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ABSTRACT:  Today, one of the important issues of power quality (PQ) in power systems is the current 
harmonics. Increasing expansion of nonlinear loads at different parts of the electric network makes 
harmonic distortion flow through the network. This causes the network to have background voltage 
and current harmonic distortion and even affect on the PQ of linear load performance. Therefore, it is 
important to determine the harmonic contribution between load and network in distribution networks 
and industrial centers. In this paper, a new procedure for determining the current harmonic contribution 
around a quiescent point at the PCC is presented using load modeling based on crossed-frequency 
admittance matrix. The novelty of this paper is that, firstly, instead of using the harmonic Norton model 
of load, which has often been used in papers related to the harmonic contribution, it uses the crossed-
frequency admittance matrix model, which is closed to actual load model; and secondly, considering the 
fact that a linear load has a diagonal form for its crossed frequency admittance matrix, the separation of 
harmonic contribution is made.
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1. Introduction
Voltage and current harmonic distortion is expanding due 

to increasing the nonlinear loads in distribution networks 
and industrial centers [1]. Today, harmonics are known as a 
major factor affecting on the power quality and causing many 
problems in the power system [2]. The harmonics in power 
systems can cause a lot of damage, such as increasing power 
losses and equipment heat, resonance phenomena, decreasing 
power quality, adverse effects on telecommunication 
equipment, increasing the probability of improper operation 
of protective systems and, consequently, reducing reliability. 
To deal with this problem, the first step is to identify harmonic 
generating sources. The next step is to determine how much 
each of these sources actually has contributed to the desired 
harmonic distortion, and in other words, how much has 
been disturber. In the past years, the harmonic contribution 
between the network and the customer at the point of 
common coupling (PCC) connected to the network has been 
determined in different ways.

In [3], a method is presented to determine the location of 
a harmonic source based on the direction of real power flow 
in the PCC bus. In this method, the side with larger harmonic 
power is identified as the location of harmonic source. It 
was then proved that this method can not necessarily give 
the correct determination because the direction of the real 
power flow is dependent on the angle between the network 

and customer voltages and is not dependent on their voltages 
amplitude [4]. Another method used to identify the source 
of harmonic generation in PCC is the method investigated 
in this paper, called the “vector projection” method. In 
this method, the Norton equivalent circuit of network and 
customer is obtained from side of the PCC bus, and then 
vector projection of the current or voltage caused by each of 
the harmonic generation sources in the PCC bus is respectively 
obtained on the current or voltage vector generated by 
the simultaneous presence of two harmonic sources. The 
magnitude and direction of each vector projection represent 
the harmonic contribution of each source [5]. Papers [6,7] 
present methods to identify the harmonic source in the PCC 
bus, which are based on comparison of the voltage amplitude 
and critical impedance, respectively. In these methods, 
several switching tests are required to recognize the system 
impedance. In 2008, a method based on total harmonic 
distortion (THD) calculation was proposed to determine 
the contribution of customer and network in the harmonic 
distortion of distribution networks [8]. This method is not 
sufficiently precise because it does not consider the harmonic 
sources phase [9]. [3-8] have focused on radial networks, 
but [9] has also determined the harmonic contribution of 
network and customer in weakly meshed networks. In this 
method, a Norton equivalent circuit of customer is used 
to model customer RLC components. Determining the 
harmonic contribution for a special load, taking into account 
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background harmonic changes, is presented in [10].
Methods based on harmonic state estimates (HSE) [11,12], 

independent component analysis (ICA) [13,14], and weighted 
least squared estimates (WLSE) [15] are some methods that 
have been applied to transmission networks. The major 
disadvantages of these methods are heavy calculations and 
great deal of measurements [9]. In 2014, a new “Vector 
Draft” method was used to identify the harmonic source in 
the PCC bus. In this method, measurement is performed in 
PCC bus by using the phase spectrogram (PS) and frequency 
spectrogram (FS), and based on the “Vector Draft” method, in 
order to detect the harmonic source [16].

Harmonic Norton model of load is usually used in the 
papers to model harmonic loads. Regarding that in the 
harmonic Norton model some cases such as interaction 
between different harmonic orders of supply voltage, power 
supply impedance, harmonics generated by other parallel 
nonlinear loads, and the accidental connection of an active or 
passive filter are not considered [17]; therefore, the crossed-
frequency admittance matrix model [18], which is a more 
precise model, is used for load in the current paper. In this 
paper, a new method is proposed to separate the harmonic 
contribution of the network and load, considering this point 
that for linear loads, and not for the nonlinear ones, CFAM 
has a diagonal form.

Using the proposed method, by obtaining the CFAM at 
an operating point, the harmonic contribution of the network 
and the load can be calculated in harmonic current changes 
around the operation point at each harmonic order. In Section 
2, the proposed method is expressed in details; then, in Section 
3, simulation of the proposed method is performed in three 
case studies. Finally, in Section 4, a conclusion is presented.

2. Proposed Method
Firstly, before discussing the harmonic contribution 

method, the harmonic load model used to determine the 
harmonic contribution is explained. Usually, in the papers that 
deal with the harmonic contribution, the Norton load model 
is used. The Norton model does not consider the interaction 
between harmonic voltages and currents; hence, the CFAM 
model is used in this paper for the harmonic load model.

Generally, if f, according to (1), is a function of variables
Kk xxxx ,...,,...,, 21 , f can be linearized in form (2) around the 

point ),...,,( 21 refrefref Kref xxxX = and with the value of reff .
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According to the definition of partial derivative, for 
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Considering the interaction between the voltages and 
harmonic currents in phasor-mode, the relationship between 
the kth harmonic current load and the harmonic voltages of the 
load is as (3). By linearizing (3) around the desired operation 
point, (4) will be obtained [19]:
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where Y is known as the crossed-frequency admittance 
matrix (CFAM), jV∆ is difference between the jth harmonic 
voltage (

jV ) and its value at the operation point (
refjV ).

By comparing (2) and (4), it can be seen that the elements of 
each row Y are actually the partial derivatives in (2). Therefore, 
a partial derivative is used to derive each of the elements. In 
order to obtain the element
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where jδ is the amount of partial variation in the magnitude 
and phase of the jth harmonic voltage at the desired operation 
point.

The harmonic contribution is determined using the 
CFAM of load obtained at the desired operating point. Hence, 
determining the current harmonic contribution is based on 
this fact that:

- The network is so responsible for PCC harmonic current 
that the considered load will draw the current if it is linear.

- The nonlinear load is so responsible for PCC harmonic 
current that transforming the corresponding linear load to 
this nonlinear load results in drawing the current.

In other words, the important issue is to identify the linear 
load corresponding to the load (linear or nonlinear).

A linear load has a diagonal CFAM [18]. In a linear load, 
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the kth harmonic current changes are only dependent on the 
kth harmonic voltage variations of load and voltage changes 
of the other harmonics do not affect it. Therefore, it can be 
concluded that if the desired nonlinear load was linear, only 
the main diagonal of its CFAM would remain, and its other 
components would be zero. Therefore, it can be said that a 
term of the kth harmonic current changes of load due to the 
kth harmonic voltage variations of load is generated even 
though the load is linear. Therefore, the network, not the 
load, is responsible in this term of current. The terms of the 
kth harmonic current changes of load generated by harmonic 
voltage changes of other orders are actually the terms that are 
generated due to non-linear nature of the load. In other words, 
these terms are those a linear load never has. So in these 
terms, the load, not the network, is responsible. Therefore, the 
separation of the harmonic contribution of network and load 
is performed as described. A term of kth harmonic current of 
load in which the source is responsible ( Utility

kI∆ ), and a term of 
kth harmonic current of load in which the load is responsible (

Load
kI∆ ) are obtained from (6) and (7), respectively:

kkk
Utility
k VyI ∆=∆  (6)

kkkk

K

kj
j

jkj
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k vyIvyI ∆−∆=∆=∆ ∑

≠
=1
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The evidence that can greatly proves the accuracy of the 
proposed method is that in this method, if a linear load is 
connected to a network with a background harmonic, it will 
never be recognized as a harmonic responsible because all 
non-diagonal components of its admittance matrix are zero. 
Therefore, by using (7), Load

kI∆ will be equal to zero for each 
harmonic with kth order. This is the result which is expected 
from determining of the harmonic contribution of a linear 
load.

Using the “vector projection” method described in [5], 
the harmonic contribution of network and load in the kth 
harmonic current changes of PCC ( UtilityI

k
,∆λ  and LoadI

k
,∆λ ) are 

determined by (8) and (9), respectively:
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In which “.” presents the inner product of two vectors.

3. Simulation Results
In this section, the proposed method for determining of 

the harmonic contribution of current changes between load 
and network is simulated in MATLAB software. In order to 
evaluate the accuracy of the proposed method, three cases 
are investigated. In Case 1, a linear load which is connected 

to a network that has a background harmonic is investigated. 
This case is important as the result of determination of the 
harmonic contribution is already known. It means that if the 
proposed method is accurate, it should estimate the harmonic 
contribution of the network in all harmonic orders as 100%, 
and should assess the harmonic contribution of load as zero.

In Case 2, a nonlinear case is connected to a clean network 
without a background harmonic. In this case, the proposed 
method is expected to estimate the harmonic contribution 
of load as 100% at all harmonic orders and to estimate the 
harmonic contribution of the network as zero. In Case 3, 
a nonlinear non-linear connected to a network that has a 
background harmonic is investigated. The result of this case is 
expected to be between that of first and second cases, and for 
each harmonic order, the network and the load have a certain 
contribution.

3-1-Case 1: The linear load connected to a network with 
background harmonic

In this case, as shown in Fig. 1, a linear R-L load ( ALoad
) is connected to the network ( BLine ) by a line ( BNetwork ). To 
generate a background harmonic for the network, a rectifier 
(

In this section, the proposed method for determining of the harmonic contribution of current changes 

between load and network is simulated in MATLAB software. In order to evaluate the accuracy of the 

proposed method, three cases are investigated. In Case 1, a linear load which is connected to a network 

that has a background harmonic is investigated. This case is important as the result of determination of the 

harmonic contribution is already known. It means that if the proposed method is accurate, it should 

estimate the harmonic contribution of the network in all harmonic orders as 100%, and should assess the 

harmonic contribution of load as zero. 

In Case 2, a nonlinear case is connected to a clean network without a background harmonic. In this case, 

the proposed method is expected to estimate the harmonic contribution of load as 100% at all harmonic 

orders and to estimate the harmonic contribution of the network as zero. In Case 3, a nonlinear non-linear 

connected to a network that has a background harmonic is investigated. The result of this case is expected 

to be between that of first and second cases, and for each harmonic order, the network and the load have a 

certain contribution. 

 

3-1-Case 1: The linear load connected to a network with background harmonic 

In this case, as shown in Fig. 1, a linear R-L load ( ALoad ) is connected to the network ( BLine ) by a line 

( BNetwork ). To generate a background harmonic for the network, a rectifier ( BctifierRe ) which is 

feeding its load ( BLoad ) is connected to a network by a transformer ( Br Transforme ). The harmonic 

generated by the rectifier causes the network to be harmonic from point of investigated linear load. 

Information of parameters in the investigated system is given in Table 1. 

 

) which is feeding its load ( BLoad ) is connected to 
a network by a transformer ( Br Transforme ). The harmonic 
generated by the rectifier causes the network to be harmonic 
from point of investigated linear load. Information of 
parameters in the investigated system is given in Table 1.

The aim is determining the harmonic contribution of 
current changes due to the network and load at the PCC bus. 
First, at the operating point of system, i.e. before t = 0.6s (at 
t = 0.6s variations are considered), the voltage and current of 
each harmonic order is obtained at the PCC bus, using the 
FFT transformation and taking into account 20 frequencies 
(including the DC component, the fundamental component 
and 18 harmonic orders). To get the CFAM elements at this 
operating point, ALoad  is disconnected and then is connected 
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Fig. 1.  A connection of a linear load and a network with background harmonic, at the PCC bus. 

  

Fig. 1. A connection of a linear load and a network with 
background harmonic, at the PCC bus.
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changes at each harmonic order of the reference voltage 
(operating point voltage) occurs after each other, and is 
applied to this ALoad by this controlled voltage source. The 
minor change in the magnitude and phase of the reference 
voltage at each harmonic order is considered to be 5%. Using 
(5), each of the CFAM elements is obtained. Then, to change 

the harmonic values of voltage and current at PCC bus in 
the system (Fig. 1), at t = 0.6s, the firing angle of

harmonic values of voltage and current at PCC bus in the system (Fig. 1), at t = 0.6s, the firing angle of

BctifierRe changes from 5  to 42 , and in addition BBreaker is closed. The generated changes in the 

voltage and current waveform are shown in Fig. 2. 

 

 

Fig. 2.  Voltage and current waveform at PCC bus before and after considering the change in t = 0.6s at Case 1. 

(a) Line-to-ground voltage, phase A          (b) Current of phase A 
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the Load and the Utility  at the system shown in Fig. 1, in the 
harmonic current changes generated in the PCC, is given in 
Table 2 for each of the harmonic orders using (8) and (9).

According to Table 2, the load harmonic contribution 
in the harmonic current changes generated at the PCC bus, 
for all harmonic orders, is detected as zero and its value is 
detected for the network as 100%. This is the result that is 
expected in determining the harmonic contribution of a linear 
load connected to a network with background harmonic. It 
should be noted that due to the nature of nonlinear load, there 
are only 6k±1 harmonic orders in the system and the other 
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Table.
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This is the result that is expected in determining the harmonic contribution of a linear load connected to a 

network with background harmonic. It should be noted that due to the nature of nonlinear load, there are 

only 6k±1 harmonic orders in the system and the other harmonics are zero. Therefore, they are not 

included in the table. 
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assumed that the studied customer, according to Fig. 3, is a nonlinear load connected by BrTransforme . 
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The result of determining the harmonic contribution of 
Load and Utility  of the system shown in Fig.3 in the harmonic 

current changes generated in the PCC for each of the harmonic 
orders using (8) and (9) is given in Table 3.

 

Fig. 3.  Connecting a nonlinear load and a network without background harmonic, in the PCC bus. 

  

 

 

 

Fig. 4.  Waveform of voltage and current at PCC bus before and after applying the changes at the instant t = 0.6s in Case 2. 

(a)  Line-to-ground voltage of phase A                (b) Current of phase A 

  

Fig. 3.  Connecting a nonlinear load and a network without background harmonic, in the PCC bus.

Fig. 4.  Waveform of voltage and current at PCC bus before and after applying the changes at the instant t = 0.6s in Case 2.
(a)  Line-to-ground voltage of phase A       (b) Current of phase A
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According to Table 3, in this case, as expected, the 
harmonic load contribution of all harmonics is much more 
than the estimated network contribution and is estimated to 
be relatively close to 100% with a good precision. Given that 
in this case the network is completely homogeneous and all 
the harmonics are due to the load, the results of the Table are 
reasonable. However, it is observed that in some harmonics, 
as compared to other harmonics, the expected result for 
determining the harmonic contribution of the load and the 
network (100% and 0% respectively) is not estimated. The 
reason of this seems to be that the harmonic amplitude of 
these harmonics is low and thus the accuracy of computations 
is reduced. This point should also be noted that in any case, 
with the first glance to the Table, one can find that the 
harmonic responsible is the load, not the network. Like case 
1, since the harmonic orders other than 6k±1 are zero, they 
are not included in the Table

3-3-Case 3: Nonlinear load connected to a network with 
background harmonic

In this case, according to Fig. 5, the nonlinear load 
connected to the PCC is similar to the nonlinearity load 
in Case 2; and the network with the background harmonic 
connected to the PCC is in accordance with the network with 
background harmonic of the Case 1. Information about the 
system parameters is given in Table 1. The operating point 
and CFAM are obtained similar to the previous two cases. At  
t = 0.6s both ABreaker and BBreaker  are closed; in addition, the 
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 . The changes occurred in the 
current and voltage of the PCC are shown in Fig. 6.

The result of the harmonic contribution of Load  and 
Utility  of the system shown in Fig. 5 in the harmonic current 
changes generated in the PCC for each harmonic order using 
(8) and (9) is given in Table 4.

According to Table 4, in each of the harmonic orders, 
different contributions are estimated for each of the sides; in 
some harmonic orders, Customer is detected as responsible, 
and in some other, Utility is responsible. In the system under 
consideration, due to the presence of 6-pulse rectifier at 
the load side, it is expected that the harmonic orders 6k±1 
generated in the system are due to the load. Using the proposed 
method, according to result obtained in Table 4, the harmonic 
contribution of load for orders 5, 7, 17 and 19 is estimated 
at almost 100%, and the harmonic contribution of utility is 
estimated to be zero. The harmonic orders obtained from 
12-pulse rectifier are 12k±1. Harmonic orders 11 and 13 in 
the examined system originate from 6 and 12 pulse rectifiers. 
The main responsible of 11th harmonic flowing in PCC is 
utility with sharing 65.84%. Also, the main responsible of 13th 
harmonic flowing in PCC is customer with sharing 57.61%

4. Conclusion
In this paper, a new method is proposed by using a CFAM 

model of load to determine the harmonic contribution of 
current changes around an operating point, in the PCC bus. 
The contribution separating equations, which are based on 

the diagonal CFAM for linear loads, are expressed, and then 
presented as indicators using the “vector projection” method. 
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Fig. 5. The connection of a nonlinear load and a network with 
background harmonic, in the PCC bus.

Fig. 6.  Waveform of voltage and current at PCC bus before and 
after applying the changes at the instant t = 0.6s in Case 3.

(a)  Line-to-ground voltage of phase A     (b)  Current of phase A
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To evaluate the proposed method, simulation was performed 
in three case studies using MATLAB software. In all three 
case studies, the results were close to the expected results.
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