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This paper presents a method for assessing the quality improvement of the electric power obtained by
using compensation equipment based in active power filters, APF. Power quality indicators that allow to
separate the contribution to unbalance of each harmonic and interharmonic of voltages and currents are
introduced, calculated with an enhanced procedure. To characterize the behavior of these indices, a par-
allel active compensator, and a series—parallel active compensator have been used for the compensation
in a system with unbalance and distortion. The results obtained with an experimental platform designed
for the purpose have allowed to verify the validity of the proposed procedure and they have shed new
light on the interpretation of the indices of unbalance and harmonic distortion.
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1. Introduction

The standard IEEE Std. 1459-2010 represents nowadays the
most extended model for the decomposition of the apparent power
terms, in conditions of asymmetry and distortion [ 1]. However, this
model does not include an adequate assessment of the unbalance
caused by the load [2]. This is particularly significant in relation to
the contribution to the unbalance produced by the set of harmonics
different from the fundamental. This shortcoming is accentuated
when modern compensation equipment is used, like active power
filters with parallel connection; or combined series—parallel com-
pensation equipment [3-8]. In the latter case, using an adequate
compensation strategy, it can eliminate the harmonics and unbal-
ance of the current and to obtain a conditioned voltage at the
load terminals. On the other hand, the use of active compensa-
tion equipment based on power inverters involves the appearance
of time-variant waveforms of voltage and current. The analysis of
these waveforms in the frequency domain results in the occurrence
of harmonics and interharmonics. Specifically, Std IEC 61000-4-7
establishes a resolution of 5 Hz for spectral analysis in the measure-
ment of voltage and current. Fourier analysis of the waveforms at
the PCC and the load terminals provide results for the frequency
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of 5Hz and all integer multiples. The need to provide the power
terms and associated indexes to characterize the resulting mitiga-
tion require a model decomposition of the apparent power that
makes explicit the contribution of harmonics to unbalance [9-11].
The works [9,10] established a new model of decomposition of the
apparent power that can separate it into four components, and
from there, to define three indices to characterize the unbalance
and distortion. However, this model does not include the contri-
bution of interharmonics to each power component. In Ref. [11], a
transformation matrix is introduced that allows to obtain the bal-
anced, first unbalanced, and second unbalanced components for
waveforms that include interharmonics. This work relies on these
previous proposals to develop an efficient method of computa-
tion of the balanced and unbalanced components in the measured
waveforms of voltage and current in systems with load active con-
ditioning.

This new procedure has been applied to an unbalanced and
distorted system, both in load and supply; before and after the
connection of a shunt active compensator, and with combined
series—parallel compensation. The description of the experimen-
tal setup and the obtained results will be presented, to evaluate the
performance of the proposed procedure and the characterization
of the power indices in these applied cases.
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2. Power components and Power Quality indices in
unbalanced and nonsinusoidal situations

In balanced nonsinusoidal three-phase systems, where the
waveforms are repeated every one-third of a cycle in the corre-
sponding phase, the voltage and current harmonics can be divided
in three groups with different phase sequences. The harmonics set
of order 3h+1 (for h=0,1,2, ...) that have a positive sequence of
phases, the set of order 3 h +2 that have a negative phase sequence,
and the set of order 3 h+3 that are in phase with each other (zero
sequence). However, in an unbalanced and nonsinusoidal system,
that rule no longer holds. The determination of the balanced and
unbalanced harmonic components is important, among other rea-
sons, because some solutions against harmonic distortion are based
in that assumption. For instance, the A connection of the trans-
former windings to block the 3" order harmonics, or the change in
the behavior of the nonlinear loads against unbalance.

A recent proposal to set the balanced and unbalanced compo-
nents of each signal is the transformation defined in Ref. [11]. It
calculates a balanced component and two unbalanced components,
defined through the following relation:
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where X4, Xgr and X¢, are the phasors of the voltages or currents of
each phase, at the angular frequency r-wg, obtained from the Fourier
transform of the instantaneous values in a measuring window of
period T = 27t /wg (Where wg defines the frequency resolution of the
Fourier transform); and X, Xyr, Xy»r are the corresponding bal-
anced, first unbalanced and second unbalanced components. The
transformation matrix T; is defined using the complex exponen-
tial expressions « (y=e/)273 with k=r wg/w;; where r=12,...N
is the harmonic order respect to the fundamental frequency of the
measuring window. k is the relative harmonic order, referred to
the fundamental frequency of the system, w; and it takes inte-
ger values for the harmonics of w; and noninteger values for the
remaining interharmonics. The transformation matrix T; satisfies,
for all possible values of k, the orthogonality property

1
LT =TT = gl (2)

where the superscript " represents the conjugate, T the transpose,
and Iis the identity matrix. This property allows to establish the fol-
lowing relation between the magnitudes of the phasors of the phase
values and those of the phasors of the unbalance components:

Xi + X+ X =3 (Xg + X2, +X2,) 3)

This relation is very useful to define the balanced and unbal-
anced components of voltages and currents, because the definition
of the effective values V. and I, in the IEEE Standard 1459 [1] is
based in quadratic expressions of the magnitudes.

However, before exposing the development of the differ-
ent terms, it is convenient to explain the relation between the
balance/unbalance components and the Fortescue symmetrical
components. First of all, because the symmetrical components of
the harmonic spectrum can be obtained more efficiently using the
FFT Transform over the Park vector of the three-phase signals [12],
saving computational cost. And secondly because the explicit rela-
tionship helps to understand how symmetrical components are
transformed into balanced or unbalanced components.

When the inverse Fortescue transform is used to substitute the
phase components by the symmetrical components in Eq. (1), the
resultant relationship is:

Xpr b1 by b3 Xpr

1
Xu’r = § b3 b] b2 . XNr (4)
Xu"r bz b3 b] Xzr

where Xp;, Xy and Xz are the positive, negative and zero sequence
phasors at this frequency, and the coefficients by, by, b3 have the
expressions

by =1+ oty p + o (y2)
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The three coefficients have the same functional structure and
are periodicals for k, with period 3. For instance, the expression for
b3 can be represented as:

b3=1+a,<+a2k:(1+2cosz%k>efz%k (6)

Fig. 1a shows the polar plot of Eq. (6) and Fig. 1b presents the
magnitudes of the complex coefficients by, b, b3 as a function of
k. The three values evolve cyclically, changing the position of the
symmetrical components into the balance/unbalance components.
For instance, when k=1, the transformation matrix of Eq. (4) is
the identity matrix; identifying the positive-sequence component,
Xpr, with the balanced component, X, and the negative and zero
sequence components with the first and second unbalanced com-
ponents respectively. When k=2 the balanced component is the
negative-sequence component, Xy,; and when k=3 the balanced
component is the zero-sequence component, Xz,. This figures allow
also to estimate the weight of each symmetrical component at the
balance/unbalance components when k has noninteger values. For
instance, for interharmonics very near the fundamental frequency,
the major contribution to the balanced component Xj, is from the
positive-sequence Xp;.

On the other side, the calculation of the equivalent voltages and
currents according to IEEE Std. 1459 can be formulated with the
Fortescue symmetrical components [1],
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where £ is the ratio between the Y and A equivalent load active
powers, and use to be taken as 1.0 as the general case; and p is
the ratio between the resistance of the neutral conductor and of
the phase conductors, also usually considered as 1.0 [1]. If the sym-
metrical component magnitudes are formulated into balanced and
unbalanced components, the values of the equivalent voltages and
currents can be separated in both components at each frequency,
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