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1. Introduction

The importance of harmonic emission as a measurefor
electromagnetic compatibility is well known. [1] Harmonic
pollution, a conductive form of electromagnetic emission,
may cause distribution losses, damage to several
components such as transformers, power switches and
electric motors, accidental operation of remotely controlled
switches and breakers(false tripping), excess heating of
cablings, metering errors in power distribution, penalties on
monthly bill units, generator failures etc. Acceptable levels
of harmonic pollution in IEC and IEEE international
standards are provided as static indices measured at PCCs
'[3, 4]. Equipment standards determine level of current
harmonic emissions from the equipment while distribution
standards determine the acceptable level of voltage
harmonics at the bus. In order to check whether a set of
loads require harmonic filters to fulfill distribution system
harmonic requirements, one has to estimate the aggregated
sum of current harmonics and the voltage harmonic
pollution caused by that current. Approximate methods are
recommended in IEC 61000 series for evaluating the total
harmonic current based on single component current [3].
The main challenge in that approximation of aggregated
harmonic current is that phase behaviors of equipments are
significantly different. The phase of a harmonic current
depends on the equipment type (e.g. rectifier, inverter, etc.),
switching/ triggering behavior (i.e. time indices at which
the equipment switches on and off either by user or

1 Point of Common Coupling

automatic switching mechanisms) and its parameters (e.g.
threshold voltages). A significantly contributing factor is
time. It is known that current pollution increases at the early
night in urban and industrial areas as a result of TVs and
lighting loads.

It is desirable to have an estimation of harmonic level
before actually adding a new load, a harmonic filter or
restructuring the network. Also aggregation is important as
it makes the designer decide where to install new filters and
how to distribute reactive load between different capacitive
banks.

Methods for passive filter design to compensate for
harmonics are surveyed in [18]. Active filters are also of
growing interest as in [19]; however active filters are
expensive and complicated to repair.

Street lamps and their aggregated harmonic current are
studied in Aggregation of current harmonics in wind farms
which is due to the time-varying behavior of wind causing
varying currents and inverter voltage harmonics is studied
in [20,21].

Two major phenomena may impact aggregation of
harmonic currents. First is the magnitude aggregation error
which is caused by the phase differences between several
harmonic components. Another complication is the
interaction effect. Interaction is the effect of adding new
loads on the harmonic components of previously installed
loads. This phenomenon is caused because of line
impedance which results in harmonic voltages due to
harmonic currents. As a result, actual harmonic pollution of
an individual load may change when installed in parallel
with other loads.
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2. Techniques for Computing Aggregated
Current Harmonic

If one sums up harmonic current magnitudes of different
orders, a conservative approximation is resulted. [3] This
approximated value is too large compared to actual aggregated
current measured from the network. [4] In other words, actual
harmonics cancels each other due to phase differences,
resulting in a very smaller aggregated harmonic level than
arithmetic sum. (See [6] and references therein.)

Another method is to vector-sum the harmonic currents
which lead to an exact value for the aggregated value.
However the actual values of harmonic phases are unknown
and due to changes as a result of switching. [6] In addition,
measurement of phases requires more accurate and more
expensive measurement tools. An approximate method is to
use statistical methods as [6] on the basis of a probability
density function for harmonic phases.

The third method is to establish formulae based on
empirical data. IEC 61000-3-6 recommends to add up
harmonics based on table 2 and equation 2, which is arithmetic
summation for harmonic orders below 5 and a root of powered
sums for higher orders.(2)

Ihtor = Xjtq Inj (1)

In which the following notation is used:

Ipror: Aggregated harmonic current (order h) for all of
components

Iy;: Harmonic current (order h) for j™ component

Ihror = * |Zjer Iy (2)

Table 1. IEC 61000-3-6 method for harmonic aggregation [5].

In which:

o Harmonic Order
1 h<5
1.4 5<h<10
2 h>10

Other aggregation techniques include summation of vector
components presuming random phase differences driven by
probability densities of different types. These methods require
experimental data to estimate phase angle difference PDFs,
from the experimental histograms. Statistical approaches are
more logical to be applied especially when an appropriate
density function is available. Actual PDFs can be modeled
only through complicated analytical functions. [6] In addition,
because of fixed limits recommended for THD levels [4, 9], it
is more practical to derive conservative deterministic models
based on statistical analysis. One approach is to define a
percentile in the statistical model, not to be violated by the
system. For instance [10] sets 5% limit for the THD (i.e. The
THD level may not exceed 95% of the recommended limit)
which is recommended by IEC as well. [3]A statistical
analysis of harmonic phases is performed in [7], in which
probability density functions are estimated on the basis of

simplifying assumptions. The PDF of harmonic phases is
considered to be uniform in [7], [6], which are too optimistic.
In fact, the statistical analysis of harmonics is valid only if
experimental data for individual appliance harmonics is used
to model phase behaviors. In this study, experimental data are
drawn to model the phase behavior, examine the current
aggregation method, evaluate the statistical assumptions of [7]
and to derive statistical indices for THD levels which is
optimistically considered to be in steady state in standards
IEEE 519, IEC 61000.

The following figures depict the approximations for
aggregated harmonics. [4] RSS is suitable when phase and
magnitude differences are significant. When phases are
significantly different but magnitudes are the same, RSSis not
appropriate. The proposed method in [4] is an appropriate
choice when estimations of statistical measures of phase and
magnitude are present. For identical loads with similar
magnitude and phases, only linear summation is satisfactory.
The practical behavior of phase and magnitudes remains as an
important question which helps choosing appropriate
approximation methods.
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Figure 1. Comparison of different estimates: Identical loads.
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Figure 2. Comparison of different estimates: Different loads.
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It should be noted that in most applications a few number of
harmonic orders are of concern. Namely 3", 5™ and 7"
harmonics are the most important ones when current harmonic
is considered. Even harmonics are usually insignificant as
they usually cancel each other in the aggregation [15]. This
holds also for 3™order harmonics in 3phase symmetric loads.
Therefore only 5™ and 3™ harmonics are considered here to
represent a measure for all harmonic orders. Existing
approaches only consider aggregations of a single harmonic

order and provide a total measure (e.g. THD) for all harmonics.

As a result, there is no need to consider all harmonic orders in
the analysis.

3. Interaction Effects on Individual
Harmonic Currents

Interaction effect is caused because of the voltage drop
between parallel loads due to resistance/impedance existing in
wirings. It may also model the change in harmonic distortion
due to current reduction in each load being paralleled with
other loads. [22] Used simulation studies of identical and
semi-identical loads of single phase rectifiers to show the
effect of interaction. It is shown that interaction significantly
disturbs aggregation approximations when line impedance is
noticeable and harmonic currents of high orders exist in lines.
This is similar to capacitive bank situation in which reactive
power is preferred to be injected in lines from different places
in order to reduce the distance in which reactive current is
flowing.

[22] Recommends a computational method to compensate
for interaction effect and improve aggregation formulae.
Compared to phase effect on the aggregation, interaction is of
much less effect and could be neglected unless for situations in
which line impedance and THD levels are extremely high.

4. Conclusion

Different aggregation techniques are reviewed and the
interaction effect which may adversely impact the accuracy of
harmonic aggregation computations is studied. Also it is
shown that phase behavior of loads has a decisive effect on the
aggregated current and practical data should be gathered to
extract realistic distributions for phase behavior. Effect of
phase is much more severe than interaction and it could be
neglected when line impedance is low.
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