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Abstract

The different reactive power and energy metering methods used by electric energy meters on medium and high voltage
consumers present different results between themselves, notably in the presence of distorted voltage and current signals. Over
recent decades, many discussions and various propositions have been put into action, all of which aimed at a worldwide
unification of power and reactive energy metering methods. However, the problem still persists and the objective of this study
therefore lies in performing of a quantitative update, concerning the impacts of these different methods on the reactive energy
metering for billing purposes. In this context, each of the methods frequently used by the electric energy meter manufacturers
will be covered in an analytical manner, seeking the mathematical understanding of the divergences that exist between them.
In concurrent fashion, calibration tests will be performed in the laboratory aimed at the correct quantification of measurement
deviations found under specific distortion conditions in voltage and current waveforms, when comparing meters from different
manufacturers and models. A new electric energy meter, that contemplates all known metering methods, was developed with
the aim of performing a measurement campaign allowing for the comparison of the performance of each one of these methods
under real load conditions, considering many different types of consumer. The obtained results, in addition to providing a
quantitative update of the magnitude of existing deviations, also demonstrate a great concern regarding the lack of isonomy
currently found around the world in the metering of reactive power and energy.

Keywords Harmonic distortion - Reactive energy and power - Measurement methods - Energy meters

1 Introduction context, it is necessary the use of meter devices that allow
for the measuring of these quantities in an isonomic way
between the different consumers connected in the electric
power systems.

There currently exist various types of power/energy meter
on the market, which are based on different metering meth-
ods. Under sinusoidal operational conditions, these methods
are equivalent, and under the same operational conditions

arrive at results that are compatible with the respective classes

The billing of electric power and energy for medium and
voltage consumers is based not only on active power and
energy, but also on reactive power and energy [1]. In this
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of accuracy of such device [1].

However, the presence of harmonic components on elec-
tric energy systems, discussed in detail in [2, 3], raise
questions concerning the accuracy of meters under distorted
voltage and current conditions. The main problems are found
in the metering of reactive power/energy, as there exist sev-
eral meters on the market for measuring these electrical
quantities, each embedded with different measuring methods
[4]. As such when placed under non-sinusoidal conditions,
these methods present different values for reactive power and
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energy when subjected to the same voltage and current sig-
nals.

In this way, in terms of finances, some consumers may
be benefitted, while others are jeopardized in terms of the
billing of reactive power and energy.

The scientific community has for decades, brought the
question of unification to the fore, in order to define reactive
power under non-sinusoidal conditions, and as such different
proposals can be found in the literature. Alexander Emanuel,
for example presents in [5, 6] formulations for reactive power
in the context of harmonic voltage and current components.
The definitions presented by Emanuel are the most recent
and most commonly accepted by the scientific community, in
addition to having been endorsed by IEEE in [7]. Moreover,
in [8], the concepts of reactive energy are discussed according
to the dictionary of definitions from the IEEE. A number of
other power definitions, under distorted voltage and current
conditions, were also proposed in other scientific studies [5,
9-18].

Based on the available references, there are clearly two
different schools of thought on reactive energy definitions:
one considers the 60/50 Hz reactive power as the only sig-
nificant non-active component of total power and the other
aggregates the non-active powers in a single or multiple com-
ponents of total power. The definition of reactive power, in
terms of its physical meaning, becomes a complex task in the
light of these two schools of thought. Thus, for the purposes
of this work, reactive power will be considered as the part
of the total power responsible for maintaining the electric
and magnetic fields in the passive energy storage elements
of the system, which can be compensated by the simple use of
capacitors and reactors. Therefore, the authors in agreement
with [5, 6] advocate the first school, which will be used as a
reference for comparative purposes throughout the paper.

In addition, it is highlighted herein that the various
existing power definitions cannot be confused with the mea-
surement methods used by the different manufacturers of
electric energy meters. These methods of measurement are
widespread and known to the scientific community. How-
ever, the theme lacks any experimental analysis, i.e., the
results presented for each method were not amply discussed
or analyzed in the context of the impact generated on energy
billing, thus showing the relevance, in this way, of the theme
discussed in this work.

The objective therefore of the study herein, in terms of sci-
entific contribution, is to identify and present the fragilities
and deficiencies of each power and reactive energy meter-
ing method, used by the different meters currently available
on the market. The study performed also contemplated the
development of an electric energy meter that considers, in
a simultaneous fashion, the different reactive power and
energy measurement methods discussed herein. The referred
to meter was used in field measurements in order to quantita-
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tively analyze the discrepancy between the different metering
methods studied.

In addition, calibration tests were performed in the lab-
oratory, thus contemplating the different power and energy
meters available on the market, aiming at the quantification
of the response of different meter devices when submitted to
the same distorted voltage and current signals.

2 Theoretical background

Initially, for each of the metering methods considered,
an analytical approach was adopted under the intent of
understanding the origin of possible metering errors under
conditions of distorted voltage and current. To reach this goal,
for example, it is necessary to cover the calculation of both
active and apparent power, in the case of the power trian-
gle method. In this way, in meters of the electromechanical
type, the active power is obtained in continuous form, since
the process for obtaining it is based on iterations between
the electric and magnetic fields considering for this purpose
specific geometric arrangements between the potential and
current coils.

Electronic meters, on the other hand, perform discrete
sampling of the instantaneous voltage and current values,
in a way that one is able to calculate the active power using
the values from the discriminated fundamental, dc and har-
monic component in the frequency domain, as indicated in

(D.

h max
P =Volo+ Vilicos(01) + Y Vylycos(6h) 1)
h=2

It is important to highlight, according to [7], that signif-
icant direct voltage (V) and current (Ip) components, in
practical terms, are rarely present in alternating current power
systems. Therefore, these quantities were not considered in
this work.

2.1 Power triangle method

The power triangle method uses rms values for voltage Vi
and current /g to calculate the apparent power S, thus allow-
ing for the calculation of reactive power Q.

Electronic meters record the rms values for voltage and
current in discrete form, as indicated in (2) and (3).
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The product between the rms voltage and current, obtained
herein, results in the apparent power, as shown in (4).

h max h max
2 272 2 2 2142
s :v111+v1(zlh)+<zvh)ll
h=2 h=2

h max h max
fEhE)
h=2 h=2

From Egs. (1) and (4) one determines Q by means of the
power triangles. In this way, the behavior of Q, in this method,
is directly influenced by P and S. In the following, an analysis
is presented that is capable of demonstrating the incapacity
of this method to adequately represent reactive power in the
presence of harmonic content.

By considering ¢, = ¢; and ¢,, = ¢;,, that is, voltages
and currents in phase for all frequencies, and ignoring dc
components, one notes that (1) results in (5).

h max

P=Vili+ Y Vil 5)
h=2

However, when calculating reactive power by substitut-
ing the values for apparent and active power, indicated in (4)
and (5), respectively, one obtains a value for Q different to
zero. In this case, the determining of reactive power Q, even
though all voltage and current components are in phase, con-
siders the presence of distorted power components, according
to the definitions of Alexander Emanuel in [3, 16], in the
composition of reactive power. This finding demonstrates an
important inconsistency, since in this case the value of Q
does not arise from the displacement between voltage and
current waveforms on any of the frequencies that constitute
the voltage and current signals.

2.2 Current displacement method of 90°
by sampling

This method consists of applying a 90° (or 7/2 rad) lag on
the current signal to calculate reactive power Q. The math-
ematical expression of the displaced current is presented in

(6).

ig(t) = Ilsin(a)t - %)
h max

+ hX:; Ihsin(ha)t + @i, + h%) (6)

By performing the calculation for the average value of
the power using the product between voltage and displaced
current signal, it can be observed that current and voltage
components that have different harmonic orders present an

average value equal to zero, thatis, Q1 = On,1 = Qu.m =
QOm.n = 0. This occurs as the displaced voltage and current
are orthogonal.

However, the portions of Q considering currents and volt-
ages with the same harmonic order, contrarily, present an
average value different to zero, as indicated in (7).

h max h max _
Z Op = Z Vil (cos(govh - <pih)cos(h§)
h=1 h=1

+ sin(py, — cpih)sin(h%)> e

Should a displacement be performed of — /2 rad, all the
components derived from the product between sines, i.e. the
second term of (7), would have signals opposite to those used.

Upon analyzing (7), one notes some peculiarities in terms
of the calculation of Q for certain groups of harmonic fre-
quencies. The behavior of reactive power calculated for each
one of these groups is described in the following:

Group 1: Forh=1,5,9,13,...,or 1 +4k, k=0, 1,2, 3,
..., the reactive power can be calculated by (8).

On = Vil sin(py, — ¢iy,) 3)

Group 2: Forh =2,6,10, 14, ...,or 2+ 4k, k=0, 1,2, 3,
..., the reactive power can be calculated by (9).

On = —Vilj cos(pu, — 9i,) )

Group 3: Forh=3,7,11,15,...,or3+4k, k=0,1,2,3,
..., the reactive power can be calculated by (10).

On = —Vily sin(py, — ¢i,) (10)

Group 4: For h =4, 8, 12,16, ...,or4 + 4k, k=0, 1,2, 3,
..., the reactive power can be calculated by (11).

On = Vily cos(ey, — ¢iy,) (11)

In short, Eq. (12) expresses how this method determines
the value of reactive power Q.

O0=01—-P—03+P4+0Q05—Ps+--- (12)

2.3 Voltage displacement method of 90°
by sampling

This method consists of applying a displacement of 90°, or

m/2 rad, to the voltage signal in order to calculate the reac-
tive power Q. The analysis is similar to that of the previous
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method. Equation (13) shows the mathematical expression
of the voltage displacement wave at + 90°.

va(t) = Vi sin(wt + @y + %)
h max

+ ,12:; Visin(hot + gy, +h%) (13)

Once again, one notes that only the multiplication between
displaced voltage and current of the same frequency present
an average value different to zero, thus resulting in (14):

h max h max -
Y 0on=) Vil (cos((puh - <p,-,1)cos<h5)
h=1 h=1

_ sin((ﬂuh - %‘h)sin(h%)) (14)

Note here that (14) is similar to (7), where the only distinc-
tion is the signal used in components arising from portions
constituted of sine functions.

Therefore, analogously to the previous method, the calcu-
lated reactive power can contain four different components,
depending on the harmonic order. These four different situ-
ations are shown in the following.

Group 1: Forh=1,5,9,13,...,0or 1 +4k, k=0, 1, 2, 3,
..., the reactive power can be calculated by (15).

On = —Vily sin(py, — @iy) (15)

Group 2: Forh =2,6,10, 14, ...,0or 2+ 4k, k=0, 1,2, 3,
..., the reactive power can be calculated by (16).

On = —ViIj cos(pu, — 9iy) (16)

Group 3: Forh=3,7,11,15,...or3+4k, k=0, 1,2, 3,
..., the reactive power can be calculated by (17).

On = Vil sin(py, — ¢i,) (17)

Group 4: For h =4, 8, 12,16, ...,or4 + 4k, k=0, 1,2, 3,
..., the reactive power can be calculated by (18).

On = Vil cos(py, — ¢iy) (18)

The analysis of each case is similar to that presented for
the current displacement method. In summary, this method
calculates Q according to that indicated by (19).

0=-01—P+03+P4— 05— Ps+--- (19)

Through a close look at Egs. (12) and (19), one notes that
both methods arrive at the same reactive power magnitudes
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for each harmonic order. However, for odd harmonic orders,
the signal is the opposite. In this way, the fundamental reac-
tive power will be inadequately measured. This problem can
be avoided by multiplying (19) by — 1, and as such obtaining
(20).

0=01+P— 03— P1+Q0s5+Ps— -~ (20)
2.4 Voltage displacement method by derivative

The voltage displacement method by voltage derivative con-
sists of deriving a voltage signal and calculating the power
through the product between the resulting voltage and origi-
nal current. The derivative of a generic voltage signal in the
time domain is given by (21).

dv(t)
dt

= Viwcos(ot + @) + Vyho cos(hot +¢,,)  (21)

By using Eq. (21) to calculate Q, one notes that all reac-
tive power components arising from voltage and current of
different frequencies contain average values equal to zero.
The other components of Q, products from the multiplying
of signals of the same frequency, result in (22).

0 = Vil o sin(py — ¢;)
h max

+ Z (Vhlh wh sin(<pv,, - goi,l)) (22)
h=2

By analyzing Eq. (22), one notes the presence of the term
w, or wh for the harmonic components. As the meters are
designed to measure power in the fundamental frequency, the
result from (22) is divided by w. However, for the harmonic
components, besides w, there also exist the order & on the
product, which increases the reactive harmonic power value
in a way that is proportional to its harmonic order 4. In this
way, this method calculates Q, according to (23).

Q=01+202+303+404+ - (23)
2.5 Voltage displacement method by integration

Voltage displacement by integration consists of integrating
the voltage signal and calculating the power through the prod-
uct between the time domain voltage signal integral and the
original current signal. The integral of the voltage signal is
given by (24).

/U(I)dt — V]M

]

(= cos(hot + @y,))

+ V;
h hw

(24)
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Using (24) to calculate Q, one obtains (25).

h max
il . Vnly .
0 =" snn =+ 3 (2 infen, ~ 1))
h=2

(25)

In Eq. (25), one notes that the reactive power value for
each order is divided by its respective angular frequencies.
In order to correct this error for the fundamental frequency,
the electronic meters multiply expression (25) by w;. For
the fundamental frequency, the error is perfectly corrected.
However, for each harmonic frequency, the reactive power
remains divided by 4, as indicated in (26).

Q> 03 04

Q=Q1+7+T+T+"' (26)

2.6 Fourier series method

This methodology performs the fundamental and the har-
monic reactive power calculation for all the harmonic orders
present on the voltage and current signals. To this end, the
Fourier series is applied to the voltage and current signals in
a way that separates the existing frequencies, as indicated by
Eq. (27).

h max

+ Z (ap, cos(wpt + @p) + by, sin(wpt + @p))
h=1

f)=

a_()
2
27)

In this case, f(¢) one can represent both v(¢) and i(z).
Therefore, with the frequencies separated, one can calculate
reactive power Q for each frequency, and later algebraically
sum together the value of Q for each harmonic order, thus
obtaining the value of reactive power that results from the
analyzed system.

3 Calibration tests

The objective behind this section is to compare the reactive
energy measured by the various meters used by electrical
utilities in light of distorted voltage and current signals. Note-
worthy here is that the measuring of reactive energy makes
up part of consumer billing and directly influences both con-
sumer and utility revenues. In order to perform the calibration
tests on meters, the laboratory structure shown in Fig. 1 was
employed.

The laboratory structure used is composed of a pro-
grammable power source that is capable of synthesizing
different voltage and current waveforms, which will be
applied to the reactive energy meter under test, as well as a
certified precision wattmeter used as a comparison standard.

Scanning
head

= kvarh meter under test

Programmable
Power Source

©6
it 8 4] |
Pulse sy, \
A 1 k
000300 var
ﬁmaseo"a"' Pulse
converter

Fig. 1 Calibration test setup diagram

The programmable power source used was the CMC 256 Plus
(with an accuracy <0.015%), manufactured by OMICRON
Inc., and the precision wattmeter used was the IT9121, manu-
factured by iTECH. The voltage and current channels of the
power source were connected to the reactive energy meter
under test, which processes the signals and calculates the
reactive energy for billing. Meters of the electronic type emit
a luminous pulse that refers to an amount of active energy
and another that refers to an amount of reactive energy, each
of which is demanded in a given time, denominated as kj,
expressed in Wh/pulse and in varh/pulse, respectively. In this
study, only the reactive energy luminous pulse was used. For
this purpose, a specific device was developed for quantifying
the measured reactive power, which processes the quantity
of luminous pulses during a given period and converts the
value of reactive energy into values of reactive power, in
accordance with the constant kj of each meter.

Following this, 19 different meter models for reactive
energy and power were used, from 5 different manufacturers.
The make and model of each meter were preserved due to
industrial secrecy and professional ethics, where the manu-
facturers were denominated with letters ranging from A to E,
and the models were numbered in increasing order for each
manufacturer.

Initially, all the meters were submitted to two calibration
tests with voltage and current purely sinusoidal. The first
test represented a single-phase load with a power factor of
0.70 lagging, while in the second; the power factor of the
representative load was 0.70 leading.

In Fig. 2, the results for the tests of each meter are pre-
sented. These results are presented as the ratio between the
registered reactive power (Q) and the fundamental reactive
power (Q1). Despite the verified deviations, all the results
obtained are within the accuracy threshold of meters designed
for metering reactive energy and power, equal to 4%. In
the following, the meters were submitted to a range of
tests involving distorted voltage and current signals. The
adopted distortions are commonly found on electric distri-
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Fig. 2 Relationship between the reactive powers registered by the the-
oretical reactive power at fundamental frequency

Table 1 Characteristics of the tests performed

# Characteristics of the tests performed THDvy (%) THDy (%)

1 Odd numbered harmonics not 5.0 10.0
multiples of 3

2 Odd numbered harmonics not 7.0 30.0
multiples of 3

3 Even harmonics not multiples of 3 7.0 30.0

4 Even harmonics not multiples of 3 9.0 50.0

5 Harmonics multiples of 3 5.0 10.0

6 Harmonics multiples of 3 9.0 50.0

bution networks. In total, 6 tests were performed, with the
characteristics presented on Table 1.

By way of illustration, Fig. 3 presents the waveforms of the
voltage and current pairs reproduced by the programmable
power source for the calibration of meters. Noteworthy here
is that on the graphs presented, the vertical axis represents
the amplitude as a percentage of the fundamental component
for each signal.

The results for reactive power measured by the 19 elec-
tronic meters are presented on Fig. 4. Emphasis is here placed
upon the fact that it was not possible to determine which
method any given meter uses, as this information not divulged
by the manufacturer in order to maintain industrial confiden-
tiality. In addition, it is also not possible to analyze which
acquisition or processing protocols the individual metering
device is using.

Therefore, by analyzing tests #1 and #5, the meters do not
present significant divergences between the values recorded
and those expected. The largest deviation found was below
1%. Regarding the remaining tests, with exception of 4
models from manufacturer C (C.2, C.3, C.4 and C.5), the
deviations found remained below 1.5%.
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g.3 Voltage and current waveforms for the tests performed

Through the analysis of meter models C.2 to C.5, which
presented the highest deviation discrepancies among the tests
performed, one notes deviations from 7.5 to 22.6% for tests
#2, #4 and #6. In a general sense, it is noted that the devia-
tions registered present an increase in conjunction with the
increase in harmonic distortions, which may be due the dif-
ferent calculation methods for calculating reactive power, as
presented in the previous section.

In addition, another experiment performed was that of
the calibration of meters under special conditions, where an
elementary circuit is considered, constituted of a half wave
rectifier, supplying a purely resistive load, as shown in Fig. 5.
This figure also shows the voltage waveform (purely sinu-
soidal) and for the current at the side of the source.

The results obtained by the 19 meters for the reactive
power and respective power factor for the half wave recti-
fier circuit are presented in Fig. 6. Noteworthy here is that
the power factor (fp) calculated from the fundamental volt-
age and current components was taken as a reference. Thus,
for the specific case of voltage and current signals associated
with the half wave rectifier, one finds that the voltage and
current in the fundamental frequency are in phase, resulting
fp=10pu

Figure 6 shows that nine meters (47% of the sample) failed
to measure the power factor, thus indicating the presence
of reactive power (according to the definition presented in
Sect. 1), where it should not exist. Based on this result, one
can state that the meters considered are based on different
methodologies for calculating reactive power. Although it
is not possible to precisely identify the methodologies used
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Fig. 4 Relationship between the reactive power registered by the meter
and the fundamental reactive power

by each meter, it is observed the existence of meters that
consider the harmonic components in the calculation of the
reactive power and others that consider only the fundamental
voltages and currents.

Therefore, the choice of meter used, and consequently
the calculation methodology implemented on it, is a defin-

Va va(y]
179.61 ( b)

» {(s)

{
127 Vrms |
S=e! |

\

1]

35.92% (c) /-\ _

(a)

Fig.5 a Test circuit synthesized by the programmable power source,

b instantaneous voltage and ¢ instantaneous current
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o
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Al1A2A3A4B1B2B3C1C2C3C4C5C6C7D.1D2E1E2ES3
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Fig.6 a Reactive power registered by the meter and b power factor
registered by the meter

ing factor concerning the billing of reactive energy. Such an
affirmation will be validated in the following section.

4 Metering campaign

Finally, in a way as to quantitatively measure how much the
choice of method for calculating reactive power impacts the
billing of reactive power and energy, a new three-phase meter
was developed that is capable of simultaneously calculating
reactive energy using the methods shown in Sect. 2. The
developed meter aggregates reactive energy in intervals of
15 min. The developed prototype can be seen in Fig. 7, which
presents the following configurations:

Converter A/D of 16 bits;

Sampling rate at 128 samples per cycle;
Indirect metering;

Operational voltage 120-220 V;
Current 2.5 (20) A;

Three-phase four-wire measurement.

The methodologies implemented onto the meter are listed
on Table 2 and Fig. 8 shows the schematic diagram of the
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Fig. 7 The three-phase meter developed for the study

Table 2 Calculation methodologies implemented for reactive power on
the developed meter

Letter Method

Power triangle method (point-to-point)

90° Displacement method by sampling (current)

90° Displacement method by sampling (voltage)
90° Displacement method by derivative (voltage)

90° Displacement method by integration (voltage)

mmg Q®w >

Fourier method (fundamental only)

algorithms used in the implementation of the listed method-
ologies.

With the developed meter at hand, 17 m readings were
taken for a wide range of consumer profiles of medium and
high voltage levels, such as mining facilities, hospitals, tele-
vision companies, commercial centers, among others. The
measurements were performed considering a period of 7 days
for each consumer. In addition, it is important to highlight the
fact that the reactive power obtained by each of the consid-
ered measurement methods was carried out considering the
same voltage and current signals in each 15-min aggrega-
tion time window. That is, the harmonic spectra of the signal
under analysis were exactly the same for the calculation of Q
in each of the methods (as shown in Fig. 8), allowing a direct
comparison between the results.

The quantitative of reactive energy billed by each of the
methods was compared to the reactive energy calculated only
from fundamental voltage and current; in accordance with
method F. The results are presented on Table 3.
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Table 3 Reactive energy [in % of Qgon,] recorded by each metering
method considered

Consumer  Method
A B C D E F*

#1 103.52 99.97  86.30 99.86  100.00  100.00
#2 104.14 99.75 82.39 99.44 99.75  100.00
#3 102.39 99.77  99.76 99.14 99.94  100.00
#4 100.69 99.88  89.88 99.92 99.90 100.00
#5 101.50 99.99 99.97 99.68 100.00 100.00
#6 107.12 99.87 90.26 99.12 99.98  100.00
#7 107.18 99.57 99.55 95.76 99.85 100.00
#8 100.90 99.98 91.54 99.93  100.00  100.00
#9 108.29 9991 8691 99.13 99.96 100.00
#10 103.40 100.10 79.39 101.21 100.05 100.00
#11 11390 100.18 53.55 99.68 100.04 100.00
#12 103.18 100.15 79.10 100.29 100.08 100.00
#13 129.62 9442 93.82 92.19 95.33  100.00
#14 133.53 99.78  79.54 99.94 100.00 100.00
#15 106.13 99.80 93.92 98.31 99.17  100.00
#16 100.35 99.99  89.79 99.89 100.01  100.00
#17 120.61 95.89 88.43 93.78 94.57  100.00

“The var value obtained by using Method F, which results in the value of
reactive power measured considering only the fundamental frequency,
was used as a basis (100%) for comparing the results obtained by using
the other methods

From the analysis of Table 3, one can identify different
percentages across all metered consumers. In a general sense,
the two methods that present greater discrepancies were
method A that always presented reactive energy values higher
than those resulting from method F (fundamental frequency)
in all cases, and method C, which recorded a lower amount
of reactive energy when compared to method F, for all situ-
ations.

The highest percentage difference was noted in the meter-
ing performed on consumer #11. Also in this meter reading,
the highest relative differences were seen in methods A and
C, equal to + 13.90% and — 46.45%, respectively; hence,
this case was chosen for further study. The meter reading on
consumer #11 was performed over 10 days, however, in a
way so as to visualize more clearly the differences between
the methods, only one day of readings is presented in Fig. 8,
which shows the reactive power measured by methods A and
F on the same day.

Through the analysis of Fig. 9, one notes that method A
presented reactive power higher than method F during the
day of the analysis. Noteworthy here is that the first method
records as reactive all the components not active with appar-
ent power, i.e., the powers that are the product of the phase
shift between voltages and currents of the same order, also
those powers arising from the relationship between voltages
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Fig. 9 Reactive power measured by the methods A, C and F

and currents of different frequencies are recorded together,
as reactive, as seen in (7).

In contrast, method F calculates as reactive only the power
that results from the out of phase product between the volt-
age and current of the fundamental frequency. Therefore, the
conclusion is reached that the power calculated by method
A will only be equal to that of method F in systems free of
harmonic distortions. On the other hand, the reactive power
calculated by method A will always be higher than that cal-
culated by method F.

Different to method A, the reactive power measured by
method C was lower than the reactive power measured by
method F during the day of the analysis, as shown in the
same Fig. 9.

As previously stated, only the frequencies of order & =
1+4k possess correct measurements for the energy and reac-
tive power. All the other orders possess phase shifts that
are incorrectly altered between the original voltage and cur-
rent, thus producing an incorrect calculation for the reactive
power, as illustrated in (12).

Even with methods A and C presenting results with greater
discrepancies in relation to the chosen reference (Method
F), that being the fundamental reactive power, all the other
methods presented alter the value of reactive power in an
incorrect manner, as pointed out in Sect. 2. The methods
that displace the voltage and current signals in 90° (B, C,
D and E) in particular, are completely inadequate for meter
readings in non-sinusoidal environments, since they have a
significant impact on the form by which the reactive power
of harmonic orders is calculated, each with its own particu-
lar methodology. Method A, as it admits the whole portion
of non-active power as reactive power, it is considered here
as being the product of the displacement of the voltage and
current of the same frequency, it is also not recommended
for networks with distorted voltages and/or currents. This
meter reading methodology will always bring the highest
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values among those presented. As such, in light of the afore-
mentioned, among the presented methodologies for meter
reading, method F is that which records the reactive power
in the most correct manner.

Table 3 demonstrates the need for choosing an appropriate
calculation methodology and its standardization, since large
differences of calculated reactive power, and consequential
billing, can occur purely based on the chosen meter.

5 Conclusions

The existence of two different schools of thought on the def-
initions of reactive power makes the understanding of its
physical meaning a very complex task. In any case, based
on the reactive power definition considered in Sect. 1, which
considers the 60/50 Hz reactive power as the only signifi-
cant non-active component of total power, the authors chose
the results obtained from Method F (fundamental reactive
power) as being the most correct from the physical point of
view, which was used as a basis for comparing the results
obtained by using the other available measuring methods.

In this manner, the studies presented herein, demonstrate
that all the methodologies for the measuring of reactive power
and energy converge toward the same value, when only sig-
nals of fundamental voltage and frequency are considered.
However, in the presence of voltage and current distortions,
each calculation method behaves in a different way, resulting
in discrepancies concerning the amount of calculated reactive
power.

In addition to discussing qualitatively the impact that the
choice of calculation methodology of reactive power rep-
resents in non-sinusoidal conditions, the present study also
presented quantitatively the consequences of this choice in
commercial meters, used for billing reactive energy. Labora-
tory tests show large differences of calculated reactive power
on the tested meters.

Furthermore, the test with the half wave single-phase rec-
tifier, specifically demonstrated, once again, that there exists
a range of calculation methodologies implemented on com-
mercial meters, resulting in different reactive power values
for the same voltage and current signal. The consequence of
these different means of how meters quantify reactive power
is the non-isonomic billing of reactive power and energy on
the part of the electrical utility.

Finally, in complement to the laboratory results, a mea-
suring campaign was performed considering a new meter,
specially developed for this study, capable of calculating
reactive power using various methodologies of calculations
simultaneously. Once again, evidence was given that demon-
strated that the Q calculation methodology is relevant for

@ Springer

its quantification in environments with harmonic distortions.
The differences between the measured reactive energy on
some consumers can reach more than 50%.

Inlight of the aforementioned, the need for standardization
became evident for the methods of measuring reactive power
and energy, in a way that the billing processes of reactive
power and energy are performed in an isonomic way for the
most diverse types of consumers.
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