non-sinusoidal signals above a
current range of approximately 3.6 amps. It should be
noted, however, that analysing the C.H. rcadings when
this Input Overload condition ¢xisted indicated that the
powcr rcadings were still within the cexpected range and
were less than 5 per cent high compared to the P-3 AVG.
reading.

(4) The W.H.M. scemed to be affected more by the type of load
rather than the type of source. As mentioncd carlier, the
variation in average power rcadings varicd considerably
based on the load. This was an indication that the W.H.M.

was affected significantly at the low o¢nd of 1ts power/

cnergy rangce by the power-factor of the circuit. Gener-
ally, the W.IL.M. rcad considerably lower than the P~3 AVC.
reading for the R-L load and had a tendency to read higher
than the P-3 AVG. reading for the R-C load. This ie¢ a
dirccl indication of what cxcessive inductive or capacl-
tive redactance can do to the operation of the W.H.M.

(5) Since the W.H.M. does not mcasurc dc power, 1t was

cxpected that the power rcadings for the half-wave

rectificd source would be much lower than the valucs

mcasured by the P-3 meters. Bascd on the limited tests




performed during this thesis work this was not the case.
An answer for this apparvant countradictiin was that the
voltage component was always sinusoidal and that the do
componcent of current did not cause a significaat cffect on
the current coil yluxes. A more detailed investigation
into the operation of the WM, when large de voltage and
current components are cither individually or jointly

presnt should be leoked at in the futurc.

13.2 Thesis Recommendation

The following arce some general recommendations vregardivg the

meters used in this thesis as well as some specific recommendations tor

futurce rescarvch in the arca of measuring accuratcly single-phase power

and energy:

General Recommendat tons:

a) Geonerallv, this thesis showed that both the P=3 clectr-
dvnamemter wattmetor and the Coib. Jipital wattmetoer oan

boe used to measure accurateiy single-phase siauscidal and
non- coinusoidal power. The accouracy oi tie W HUMD was
pood at high power readings bat varied coustdorably at tow
power- factor and low power readings.

Generally, the -3 wattmeter was the moust consistent por-

forming meter usced.  The variations between the -3 meters

were small and predictable; whercas the variation between

C.H. metors for the R~L load were large at currceat valucs

greater than 4.0 amps.
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d)

The P-3 meters offer the advantages of being accurate, of
being casy to use, of being capable of operating up to 10 amps
and 200 volts, of bcing compact, and of being ablce to operatce
withiout a power supply. The main disadvantage of the P-3
meter 1s its poor resolution at low power (less than 50 watts)
readings.  The cost of the P-3 moter compared to the C.H.
digital mceter 1s not available as P-3 meters arc no longer
manufactured.

The C.H. meters offer the advantages of being accurate, of
betng capable of operating at various current ranges up to 5
amps and minus voltage ranges up to 1000 volts, of haviag
varitous powver ranges which allow power measurements up to 5000
witts, and of having an expanded power range (Px10) for better
resolution at low current and power values. Some  dis-
advantares ot GO meters are: they have a tendencey to drift
trom calibration, they are more complicated to use, thoere are
more thines that can po wrong with them (cg. blown fusc,
componcitls arce more temperature sensitive), they require a

power supply aad they are not as compoct as the P-3 wattmeter.

Specific Recommendation

a)

[t was tound trom the cxperimental testing that the CLH.
meters developed a problem where the "Input Overload" light
it for current values less than 5 amps for the half-wave
rectiticd and the thyristor-controlled source.  This is an
indication that the C. . input network is scnsitive not only

too ostgnals with a large de coamponent  but also to non-

sinusoidal signals above a currvent range ot 3.6 amps. 1t
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scems bascd on these test results that the specified input
range ol U to 5 amps may nceed to be clarified to state that

a non=sinusoidal signal or a signal with a large dc component
may result in an Input Overload condition at composite current
valuces of less than S5 amps.

Since the W.U.M. docs not measurc dc power, 1t was cxpected
that the power readings for the half-wave rectified source
would be much lower than the valoues measored witlhh the P-3
meters. Based on the limited tests performed during this
thesis work, this was not the casc. The coffect ot de :
componcnts on the operation of the W.H.M. causcd by half-wave

rectificd or thyristor-controlled circuits should be in-

vestigated further. Much rescarch has becn done considering

the cffects of harmonics on W.H.M. opcration but little or no

rescarch has been doune considering the effcect of de voltage

and current components on W.H.M. operation. 1t would be good X
to include in this future testing, load side cnergy mcasurc-

ments where both the voltage and current waves could be non-

sinusoildal and contain a de¢ compencnt,
Tt was found that c¢xcessive inductive reactance would causc
rhe W.POM. to slow down and  that excessive capacitive

reactance would cause the W.H.M. to spoedup. Since both

series and parallel capacitor banks are used {or power-factor
control on industrial power svstems, it would be interesting
ta anvestigate if thesoe capacitor banks causc the W.H.M. or

1o dustrial complexes to speedup oxcvnsively.
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APPENDIX 1

List of Bquipment Used in bFxperimental Work

iI. Sources:
{a) 120 Vv, 60 Hz single-phase (provided to lab tabic #4 1o room
LE 0-2)

(b) 120 V Bi-dircctional Thyristor (Triac) Firing Circuit
(¢) 150 Vv, 8 A, Typc FMC 7817-R3210 Diode

(d) 0-30 V/0-225 mA Variable dc Supply, Hewlott-Packard, Model
7214, SN. 310-17870

2. Digital Mcters:

{a) 0-1000 V/0-5 A Digital V-A-W Mctoevs, Clarke-Hess, Model 255
vesistance of SA current civeuit (28 milli~obms)
vesistance of voltage clrcuit (5 meg~ohms)

Datce last calibrated: SN-656 - Dec 80 ~ C.H. #1
SN-5955- Jun 82 ~ C.H. #2

(b) 0-750 Vac/0-1000 V dc/0~10A Digital Multimcter, Fluke,
Modcel 8010A

Date last calibrated: SN #2945475 -~ Jun 82
SN #2955021 ~ Feb 83

3. Analog Mctors:

() 500/1000/2000 W Flectrodynamometer Wattmeters, General Elcce-
tric Type P-3

rosistance of 5 A current coil (80 milli-ohms)
vresistance of 10 A current coil (18 milli-ohms)
resistance of 100 V voltage coit (5.5 kilo~ohms)
resistance of 200 V voltage coil (11,0 kilo-ohms)
sclf-inductance of 5 A current coil (110 micro-henrys)
sclf-inductance of 10 A current coil (28 micro-henrys)
sclf-inductance of 100 V voltrage coil (5 milli-henrys)
self-inductance of 200 V voltage coil {5 milli~hcnrys)
Datce last calibrated: SN #3227474 - Jun 82- p-3 #2

SN #3671742 - Jun 82~ p-3 #1

;
b
5
F
!

[




b+

].

10.

(b) 240 V/10 A Induction Watthour Mcter, Gencral Elecctric,
Type VM-63-§

FM-5S, Class 10, TA-2.5, Kh-2.4
resistance of current coils in scries (50 milli-ohms)
resistance of the voltage coils in parallel (154 ohms)
scelf-inductance of current and voltage coils (unknown)
Date last calibrated: SN #64-591-823 (Unknown)
Electronic Counter, Hewlett-Packard, Model 521C, SN. 2932
Filter Reactors (inductors), Triad-Utrad (Four)
rated 8 mil at 10 A dc - resistance (0.05 olhms)

32 mi at 5 A dc - resistance (0.19 ohms)

Incrtion Capacitors, Westinghouse (Two)
rated 25 F at 600 V dc Type 1818221

Bank of Capacitors, Cornell-Dubilier (Fourtcen)
vated 10 ¥ at 2000 vV dc

Non-inductive Shunt
rated 0~5 A at rvesistance of 0.10 ohms

Variable Resistance (Two)
rated 0~110 ohms at 7 A maximum

Variablce Resistance, Ohmitce
rated 0-25 ohms at 6.5 A maximum







