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Abstract—This article investigates the feasibility of using a
simplified approach, based on the measurement of power ratio
parameters, for harmonic emissions assessment at the point
of common coupling (PCC). The proposed approach comes
from the common concept of power factor correction and the
definitions of the IEEE Std. 1459-2010, where line utilization
and harmonic pollution levels are evaluated by means of ratios
between the power quantities of the apparent power decomposi-
tion. In addition to the IEEE Std. 1459-2010 indicators, in this
article, the behavior is studied of additional parameters that are
conceptually similar to those defined by the IEEE Std. 1459-2010.
The suitability of such parameters is discussed, for both single-
and three-phase balanced/unbalanced cases, taking into account
both their behavior in different scenarios and their effectiveness
when the measurement uncertainty is taken into account. The
study is supported by some simulation results that have been
obtained on an IEEE benchmark power system, which allows
reproducing linear and nonlinear load conditions, balanced and
unbalanced operating conditions, and the presence of capacitors
for power factor correction.

Index Terms— Harmonic distortion, harmonic emission, IEEE
Std. 1459-2010, power definitions, power measurement, power
quality.

I. INTRODUCTION
HE effective assessment of harmonic emissions and the
detection of harmonic sources have been discussed for
many years in the scientific literature. Several methodologies
have been proposed, aimed at determining distortion contri-
butions at both the utility and customer side of the point of
common coupling (PCC). The issue is very important since
it is at the basis of any billing strategy aimed at promoting
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users’ participation to harmonic pollution reduction and power
quality levels’ improvement [1], [2]. From the perspective
of the large-scale application of such methodologies, a very
important aspect is related to the ease of implementation on
smart meters (SMs) platforms, as well as on other typical mea-
surement instruments, such as power quality analyzers (PQAs)
and other intelligent electronic devices (IEDs). In fact, these
instruments are widespread used in distribution grids both at
the substation level and the customer side for energy billing
and grid monitoring [3], [4]. Thus, they could also integrate
simple metrics for harmonic emission assessment, without the
need of installing new metering equipment in the power grid.

Voltage and current total harmonic distortion factors (THDy
and THDy, respectively) are the most known indicators for the
assessment of harmonic distortion. They are able to quantify
the total amount of distortion; however, they cannot give
information about the source of pollution. For this last purpose,
several approaches have been studied for assessing harmonic
emission levels and locating harmonic sources; such meth-
ods have been based on both distributed measurements and
single-point measurement at PCC [5]-[14]. From the customer
viewpoint, single-point measurements are more suitable since
they can allow users to easily obtain information about the
harmonic emission level and to be aware of the impact of
harmonics at the delivery point. On the other hand, distributed
measurements’ strategies are more suitable for the distribution
system operator (DSO) who can collect measurements coming
for different points of the network. This can allow DSO to
achieve more complete information about the harmonic state
of the power grid and to separate customers’ contributions to
harmonic pollution in a given PCC from distortion coming
from the grid.

As regards the standards’ requirements, reference is cur-
rently made only to measurements of harmonic distortion
levels, in terms of amplitudes of single harmonic compo-
nents or THD values [15]-[17]. The measurement of electric
power quantities in sinusoidal or distorted conditions, in both
balanced or unbalanced situations, is covered by the IEEE
Standard 1459-2010 [18]. It introduces some definitions of
active, nonactive, and apparent powers, together with some
indicators for harmonic pollution, line utilization, and load
unbalance assessment (see Tables I and II). Such indicators are
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TABLE I

IEEE STD 1459-2010 APPARENT POWER RESOLUTION—SINGLE-PHASE CASE

Pow.e r Combined Fundamental Nonfundamental Apparent power resolution Indicators
quantities scheme
- [g2_g2 P,
Apparent S=yI S, =V S, =48-S, P S Line utilization
[VA] - 1
SH VH IH
Acti n ¢ PF=P/S
ctive PZZV,,]h cos 6, P =Vl 00591 ph:th[hcosgh =P-P S D PF,=P,/S,
[W] = izl I
N S
_ N D
Nonactive g b II//I 1}’ 4 Py Harmonic pollution
[VAR] NZVS2—P2 QIZVIIISIHQI 4 ZH ! 3 SH<
D, =4S, P, DH Sv/S;
Vi and I, are the rms values of the harmonic components of voltage and current, 6, is their displacement and / is the harmonic order.
TABLE II
IEEE STD 1459-2010 EFFECTIVE APPARENT POWER RESOLUTION—THREE-PHASE CASE
Pow'el" Combined Fundamental Nonfundamental Effective apparent power resolution Indicators
quantities scheme
Se1=3 Ver L1, + Line utilization
Apparent S.=3 V.1 St =3viL Sov =82 =54 8, 1 PF=P/S,
[VA] e e Lo ~ B —pss,
Sy = VSjl -5 Sert =3 Vet L, P Sel QIJr PF,"=P,"/S,*
N SUJ Harmonic pollution
Active _YT% P =3v,"I" By=2.2 Vil cos6, = S, P
P_ZZVh]h cosd, Y abch=2 D
[W] e cos 0, o el Sou/S
= P7P1 N S eN /el
eN DeV
Nonactive [[)) el = 33 I;;’ ! EIH 3 Py Load unbalance
=30, sing) v 7 Dett fel e
VAR N=,8-P? o R e
[ ] ¢ DeH = SezH 7P13 DEH SU/ /S/Jr
Ve, Ver, Ven, are the rms values of effective voltages; 1., L.;, L.y, are the rms values of effective currents (total, fundamental, harmonic)

defined as ratios between the power quantities, recalling the
common concept of power factor normally used for reactive
power compensation. Customers are very familiar with this
approach; therefore, the opportunity to implement a similar
strategy also for harmonic pollution assessment and mitigation
could be very useful. Furthermore, the measurement of IEEE
1459 power quantities is very simple since they are based
on the separation of the fundamental components from the
remaining harmonic content of voltage and current. Many
commercial instruments (PQAs, SMs, and so on) already allow
measuring fundamental and total active, nonactive, and appar-
ent powers; starting from this, the measurement of power ratio
indicators could be implemented very easily. The approach
of assessing harmonic distortion level by means of power
ratio parameters has been also proposed in the literature; for
example, in [19] and [20], active and reactive power distortion
factors have been introduced. Their formulation is similar to
that of the IEEE 1459 indicators; in fact, they are expressed
as ratios between harmonic and fundamental components of
active and reactive powers.

In this framework, Cataliotti er al. [21] presented a pre-
liminary study focused on the feasibility of using the IEEE
1459 indicators and new power ratio parameters for assessing
harmonic emission levels at PCC. The study was based on
the IEEE 1459 approach and the common concept of power
factor correction. More in detail, in addition to the IEEE 1459
indicators, further parameters were introduced for harmonic
emission assessment. They are meant to be used for harmonic

mitigation purposes, with a similar approach to that of typ-
ical power factor correction. Artale et al. [22] presented an
experimental study on the measurement uncertainty evaluation
for both IEEE 1459 indicators and the new parameters in the
single-phase case. They were measured with a single-phase
PC-based sampling wattmeter (PC-SW) built with commercial
data acquisition boards. This study was carried out in order to
analyze the uncertainty on power ratios measurement, taking
into account the PC-SW accuracy specifications and the corre-
lation between the considered power quantities. The obtained
results showed that the new indicators can be measured more
accurately than the IEEE 1459 indicator for harmonic pollution
assessment [22].

Starting from the results of [22], in this article, an extended
study is presented on the measurement of the considered power
ratios in both single- and three-phase sinusoidal, nonsinu-
soidal, balanced, and unbalanced cases. For the single- and
three-phase balanced cases, the main findings of [21] and [22]
are summarized, and new results are presented and discussed.
For the three-phase unbalanced case, further indicators are
introduced for both harmonic and unbalance assessments that
are meant to be exploited with the same approach used for the
balanced case.

This article is organized as follows. Section II describes the
proposed indicators, in both single- and three-phase balanced
and unbalanced cases. Section III presents some experimen-
tal results obtained in the laboratory setup with the single-
phase PC-SW of [22] and some simulation results on a



ARTALE et al.: MEASUREMENT OF SIMPLIFIED SINGLE- AND THREE-PHASE PARAMETERS

standard IEEE three-phase test system in both sinusoidal, non-
sinusoidal, balanced, and unbalanced conditions. Section IV
presents the uncertainty evaluation on the measurement of the
three-phase indicators; it is carried out by means of a Monte
Carlo method and considering the accuracy specifications of
measurement instrumentation and transducers typically used
in distribution grids.

II. PROPOSED DISTORTION AND
UNBALANCE INDICATORS

A. Single-Phase Case

Following the approach of the IEEE 1459, the separation
of fundamental components of power (active, reactive, and
apparent) from the rest of the apparent power resolution terms
allows introducing the parameters for line utilization and
harmonic pollution assessment. The IEEE 1459 indicators for
the line utilization are fundamental and total power factors,
PF, and PF, respectively. In sinusoidal conditions, PF; =
PF; this is the parameter commonly used for reactive power
compensation, typically by means of capacitors banks. In ideal
conditions, PF; = PF = 1. On the other hand, in the presence
of harmonics, PF; # PF. To quantify the harmonic pollution,
the IEEE 1459 introduces the ratio Sy/S;, whose behavior
is opposite to that of power factors, i.e., in ideal conditions
(purely sinusoidal), Sy/S; = 0. This is true also for other
power ratio parameters, such as active and reactive power
distortion factors discussed in [19], whose value in the absence
of harmonics is zero.

From the measurement viewpoint, all the IEEE 1459 para-
meters are very simple to be measured, and their measurement
can be easily integrated into commercial instrumentation and
used for line utilization improvement and harmonic pollution
reduction. This is already made for power factor correction;
a threshold is normally defined by the DSO, typically near 1,
and the comparison between such threshold and the power
factor determines the payment of a fee for reactive power
absorption. To avoid such a fee, users are encouraged to
provide reactive power compensation. On the other hand,
similar policies for harmonic emission assessment and billing
are not yet implemented. In this viewpoint, Sy /S; approaches
zero in ideal conditions, and this can introduce some problems
on measurement accuracy. In fact, in analogy with power
factor correction, a threshold near to zero should be used
for reference for harmonic billing and mitigation purposes; to
compare the indicator with such threshold, very small values
of Sy /S should be measured, with a consequent increase of
measurement uncertainty [22].

To avoid these limitations, in [21] and [22], the feasibility
of some new indicators was initially investigated, with the aim
of replacing the Sy/S; indicator of the IEEE 1459 with one
or more parameters conceptually similar to the power factors,
i.e., approaching 1 in ideal conditions. Such parameters were
expressed as a function of the IEEE 1459 power quantities,
in order to keep the advantage of easy implementation in
practical measuring instruments (even in existing PQAs and
SMs). More in detail, the considered power ratio parameters
are P/S, S1/S, and Q;/N.
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P, /S can represent an indicator of the total line utilization
amount, taking into account both the fundamental power and
the harmonic distortion (which is included in S); in the sinu-
soidal case, P;/S = PF; = PF, all approaching 1 in optimal
line utilization condition. In real situations, P;/S < PFy;
the difference between indicators depends on the distortion
amount.

S1/S can allow quantifying the whole harmonic distortion
level, considering both active and reactive powers; in the
absence of harmonics, S;/S = 1, and thus, the indicator
behaves like power factors (i.e., it approaches 1 in ideal
conditions). In this viewpoint, it can be seen as an indicator
complimentary to Sy /Si; it can provide the same information
on the harmonic pollution level, but it can be measured more
accurately than Sy/S; [22] and a threshold approach can be
implemented, similar to that used for power factor correction.

Q1/N represents an indicator of nonactive power compo-
nents impact and pollution level. In earlier works, the authors
studied the behavior of nonactive powers in distorted con-
ditions, showing that it can be related to the load condition
(linear or not) [13], [14]. In sinusoidal conditions, Q1 = N
and Q;/N = 1; thus, this indicator behaves as power factors,
approaching 1 when the system tends to be purely sinusoidal.
On the other hand, when harmonics are present, N increases
with respect to Q) (since it includes all nonactive power
components); thus, the indicator decreases. Also, for this
indicator, a threshold approach can be implemented, similar
to that used for power factor correction; furthermore, it can
be measured more accurately than Sy /S; [22].

B. Three-Phase Balanced and Unbalanced Cases

In three-phase systems, the IEEE 1459 introduces the
effective apparent power resolution, which allows dealing
with sinusoidal, distorted, balanced, and unbalanced situations.
In balanced conditions, the effective apparent power resolution
leads to the same results of summing the phase power quan-
tities. In this viewpoint, when the power system is balanced,
the same indicators introduced for the single-phase case can
be defined, and the power terms can be evaluated as the sum
of the related phase (a, b, and c) quantities. Thus, for the
IEEE 1459 indicators, the power ratios can be evaluated with
an “arithmetic approach”

Py P+ P+ P

S1 Sia+ Sip+Sie

PFZEZPa"‘Pb"‘PC (2)
S S+ Sp+S.

Sy Sna+ Sno+Sne 3)

St Sia+ Sup+Sic

Similarly, for the newly defined power ratio indicators, the

three-phase arithmetic formulation leads to the following

PF, = (1

expressions:
Py _ Py + Py + Pre @)
S Sa + Sp+S.
St _ St1a + S1p+S1c )
S Sa + Sp+S.
Q1 _ Quut Ouwtlic )

N Ny + Np+N.
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It should be noticed that many commercial instruments already
implement the measurement of fundamental and total power
quantities; thus, the measurement of the arithmetic power ratio
indicators could be implemented without any difficulties or
relevant computational burden increase.

On the other hand, in unbalanced conditions, the effective
apparent power resolution leads to different results than those
of the arithmetic approach. In this case, the arithmetic power
ratio indicators can be still evaluated, but they will be different
from those obtained by means of effective apparent power
resolution. The indicators based on the “effective approach”
are as follows.

1) PF| = P//S{, PF = P/S,, and Sen/Se1 (IEEE 1459).

2) P;/Se, Sei /Se, and Q[/N (new power ratio indicators

for the unbalanced case).

In the IEEE 1459 approach, the fundamental posi-
tive sequence power factor PF[ allows evaluating the
positive-sequence power flow condition, i.e., the condition
where only the power components of the ideal sinusoidal
and balanced case are considered; PF and S.y/S.; allow
evaluating the whole line utilization and harmonic pollution.
As for the single-phase case, the IEEE 1459 parameter S,y /Se1
approaches zero in the absence of distortion. On the other
hand, in sinusoidal (and balanced) conditions, the new power
ratio indicators approach the value of 1. Thus, they represent
a more suitable alternative from the measurement viewpoint.

A further IEEE 1459 parameter is the ratio Sy /S;"; it quan-
tifies the load unbalance degree. In the absence of unbalance,
Suy1/S; = 0, and the effective apparent power decomposi-
tion becomes analogous to that of the three-phase arithmetic
approach. On the other hand, a complimentary new power ratio
indicator can be introduced, i.e., Sf’ /Se1; it approaches 1 in
the absence of unbalance.

III. INDICATORS CHARACTERIZATION SIMULATION AND
EXPERIMENTAL RESULTS

The effectiveness of the new indicators versus the IEEE
1459 ones has been preliminarily verified in [21], in both
single- and three-phase balanced cases. In summary, for the
single-phase case, a simple test system was simulated; it
was able to reproduce different situations, where the supply
and/or the load can be responsible for the harmonic distortion.
A capacitor for power factor correction was also added at
the load side in order to investigate how it can worsen the
harmonic pollution level at the PCC. Similarly, the three-phase
test system used in [21] allowed simulating different situations,
with both sinusoidal or distorted supply, one linear load
(with or without capacitor banks for power factor correction),
and a nonlinear load. The obtained results provided a first
confirmation of the feasibility of using the new power ratios
for the harmonic emission level assessment at the PCC.
On the other hand in [22], some results have been presented
on the evaluation of uncertainty on the measurement of the
considered indicators. It was shown that the measurement of
the new indicators can be more accurate than that of the IEEE
Std. 1459 indicator for harmonic pollution assessment.

In the following, further results are presented in both single-
and three-phase unbalanced cases, showing the behavior of
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St
Fig. 1. Experimental single-phase test bench.

considered indicators in different simulated and experimental
conditions. In a three-phase case, indicators of both arithmetic
approach and the one based on effective apparent power
resolution are evaluated and compared.

A. Single-Phase Case Experimental Results

The single-phase study was carried out experimentally,
by means of the test bench presented in [22]. A PC-SW
was used for measurements; test voltage and currents were
generated by means of a calibrator Fluke Electrical Power
Standard 6100A (see Fig. 1). PC-SW voltage channel was
built with a data acquisition board NI USB 9225; the current
channel included both the data acquisition board NI USB
9239 and a current shunt Fluke A40B. For the tests, a sampling
frequency was set to 50 kS/(with simultaneous sampling on
the two PC-SW channels).

In order to analyze the indicators’ behavior in different
operating conditions, various tests were made, by changing
both amplitudes and phases of voltage and current harmon-
ics. For each test condition, 1000 trials were repeated, and
measurements’ results were collected. The correlations among
each pair of power quantities involved in power ratio indicators
were evaluated. Then, measurement uncertainty was evaluated
according to the procedure described in [22].

For example, Figs. 2 and 3 and Table III report the results
obtained in the test condition with a fundamental and a fifth-
harmonic component on both voltage and current. According
to standards on electricity metering equipment for active and
reactive energies, amplitudes of harmonic voltage and current
were set to 10% and 40% of the fundamental component,
respectively (V = 230 V and I = 5 A); phase shift between
the fundamental voltage and current was set equal to 30°; and
phase shift between harmonic voltage and current was changed
between —90° and +90°.

As an example, some results of the correlation analysis for
one test are reported in Fig. 2. For this test, the comparison
between IEEE 1459 indicators and the proposed indicators
is reported in Table III. (comparison of mean values, uncer-
tainties, and correlation coefficients). The indicators results
obtained by varying the phase shift between harmonic voltage
and current are reported in Fig. 3.

As shown also in [22], in all tests, the lowest correlation
has been observed between Sy and Si; this, together with the
small value of the ratio between these powers, contributes to
higher uncertainty on the measurement of the IEEE 1459 indi-
cator Sy/S;. On the contrary, the strongest correlation has
been observed between the pairs (S;, S) and (Q;, N); this
contributes to achieving a lower uncertainty on the measure-
ment of the newly defined indicators (S;/S) and (Q;/N).
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Fig. 2. Results of correlation analysis. Scatter plots of powers pairs (Sy-Si,
S1-S, and Q1-N). Experimental test with fifth harmonic on both voltage and
current; 30° phase shift between both fundamental and harmonic components.

Measurement uncertainties of power ratios S;/S and Q;/N
were always significantly lower than that of Sy/S;; worst
case values were under 300 ppm for S;/S, under 700 ppm
for Q1/N, and over 4000 ppm for Sy/S;. In the tests with
different phase shifts between voltage and current harmonics,
Q/N showed the most significant changes (see Fig. 3).

B. Three-Phase Distorted and Unbalanced Case
Simulation Results

The three-phase simulation study was carried out on the
IEEE Test System n. 2 [23]. This is an MV radial distribution
network, with typical residential and industrial loads and
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Fig. 3. Results of indicators. Experimental test with the fifth harmonic
on both voltage and current; 30° phase shift between both fundamental
and harmonic components; and phase shift between harmonic components
from —90° to +90°.

TABLE III

MEAN VALUES AND UNCERTAINTIES OF POWER RATIO INDICATORS
AND CORRELATION COEFFICIENTS OF POWERS PAIRS. EXPERIMENTAL
TEST CONDITION OF FIG. 2

Indicators PF PF, SN/Si
mean values 0.768 0.866 0.414
Sttlfiﬂ 9 Correla.tion r(P, S) (P, S1) r(Sn, S1)
Indicators coefficients 0.713 0.745 (?.141
Uncertainties Upp Upp1 Usn/s1
[ppm] 239 231 1027
Indicators P/S Si/S Qi/N
mean values 0.800 0.924 0.721
New Correlation (P, S) (81, S) r(Q1, N)
indicators coefficients 0.726 0.978 0.935
Uncertainties Upyys Usy/s tgi/n
[ppm] 234 227 497

equipment (linear RL loads, fluorescent light banks, adjustable
speed drives, voltage regulators, shunt capacitors, and so on).
Simplified schemes of the test system are reported in Fig. 4.
Complete network and loads’ data are given in [23].

In this study, loads have been aggregated, obtaining a
simplified power system with a power source (at node 50),
two PCC (PCC1 and PCC2), and five aggregated loads [13].

1) PCCI1 is at node 32; the loads connected to PCC1 are
as follows:

a) L1 (power transformer at node 33 with
single-phase load at node 34; no shunt capacitors);

b) L2 (single-phase load at node 45, phase-phase load
at node 46, and half the distributed load between
nodes 32 and 71; no shunt capacitors).
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Fig. 4. IEEE Test System. (a) Original scheme [23]. (b) Scheme with

aggregated loads [13].

2) PCC2 is at node 71; the loads connected to PCC2 are
as follows:

a) L3 (half the distributed load between nodes 32 and
71, and phase-phase load at node 92; single-phase
loads at nodes 52 and 911 with shunt capacitors);
b) L4 (three-phase load at node 150);
c) L5 (three-phase load at node 75, with shunt
capacitors).
Main loads characteristics in terms of load type and injected
harmonics are summarized in Table IV and Table V. Table VI
reports THD and unbalance degrees for both voltages and
currents for the five aggregated loads.

This test system has been developed for unbalanced har-
monics propagation studies. In this work, it allowed evalu-
ating the suitability of the two proposed sets of three-phase
indicators (both those based on the arithmetic approach and
those based on an effective approach), whose behavior can
be different in the presence of unbalance. The test system
does not take into account the presence of interharmonics,
even if they can be present in real power systems. With
respect to this, the proposed indicators should not be affected

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 70, 2021

TABLE IV
CURRENT SPECTRA OF HARMONIC LOADS

Fluorescent Adjustable speed Other
Harmonic Lamps (FL) Drives (ASD) Loads
order Amplitude | Phase | Amplitude | Phase | Amplitude | Phase
[pu] [°] [pu] ] pul | []
1 1 -41.2 1 -1.5 1 -35
2 0 -- 0 -- 0 --
3 0.2 273.4 0.542 0.7 0.007 -105.8
4 0 -- 0 - 0.095 -167.4
5 0.107 339 0.152 110.8 0.002 -275.5
6 0 -- 0 -- 0.083 -42.6
7 0.021 137.7 0.069 1519 0 -
8 0 - 0 -- 0.005 -247.8
9 0.014 263.2 0.043 -95 0 --
10 0 -- 0 - 0 -
11 0.009 39.8 0.036 -13.9 0 -
12 0 - 0 - 0 -
13 0.006 182.4 0.029 95.2 0 -
14 0 - 0 - 0 -
15 0.005 287 0.025 -182.7 0 --
TABLE V
MAIN CHARACTERISTICS OF TEST SYSTEM LOADS
Phase A Phase B Phase C
Aggr. Node load powers load powers load powers
load (fundamental) (fundamental) (fundamental)
kW kvar kW kvar kW kvar
42.63 20.18
L1 34 Harmonic loads: NO
45 | [ 170.53 | 125.09 | |
Harmonic loads: YES (other, 60%)
| [ 230.22 ] 131.97 | |
L2 46 Harmonic loads: YES (FL, 20%; ASD, 20%; other, 60%)

Phase-phase load between phases B and C

824 | 472 [ 3320 [ 19.03 | 58.48 | 48.52
32-71 | Harmonic loads: NO

Half distributed load between nodes 32 and 71
5 127.90 | 85.79 | | | |

Harmonic loads: YES (FL, 10%; ASD, 10%; other, 60%)
| | | [ 17053 [ 151.38
92 | Harmonic loads: YES (FL, 15%; ASD, 20%; other, 15%)
Phase-phase load between phases C and A
L3 | | | | 170.53 [ 80.74
911 | Harmonic loads: YES (FL, 15%; ASD, 20%; other, 15%)
Shunt capacitors (100 kvar)
1648 | 945 | 6640 | 38.06 | 116.97 [ 97.05

32-71 | Harmonic loads: NO
Half distributed load between nodes 32 and 71
e | 150 [383.70 [ 219.95 ] 383.70 [ 219.95 | 383.70 [ 213.95
Harmonic loads: YES (FL, 30%; other, 60%)
486.02 [ 189.07 | 6821 | 60.55 [ 289.91 [212.65
LS5 75 Harmonic loads: YES (FL, 15%; ASD, 20%; other, 15%)

Shunt capacitors (200 kvar for each phase)

by interharmonics, as they are based on the separation of
the fundamental components from the remaining distortion
content (including interharmonics, if any). On the other
hand, interharmonics can have an impact on measurement
accuracy (e.g., they can cause spectral interference phenom-
ena or effect of fundamental and/or harmonic components
fluctuations).

Different working conditions were simulated in the time
domain, both in the original network configuration and by
changing one or more loads. In more detail, to reproduce
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Fig. 5. Simulation results of the power ratios in the case of all linear loads.
Power ratios from the arithmetic approach.

different loads configuration scenarios, some nonlinear and/or
unbalanced loads were replaced by equivalent linear and bal-
anced RL loads having the same power size and fundamental
power factor of the original ones. For each scenario, the
time-domain simulation of the test system was run; for each
aggregated load, the samples of voltage and current waveforms
were saved; then, they were processed to obtain the IEEE
1459 power quantities and the power ratio indicators.

For example, the results obtained for the network configura-
tion with all linear loads are shown in Fig. 5. As expected, for
all loads, PF; and PF are equal, and Sy/S; is zero. For loads
L1 and L2, power factors are low because no shunt capacitors
are connected to such loads. P;/S is equal to PF;, while S;/S
and Q;/N are equal to 1.

The results obtained in the initial scenario, i.e., in the
original network configuration, with all nonlinear/unbalanced
loads are shown in Figs. 6 and 7. It can be observed that, for
loads L1 and L2 at PCC1, where distortion levels are low, the
values of S;/S and Q;/N are very near to 1, and P;/S is
almost equal to PF;. On the other hand, for loads at PCC2,
distortion levels are higher; for such loads S;/S and even more,
Q1 /N are lower than 1, and P;/S is lower than PF;. It can also
be noted that the lowest values of S;/S and Q;/N are obtained
for L3 and L5, where shunt capacitors are present. This is
due to the fact that capacitors amplify the distortion at the
metering section; thus, their effect on the considered indicators
is similar to that of a nonlinear load. The same considerations
can be made by considering the power ratios derived from
the effective apparent power resolution (see Fig. 7). In this
case, the high differences between PF{, PF, and P;'/S, are
due to the presence of unbalance; the same is for S,;/S, and
Q7 /N (in the figure, the unbalance amount is quantified by
means of the new indicator S /S,;). Finally, by comparing
the results of Figs. 6 and 7, it can be observed that the power
ratios obtained from the arithmetic approach are not affected
by the presence of unbalance. This confirms that they could
be used for harmonic emission assessment in both balanced
and unbalanced situations.
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Q,/N 0.996 0.833 0.981

Fig. 6.  Simulation results of the proposed approach in the case of all
nonlinear loads (original configuration). Power ratios from the arithmetic
approach.
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Fig. 7. Simulation results of the proposed approach in the case of all
nonlinear loads (original configuration). Power ratios from apparent power
resolution.

IV. MEASUREMENT UNCERTAINTY EVALUATION

In order to evaluate the measurement uncertainty impact
on power ratios, uncertainty propagation was studied starting
from the measurement uncertainties of the IEEE 1459 power
quantities. The study was carried out by considering the
accuracy specifications of measurement instruments and
transducers typically used in distribution networks, i.e.,
voltage and current electronic instrument transformers (VTs
and CTs) and PQAs.

In more detail, PQAs were considered with an accuracy
class of 0.5 and 2 for active and reactive power measurements,
respectively, (epga, = 0.5% and epoa, = 2%), and 0.2 for
voltage and current measurements (epga, = epga, = 0.2%).
VTs and CTs of class 0.2S were considered as measurement



9000910

/S 000

P15 [noow uSH/S (00
ou- ate- o
o au- au-
::‘ an- an
k- jo-
E“__ aos- aoe-
= ape- i bid|
| aod- - -
2 : 4 |:
- —_— L . o, - il | o, I ! 4 M|
0M o4 A o4 oM 64 Q@ qu o o&s Q% L] oo ar s az g
(%] | st st |
wPVS a0 uS1S (0009 « Q1N Q0081
Q- - -
M- au= (L
an- an- g
-
‘ Z;:- i;:— i
s - =
ol
o= [ -
aa- an- am-
L ) . § " o, 2= n ’ 0=, 5 . X |
L s L as LU 1 w w s s 1 sy |
PUS s am
Fig. 8. Monte Carlo results in the case of all nonlinear loads (original

configuration). Load L2.

TABLE VI

THD FACTORS AND UNBALANCE DEGREES. ORIGINAL
NETWORK CONFIGURATION

0, 0,
PCC Loads , [APvI%l - THDiI%] — \ivqo  1ijid %]
(mean value) (mean value)

L1 2,16 033 84.6

1 44
L2 6.42 033 95,6
L3 7.86 0,91 743

2> 14 735 7,34 091 3,24
L5 303 091 297

TABLE VII

RELATIVE UNCERTAINTIES OBTAINED IN THE CASE OF ALL NONLINEAR
LOADS’ ORIGINAL NETWORK CONFIGURATIONS

Loads u P/S u Py/SI  u SWS;  u Py/S uS/S uQ/N
Ll 029%  1,0% 24% 0,89% 0,45% 0,49%
L2 055%  22% 40% 2,1% 0,49% 0,11%
L3 028%  095% 12% 0,75% 0,46% 1,0%
L4 025%  082% 32% 0,63% 0,39% 0,32%
L5 026%  0.89% 5,0% 0,69% 0,42% 0,79%

transducers. According to the standard requirements [24],
the maximum allowed ratio error and phase displacement
for class 0.2S CTs are equal to xcr = £0.2% and
ecr = £0.3 crad, respectively, for currents between 20% and
120% of the CT rated current; for currents equal to 5% of the
rated current, maximum ratio error and phase displacement
allowable are et = £ 0.35% and ectr = + 0.45 crad, respec-
tively; and for currents from 5% to 20% of the rated value,
maximum allowable ratio error and phase displacement are
calculated by means of a linear interpolation between the two
reference limits. These limits are referred to as the rms value
of the signal in sinusoidal conditions. For combined quantities,
in the case of distorted signals, the standard [24] prescribes
incrementing these limits by a 15% factor. On the other hand,
for fundamental quantities standard, [24] prescribes the fol-
lowing allowable errors: #ct; = £1% and ect; = + 1.8 crad.
The same considerations can be applied to VTs.

Starting from the above-described error limits, the Monte
Carlo simulations were performed by assuming uniform dis-
tribution for each of the abovementioned errors. In this
case, the extremes of the uncertainty range are equal to the

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 70, 2021

maximum errors reported above; 10° Monte Carlo iterations
were performed. At each iteration, i, a random value, was
chosen inside the uncertainty range for each of the considered
uncertainty contributions. For example, fundamental voltage,
current, and active power are obtained using the following
equations [25]:

vy = (1 _ nVT“) . (1 _ %)V1 (7)
100 100

ni= (1= 150 (1= S g, ®)
100 100

p= (1 e
' 100

x(l — ”;/()T(l)" + senevry, ~tg¢) . (1

— senécry, - lggﬂ)

. ePQAPli) P
100
)

where I;, Vi, and P, are the values obtained in the simulation
on the IEEE test system for a given working condition and
a given node; Vy;, I1;, and P); are the quantities obtained
considering the uncertainty propagation on the measurement
chain at i iteration.

The Monte Carlo simulations were performed both for
the fundamental and the total quantities in order to obtain
the uncertainties in both the power quantities of the IEEE
1459 apparent power resolution and the considered indicators
for harmonic emission assessment.

As an example, the frequency distributions obtained with
Monte Carlo simulations for load L2 are reported in Fig. 8§,
in the case of all nonlinear loads (original configuration).
The uncertainties obtained in this test case for all loads are
summarized in Table VII. As can be seen, the uncertainty
obtained for the index Sy/S; is comparable to the parameter
value (see Fig. 6). This means that measurement uncertainty
can significantly affect the parameter, and the measured value
can be not meant for practical applications. On the other hand,
the new indicators, S;/S and Q;/N, have lower uncertainties,
thus confirming their potentiality for a better harmonic emis-
sion assessment.

V. CONCLUSION

This work has been aimed at investigating the feasibility
of using the IEEE Std. 1459-2010 power factors and other
newly defined power ratio parameters for the assessment of
harmonic emissions level at the PCC. A critical analysis has
been made on measurement issues related to the evaluation
of the IEEE 1459 parameters for line utilization and har-
monic pollution parameters. To overcome some limitations
of the IEEE 1459 indicators, new power ratios have been
introduced and analyzed. They are conceptually similar to
those defined by IEEE 1459, but they can be more accu-
rately measured with instrumentation and transducers normally
employed in distribution power grids. The suitability of the
proposed parameters has been shown for both single- and
three-phase balanced/unbalanced cases, by analyzing the indi-
cators’ behavior in different scenarios. Their effectiveness has
been also discussed when measurement uncertainty is taken
into account. The obtained results confirm that the proposed
parameters have better behavior than the IEEE 1459 indicators
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for harmonic pollution. Due to their simple formulation and
the “power factor like” behavior, they are suitable for accu-
rate measurements, and they could be easily integrated into
common instrumentation for power system measurements and
billing purposes.

The presented study also confirms that the presence of
capacitor banks for power factor compensation can worsen
the harmonic distortion levels. In fact, capacitors act almost
as nonlinear loads, and they can produce harmonic resonance
phenomena (as their impedance decreases when frequency
increases). Therefore, it is important to evaluate the perfor-
mance of methods for harmonic emission assessment also
in the presence of capacitors. This is particularly true in
the context of smart grids, where the presence of distrib-
uted generation, power electronic inverters, and nonlinear
loads, combined with capacitor banks, may cause a signif-
icant increase in distortion levels. In this viewpoint, active
filters and compensators can be more suitable for compen-
sation purposes. With respect to this, the results shown in
this article confirm the feasibility of the proposed approach
based on power ratio indicators also in the presence of
capacitors.
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