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Abstract  The interaction effect in aggregation of harmonic currents is investigated. Several approaches including 
IEC 61000-3-6 recommended method are utilized and compared. A simple practical method is proposed to account 
for/compensate interaction effect. The proposed technique is computationally simple and does not require the 
knowledge of current harmonics in each branch. A rectifier is considered and simulated as an example to show the 
interaction effect and performance of the proposed method. 
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1. Introduction 
Power quality has been attracting increasing attention 

during recent years. This is mostly due to increasing use 
of nonlinear power electronic/ switching devices. On the 
other hand, much more number of sensitive electronic 
components such as computers is being used each day. 
This results in a growing importance of power quality 
issues. Harmonic pollution (i.e. levels of high order 
harmonics in the current/voltage waveform with a 
magnitude which causes unacceptable performance 
degradation) may cause compatibility problems between 
different components connected to a shared bus, 
distribution losses, damage to several components such as 
transformers, power switches and electric motors, 
accidental operation of remotely controlled switches and 
breakers(false tripping), equipment malfunction due to 
excess voltage, metering errors in power distribution and 
distributed measurement and control systems, fires in 
wiring, penalties on monthly bill units, generator failures 
etc.  Permissible levels of harmonic pollution in IEC and 
IEEE international standards are provided as static indices 
measured at PCCs 1[3,4]. However, since it is not always 
practical to measure power quality indices in PCCs, 
especially when the network behavior is time varying (e.g. 
inserting new loads, time varying components, etc.), some 
approximate methods are recommended in IEC 61000 
series for evaluating the total harmonic current based on 
single component behavior [3]. 

To have a proper estimation of harmonic current based 
on individual harmonic currents is that one can determine 

                                                           
1 Point of Common Coupling 

whether it is possible to add new components without 
violating the THD requirements or not. If the new 
component violates the THD level requirements, it has to 
be integrated with a harmonic filter. Also in the situation 
when one or a few loads are to be provided with a 
harmonic filtering means to reduce THD, it is desired to 
be able to determine the harmonic level after adding the 
filter at the design stage. Also appropriate aggregation 
formulae will be useful for optimal placement of harmonic 
filters in a network. (i.e. whether to provide each load with 
its harmonic filter or to design a single filter for a group of 
loads consisting n loads, and to determine n to yield best 
results). 

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. This issue has been 
addressed in [1,2,3,4] and references therein. Another 
complication which is to be addressed in this paper is the 
interaction effect. Interaction is the effect of adding new 
loads on the harmonic components of the previously 
installed loads. This phenomenon is caused because of 
line impedance which results in harmonic voltages due to 
harmonic currents. As a result, a nonlinear load could 
pollute the distribution network via line impedances 
carrying harmonic currents. Interaction effect has not been 
issued in previous works, since the common de-facto 
method for harmonic aggregation studies is to model 
harmonic loads as harmonic current sources. [8,9,10,13,14] 
However in real world, harmonic loads may exhibit 
different harmonic currents depending on applied voltages. 
As a result, a load drawing harmonic current may cause 
another load to draw more harmonic current through 
harmonic voltage drop in the line. 
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2. Approximation of Harmonic Current  
The most conservative method to sum up individual 

harmonics is to add the harmonic currents magnitudes 
(peak or RMS) to estimate the aggregated harmonic 
current. This method, namely linear summation, presumes 
that all hnI s are in phase as stated in equation (1). If the 
components (usually load currents) are in phase, a scalar 
summation would be accurate; however this will lead to a 
conservative yet unrealistic approximation of THD [3]. It 
has been represented that in many cases, arithmetic 
summation is too pessimistic and actual harmonics cancels 
each other due to phase differences, resulting in a very 
smaller aggregated harmonic level. (See [6] and references 
therein.)  

Another method is to vector-sum the harmonic currents 
which lead to an exact value for the aggregated harmonic 
current. This method is accurate, however the actual 
phases are not constant [6] and the so called vector sum 
may result inaccurate estimation if the phase angles are 
not measured for a long enough period. An approximate 
method is to use statistical methods as [6] which require a 
probability density function for harmonic phases or sums. 
The probability that a phase equals a specific value 
depends on switching time which is human dependant as 
well as internal circuitry of the device.  

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 sums for higher orders (2). 

 
n

hTOT hj
j 1

I I
=

= ∑  (1) 

In which the following notation is used: 
hTOTI : Aggregated harmonic current (order h) for all 

components 
hjI : Harmonic current (order h) for jth component  

IEC 61000 recommended formulation is: 

 
n

ααhTOT hj
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=
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In which: 

Table 1. IEC 61000-3-6 method for harmonic aggregation [5] 
α Harmonic Order 
1 h < 5 

1.4 5 < h < 10 
2 h > 10 

Using root sum of squares –RSS– is also possible, 
assuming 90 degrees phase differences. 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 PDF, 
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]. 

The recommended methods –namely harmonic 
aggregation techniques or methods of harmonic 
summation are not accurate due to the fact that harmonic 
components have different- usually time variant - phases. 
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 [6,7], 
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 (CIGRE is one exception [6] which admits that 
permissible harmonics could be time varying).  

3. Interaction Effects on Aggregated and 
Individual Harmonic Currents  

Definition: Interaction drift is defined as follows: 

 i single i multiple

i single

THD THD
THD

δ − −

−

−
  

In which i multipleTHD −  represents the total harmonic 
distortion of current drawn by a load paralleled with a 
number of identical loads and i singleTHD −  represents the 
total harmonic distortion of current drawn by a single load 
connected directly to the voltage source.  

Interaction drift 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. 
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Figure 1. Harmonic spectrum of a rectifier 
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Consider N identical loads with similar phase behaviors. 
A proper example of this situation is a bank of paralleled 
voltage controlled switching devices like a bank of 
rectifiers. In this situation, phase of harmonic current does 
not affect the aggregated current and therefore the 
interaction effect could be analyzed independently. 

Figure 1 depicts harmonic components of a rectifier. 
A line impedance of 0.1Ω is considered to model line 

impedance and its effect on individual harmonic levels. 

Table 2. THD levels for different number of loads 

Number of 
loads THD for each load (%) 

Aggregated 
Current THD 

(%) 
1 46.93 46.93 

2 46.93,48.1 47.47 

3 46.93,48.15,47.45 47.47 

4 46.93,48.11,47.24,49.01 47.69 

5 46.93, 48.13,47.22,49.28,47.55 47.68 

As shown by Table 2, increasing the number of 
identical loads, does not severely affect the THD level. 
This is due to the fact that harmonic currents of this type 
of load have almost equal phases in all times. The 
following figure depicts phase behavior of half wave 
rectifiers. 

 

Figure 2. Phase behavior of 5th harmonic current in a rectifier 

Unlike THD level, current harmonics are affected when 
additional loads are inserted into the bus. The flow of 
harmonic currents through line impedance induces 
harmonic voltage drops and causes harmonic pollution to 
distribute through the network. This along with the first 
harmonic voltage drop causes a load to draw different 
current compared to the situation in which a single load is 
directly connected to the bus. The following table depicts 
the difference cause by interaction effect. Interaction 
effect is of great importance especially when power 
electrical loads are located far from each other and line 
impedances are significant. 

Table 3. Current Harmonics of order 3, for different number of 
loads 
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It is not practical to measure harmonics of all branches, 
therefore it is desired to estimate total harmonic current 
based on harmonic current of a single load and phase 
behavior of loads. Practical approximation (left column of 
Table 3 and Table 4) is based on the measured current 
harmonic for a single load which could be approximated 
from THD level or as a worst case scenario, by the fact 
that a single device complies with an emission EMC 
standard as in [7].  

In Table 4, two approximate values are included due to 
the difference between approximations given in Table 1 
for harmonic orders below and above 5.  

The following observations are made:  
- Harmonic currents of diode rectifiers are mostly in 

phase and summation method is the most appropriate 
estimation. This is due to the fact that change in forward 
voltages of diodes does not impact the phase of harmonic 
currents. (Phase difference is about 0.001rad per 1volt 
forward voltage difference). 

- In presence of line resistance, harmonic currents of 
loads are generally decreased. Therefore, estimation of 
total current harmonic based on harmonic current of a 

                                                           
2 Current Harmonic  
3 Based on IEC 61000-3-6 given in Table 1 
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single load is not accurate. (Compare 3rd and 7th columns 
of Table 3 and Table 4) 

Assuming identical loads with slight differences in 
phase and magnitude of harmonics, one may obtain the 
following approximate relations:  

- As line impedance affects harmonic currents, jth 
harmonic current of the kth branch could be approximated 
as: 

 ( )1
k 1 1h1
hj hj l hj

1

k k 1I
I I r .I .

v 2
+ 

≈ −  
 

 

In which 1
hjI  and 1

h1I  represent the jth and 1st harmonic 
currents of a single load. 

Table 4. Current Harmonics of order 5, for different number of 
loads 
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- The aggregated harmonic current for N branches, 
could be therefore computed as: 
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Where loads do not exhibit similar phase behavior, the 
aforementioned approximation will be too conservative 
and the first component of approximation could be 
replaced considering appropriate approximation methods 
like the one given in [4]. 
                                                           
4 Based on IEC 61000-3-6 for h<5 
5 Based on IEC 61000-3-6 for h>5 

The advantage of this proposed method is that it does 
not require any measurement in individual branches. The 
only measurements needed are the first and jth harmonic 
current components, number of similar branches (loads or 
PCCs) and bus voltage.  

The following tables compare practical approximations 
for aggregated current harmonic in 3rd and 5th harmonic 
orders. 

Table 5. Comparison of practical approximation methods 
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Table 6. Comparison of practical approximation methods 
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The following figure shows the approximations and 
actual values of aggregated harmonic current. The 
proposed method is situated above the actual value when 
the number of loads increases. Note that using 
approximate values is inevitable in most applications 
because of practical limitations in measuring all harmonic 
values.  
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Figure 3. Practical approximations for aggregated 5th harmonic current 
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Figure 3 shows that the proposed method results in 
acceptable aggregated value which is below the actual 
value for small number of loads. Because loads are similar, 
the best approximation for the aggregated harmonic is 
linear summation; however, linear summation requires the 
value of harmonic currents in all branches which is not 
practical. Other methods including RSS and alpha 
approximation are less accurate as there is no cancellation 
due to phase difference in harmonic currents of this 
example.  

4. Conclusion 
The interaction effect which may adversely impact the 

accuracy of harmonic aggregation computations is studied. 
It is shown that existing approximations are not accurate 
or require extensive measurement data to calculate the 
aggregated harmonic. A formulation is proposed for a set 
of similar nonlinear loads to calculate the aggregated 
harmonic accurately and without need to measure 
harmonic currents at each branch. Examples are 
investigated with in-phase harmonic loads using different 
methods including IEC 61000-3-6 aggregation formulae. 
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