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Abstract—In order to quantitatively recognize the harmonic 

impacts of harmonic source users at the common connection point 

(PCC), a method to calculate the system harmonic impedance and 

quantify the harmonic impacts by using gene expression 

programming to analyses data features was proposed in this 

paper. Firstly, the harmonic voltage and current data satisfying 

the analysis conditions were selected by using the time series 

segmentation method. The system harmonic impedance phase 

angle was obtained by using the characteristic of zero covariance 

of independent random variables, and then the harmonic phase 

angle was implanted into the existing data correlation analysis 

model. When the user harmonic current fluctuated, the accurate 

system harmonic impedance module was calculated by the user 

harmonic current fluctuation. When the user's harmonic current 

was stable, the harmonic impacts was quantified by the fluctuation 

of system harmonic voltage. In this paper, the user harmonic 

impedance was also given in thoughts in the entire process, which 

reduced the error caused by ignoring the user harmonic 

impedance in the traditional method. Some potential Evolutionary 

Algorithm based solutions which could be further applied in this 

domain was also reviewed. As a particular novelty of this work, 

the possibility and feasibility of employing gene expression 

programming into the conventional data correlation analysis work 

in power system. Simulation analysis and practical engineering 

examples showed that this method can effectively suppress the 

influence of system harmonic change and user harmonic 

impedance compared with the existing methods and obtained 

more accurate harmonic responsibility division results. 

Keywords—Harmonic impacts, Gene Expression Programming, 

Data mining, Correlation analysis, System impedance 

I. INTRODUCTION

In modern power system, nonlinear loads such as electronic 
devices, electrical and various electronic equipment are widely 
used in various sectors of the global industry, and the problem 

of harmonic pollution in power systems, especially in 
distribution networks, has become increasingly serious. When 
the harmonic current flows into the power grid, harmonic 
voltage generated at the same time. The voltage distortion at the 
point of public connection (PCC point), will seriously affect the 
power quality. So, the valid assessment of the harmonic voltage 
responsibilities for power grid and consumer at the PCC point 
will be the premise of managing power quality [1]. 

At present, the method for determining harmonic 
responsibilities is mainly based on the estimation of system and 
user harmonic impedance, which can be mainly classified 
"intervention" and "non-intervention" method. The 
"intervention" method artificially injected harmonic current into 
power system for measuring the harmonic impedance of the gird 
[2-3]. This method could affect the normal operation of the 
power system and result large actual error [4]. The "non-
intervention" method estimates the harmonic impedance 
through the measured value of the harmonic voltage and current 
at the point of common coupling (PCC) to quantitatively divide 
the harmonic responsibility. It includes: 1) "fluctuation method" 
[5-6], which was an estimation method based on the 
characteristic of voltage and current fluctuation at the measured 
point, while this method requires high accuracy of harmonic 
parameter and large enough fluctuation of the measured value. 
2) Linear regression method: including robust regression
method [7-10], etc., the essence of those is to construct the
corresponding regression based on equivalent-circuit model
with the law of Thevenin or Norton. The equation separates the
real part and the imaginary part of the PCC voltage and current
phasor to calculate the harmonic impedance. It is not an accurate
solution to the original problem by least squares. So, the current
linear regression method has the following limitations: the
constant item in the regression model (the background harmonic
voltage) was actually a large fluctuation, which resulted in a
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large regression error [11-13].The illustrated data correlation 
analysis method used the user harmonic current change to 
calculate the system harmonic impedance, but ignored the 
harmonic phase angle could produce large errors. 

Gene expression programming (GEP) was a novel adaptive 
evolutionary algorithm based on the structure and function of 
biological genes. GEP absorbed the advantages of genetic 
algorithms and genetic programming. Its notable feature was 
that it can use simple coding to solve complex problems. Several 
literatures had revealed the advantages of GEP in analytical 
ability of complex data association features. Khan proposed a 
kind method for optimization correlation among the Hadoop 
configuration parameters by GEP [14]. Naik built a brand-new 
equation by using GEP to quantized the correlation between 
converging angle, width ratio, relative distance, relative depth, 
aspect ratio and water surface profile [15].  

In order to obtain the more accurate system harmonic 
impedance, this paper fully considered the harmonic phase angle, 
and then proposed a new technique for quantitative division of 
harmonic responsibilities, which used the change of system 
harmonic voltage (background harmonic voltage) to 
quantitatively calculate the user's harmonic voltage contribution 
at the PCC, and the user-side harmonic impedance contribution 
was taken into consideration during the calculation process. This 
paper also reviewed existing evolutionary algorithm based 
system modelling and optimization for power system.  
Theoretical simulation and engineering verification of the 
method in this paper showed that the proposed method can 
effectively determine the responsibility for harmonics in the 
power system with effectively manage the influence of system 
harmonic and user harmonic impedance changes compared with 
other existing correlation analysis method, and the evaluation 
results was accurate enough for further application. 

For simplicity, the system impedance and user impedance 
hereinafter represented system harmonic impedance and user 
harmonic impedance, respectively. 

II. TRADITIONAL CORRELATION ANALYSIS METHODS

The traditional correlation analysis uses the association 
between the harmonic voltage and current at the PCC, which to 
calculate the system impedance by system frequency and the 
user's harmonic current. Figure 1 is an equivalent circuit, and the 
subscripts 's' and 'c' refer to the system side and the user side, 
respectively. Obtain the measured value during the 
measurement period, and use Fourier transform to obtain the h-

order harmonic voltage ����
�

  and harmonic current ����
�

  at the

PCC point, and draw the image of  �����
� � about �����

� � as shown

in Figure 2, and use the linear regression method to get: 

�����
� � = a �����

� � + 
  (1) 

According to formula (1), a is equal to the system impedance, 
and b represents the average value of the harmonic voltage at the 

PCC point when the user harmonic current is zero (����
�

=0),

which was the system harmonic voltage at the same time. 

PCC

s

hV

h

s
Z

h

pccI

h

pcc
V

h

cI

Fig. 1. Equivalent circuit when neglecting the consumer harmonic 
impedance 

III. METHODOLOGY

A. the system harmonic impedance calculation

As seen in (1), harmonic phase angle should be taken into
consideration, or it will cause errors in actual calculation. This 
error can be eliminated by the equation which represents the 
impact between the hth-harmonic voltage and current at the PCC. 
As follows. 

����
� = �


� − �

� × ����� (2)

Where, ��
�

 is the system impedance, and ��
�

 is the system

harmonic voltage. The Equation (2) can be further turn into the 
scalar form by considering the phase angle of each vector. 

�����
� � = ��


�� ��
 ���� − ��

�� × �����

� � ��
 ����  (3)

�� = �� + ��  (4)

In the Equation (3) and (4), ��
 is the angle between the

vector −�

�����

�
and ����

�
and ��

, ��
 is the phase angle

difference between vector ����
�

and ����
�

, ��
 is the system

impedance angle. 

It can be seen that − ���
�� × �����

� � cos ����  and

���
�� cos ���� were the projection of −��

� × ����
�

and ��
�
 on the

����
�

, respectively.

So ��
 can be defined as follows.

�� = �  ����
ℎ ! − �(����

ℎ )  (5)

�(����) and �(����
� )) are the phase angles of vector ����

�

and ����
�

 respectively. 

In this article, the system impedance angle was estimated 
based on the property that the covariance of independent random 
variables is zero. 
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B. Estimation of system impedance angle based on the

independent random variables with zero covariance

Based on the sample values, the average value of each
quantity in Equation (2) can be calculated. 

$
% ∑ ����

ℎ =%
'($

$
% ∑ �


ℎ%
'($ − �


ℎ $
% ∑ ����

ℎ%
'($ (6)

Make )����
� = ����

� − $
% ∑ ����

�%
'($ , )����

� = ����
� −

$
% ∑ ����

�%
'($ and )��

� = ��
� − $

% ∑ ��
�%

'($
then Equation (2) minus Equation (6) can get: 

)�

ℎ = )����

ℎ + �

ℎ)����
ℎ

(7)

For the user impedance ��
�
 is much larger than the system

impedance ��
�
, which can be considered that ����

�
≈��

�
. According

to the probability theory, the covariance of two independent 

random vectors is zero [16], so the covariance of ����
�

and ��
�

were approximately 0. Therefore, 

*�+(�
,
ℎ , ����

ℎ ) = . /(����
ℎ − .(����

ℎ ))∗(�

ℎ − .(�


ℎ))1       (8)

If the sample size is large enough, the expectation can be 
approximated as the mean, so Equation (8) can be rewritten as 
follow: 

$
% ∑ ()����

ℎ )∗)�

ℎ% ≈ 0  (9)

Multiply both sides of Equation (7) by )����
�

 and get the 

mean value: 

$
% ∑ (()����

ℎ )∗()����
ℎ + �


ℎ)����
ℎ ))% = $

% ∑ ()����
ℎ )∗)�


ℎ% ≈ 0(10) 
Split Equation (10) into two parts, real part and imaginary 

part, which can get: 

4567$( �ℎ) = �
8
ℎ

�
9
ℎ

= ∑ ()����9
ℎ )����8

ℎ 7)����8
ℎ )����9

ℎ )%

∑ ()����9
ℎ )����9

ℎ :)����8
ℎ )����8

ℎ )% (11)

The quantities on the right-hand side of the equation can be 

obtained from sample values. If ��
 was obtained, the system

impedance also can be calculated. 

C. Distinguish of harmonic responsibilities

The traditional division of harmonic responsibility ignores
the user impedance, which will cause large errors when the user 
impedance is small. At the PCC point, to evaluate the user's 

contribution for the harmonic voltage with the change of ��
�

under the premise of considering the user's impedance was the 

key to distinguish harmonic impacts. The relationship between 

user harmonic voltage ��
�

, ����
�

and ����
ℎ

 can be described as 

follow: 

����
ℎ = ��

ℎ + ��
ℎ����
ℎ

(12)

Obviously, the main component of ����
�  comes from ��

�
. ����

�

and ��
�
 are not independent for each other. In order to satisfy the

conditions of correlation analysis, substitute ����
�  with ����

� =
�


� − (����
� /�


�) into Equation (12), then can be obtained,

����
ℎ = ��

ℎ(�

ℎ − ����

ℎ /�

ℎ) + ��

ℎ (13)

Which can be transformed, 

����
ℎ = ��

ℎ�

ℎ

��
ℎ:�


ℎ
�

ℎ + �


ℎ

��
ℎ:�


ℎ
��
ℎ (14)

According the definition of ��
�
 and ��

�
, 

�<
=

�>
=:�


= ��,
�

and ��
�
 are

mutual independent. Then ��
�
 can be calculated by Figure 2.

�

� = ����

=

�

= − ����

�
(15)

Then the harmonic voltage contribution on the user side and 
the system side at the PCC can be calculated. 

%��,���
ℎ = @((�


ℎ)/(��
ℎ:�A

ℎ))��
ℎ@

����
ℎ

× 100 (16)

%�
,���
ℎ = 100 − %��,���

ℎ  (17) 

h

sI h

sZ

PCC h

cZ

h

c
V

h

pccV

h

pccI

Fig. 2. Equivalent circuit when considering theds consumer harmonic 
impedance 
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D. AI based modelling solutions

As a complex system, the data mining in power system could
benefit from existing conventional/classical evolutionary 
algorithms Genetic Algorithm (GA) [17], Genetic Programming 
(GP) [18], Gene Expression Programming (GEP) [19]. 

The Genetic Algorithm employs bitstreams format container 
to represent information detected and recognized from the target 
problem space. It is known as a very good candidate for equally 
distributed space exploring. It is particularly good at searching 
an optimized or near optimized value for the system harmonic 
impedance calculation problem. 

The Genetic Programming and Gene Expression 
Programming provide exceptional level of system modelling 
support. The data correlation analysis in complex system like 
power system which requires multi-objectives, accuracy, speed 
performance, flexibility, etc. optimization support could be fully 
boosted with the tree structured/formatted solution container. 
GP has the advantages on complex internal correlation mining. 
For quantitating the division of harmonic responsibilities, 
system harmonic impedance calculation problem could take the 
solution tree to main the near latest information obtained from 
the real time system [20]. 

If the searching space is getting complex, the near real time 
processing speed requirement of power system became another 
bottle neck. The fixed length of the gene in the chromosome of 
GEP addressed the bloat problem [21] in GP successfully. The 
head and tail structure in one gene is maintained and to express 
one part of the correlation detected from the target power system. 
The flexible structure (figure 3.) achieved an excellent balance 
on accuracy, speed performance for maintain the system model 
of the system harmonic impedance calculation problem. In 
Ref.[22] GEP was employed to generate an equal model to a 
sensor equivalent circuit. The method also provides 
implementation template for the system harmonic impedance 
calculation. In Ref.[23], a method of auto-modeling recognition 
was proposed to restructure the particle structure of 
Electrochemical Impedance Spectroscopy (EIS). The accuracy 
and optimization level adjust used in that work could give the 
researcher in a new idea to generate accurate model first then 
further exploring the best setting of the involved key parameter. 

Fig. 3. The gene to expression tree structure 

IV. DATA SELECTION SCHEME BASED ON TIME SERIES 

SEGMENTATION 

The calculation of system impedance mainly uses the change 

of ��
�
, the division of harmonic responsibility uses the change of

�

�

. This paper adopts a data selection scheme based on time

series segmentation, that is, to select the period in which each 

quantity (��
� or �


�
) fluctuates greatly. In practice, a fluctuation

threshold (10% in this paper) can be set in advance, and the 
period when the fluctuation exceeds this threshold is selected as 
the attention period. 

h

pccV

h

pccI

Fig. 4. Time series segmentation method 

As shown in Figure 4, ����
�

 (ignoring the user impedance, 

that is ��
�

) fluctuates greatly during the T1 period, and the

measured value in the T1 period can be used to calculate the 

system impedance; in the T2 period, ����
�

is stable ( ��
�

 is

basically no fluctuation), and ����
�

 fluctuates greatly, it can be 

seen that the system harmonic voltage (system harmonic current 

��
�
 ) fluctuates greatly in this section, and the data in T2 section

can be selected to divide the harmonic responsibility. 

Fig. 5. IEEE 14-bus power system 

V. SIMULATION EXPERIMENT

In Figure 5, the IEEE standard test system with 14-bus was 
used as the calculation and simulation example. Node 11 was 
selected as the concerned bus (PCC point), HL1 was the 
nonlinear harmonic source load concerned by the PCC point, L2 
was the linear load, and HS was the system harmonic source 
load. The other parts except loads HL1 and L2 were taken as the 
system side. The results showed the harmonic voltage 
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contribution of the harmonic source load HL1 at bus No. 11 
through simulation. Take the 5th harmonic as an example. 

A. System harmonic impedance calculation

Firstly, the actual value ��
C = 2.87∠79.75°Ω of the PCC

point 5th harmonic system impedance was obtained by Digsilent 
software, and the userside impedance was ignored in this part. 

Given the amplitude of the 5th harmonic current was from 
HS to 114.8A, the phase angle to −76.56°, and the user side 

impedance was neglected. First, specify N samples ( ��
C
 values),

perform harmonic power flow calculation for each sample value, 
and collect N harmonic voltage, current and their phase angle 

values at the PCC point. N samples of )����L
C

 , )����M
C

 , )����L
C

 , 

)����M
C

 can be calculated with the definition mentioned above.

Use the Equation (9) to get the estimated value of the system 

harmonic phase angle  ��
C = 77.5°, and the absolute value of the

error with the actual value �N�
C

 is only 2.25°, which can be 

ignored. After �O�
C

was got, �C
can be calculated: �'

C = �'
C + �O�

C

(1≤i≤N). After regression, �����
C � to �����

C cos �C� , the system

impedance modulus ���
C� is obtained.

Figure 6. and Figure 7. were the simulation results obtained 
by using method 1 and method 2 respectively. Method 1 and 
method 2 referred to the traditional correlation analysis and the 
method proposed in this paper respectively. It is known from the 
figure that the system impedance obtained by method one is 
2.54Ω, and the system impedance obtained by method two is 
2.75Ω. Compared with the actual value of 2.87Ω, the error of 
this method is 4.18%, which is obviously lower than the error of 
11.49% of the traditional method. 

3 4 5 6 7 8 9
330

340

350

360

370

5
/
V

p
cc

V

5 / ApccI

2.54 347.6y x= +

380

Fig. 6. Correlation between P����C P and P����C P of PCC 

5
/
V

p
cc

V

5 5cos( ) / ApccI γ

2.75 363.1y x= +

Fig. 7. Correlation between P����C P and P����C cos �CP of PCC 

Table 1 showed the system impedance values ���
C� obtained

by methods 1 and 2 when the user impedance was different 

under the 5th harmonic. It can be seen from Table 1 that the 
accuracy of method 2 was obviously higher than that of method 
1, and at the same time, the sensitivity of the system impedance 

value ���
C�  obtained by method 2 to the change of user

impedance ���
C� was lower than that of method 1.

TABLE I. SYSTEM 5TH HARMONIC IMPEDANCE ��S5� FOR DIFFERENT

VALUES OF CONSUMER HARMONIC IMPEDANCE 

PRSTP = UV. W 
PRSTP = XYV. U average error

（%） 

actual value 2.87 2.87 —
method 1 2.48 3.14 11.5 

method 2 3.15 2.99 6.97 

B. Quantitative division of harmonic responsibility

The classic curve of 5th harmonic current of system
harmonic source could be adopted from Ref. [24]. If one minute 
corresponds to one sample point, then there are 1440 points in 
one day, as shown in Figure 8. 

Fig. 8. 5th harmonic current injection by harmonic source HS 

Assume that the user harmonic current is a fixed value, the 

magnitude is 10A, and the phase angle is -74.25°. The system 

impedance is 2.87∠79.75°Ω, and the user impedance is 78.2

∠90°Ω . The simulation results obtained were shown in 
Figure 9, which was obviously seen that the user harmonic 
voltage was 29.2V at the PCC point. Taking the 5th harmonic 
voltage at the PCC point as 50V as the focus point, the user 
harmonic voltage contribution is 58.4%, which is very close to 
the actual value of 55.4%. The linear regression method ignoring 
the user impedance (method 1), the traditional correlation 
analysis (method 2), and the method in this paper (method 3) 
was used to calculate the harmonic liability to prove the 
accuracy of the method in this paper. 
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p
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Fig. 9. Correlation between ����C  of PCC and ��C

Table 2. shows the user harmonic voltage contribution rates 
obtained by three methods when the user impedance is different. 
It can be seen from each column in the table that the accuracy of 
the method in this paper is obviously higher than that of methods 
1 and 2, and it is more obvious as the user harmonic impedance 
decreases. Because methods 1 and 2 ignore user impedance in 

the calculation process (��
C
=∞) in the Norton equivalent circuit),

the smaller ��
C
 is, the greater the error it produces. Since the

method in this paper considers the user impedance, even when 

��
C
 is small, the result is within the error range. 

TABLE II. LOAD 5TH HARMONIC VOLTAGE CONTRIBUTION AT THE PCC 

(%�Z,[ZZC )FOR DIFFERENT VALUES OF CONSUMER HARMONIC IMPEDANCE

%\],^]]T average error

（%） 

R]T =_`. `∠
90° 

R]T = UV. W
∠90° 

R]T =XYV. U∠
90° 

actual 

value 
53.7 55.3 55.8 —

method 1 27.1 49.3 51.6 22.64 

method 2 39.6 41.5 44.3 23.94 

method 3 45.9 58.4 53.7 7.96 

VI. CASE STUDY

Fig. 10. Equivalent circuit of the 35/10 kV industrial power fundamental 
harmonic systems 

Figure 10 was the circuit equivalent diagram of 35kV/10kV 
industrial system, the short-circuit capacity is 10MVA, the 35kV 
bus contains 2.5% of the 5th harmonic component, and the linear 
load and nonlinear load electric arc furnace was accessed 

through 10kV distribution system. The sampling frequency was 
3200 Hz, and fast Fourier transform was performed on the 
sampling data every minute to obtain the measured values of 

each harmonic. The measured 5th harmonic voltage ����
C

 and 

current ����
C

 at the PCC point within 300 minutes on a certain 

day were shown in Figure 11. The load runs normally for the 
first 240 minutes, and the load stops for the next 60 minutes. 

5
/
V

p
cc

V
5

/
A

p
cc

I

Fig. 11. Magnitude waveforms of the 5th harmonic voltage and current at the 
PCC 

It can be seen from the above data selection scheme that in 
the T1 segment in Figure 11, the harmonic current fluctuates 
greatly during the start-up process of the user, so the data in the 
T1 segment can be used to calculate the system impedance. The 
5th harmonic impedance angle of the system was 67.89° by the 
method in this paper, the numerical value was 2.16Ω. 

Select the data in section T2 to calculate the user’s harmonic 
voltage contribution. Table 3 shows the contribution of 5th 
harmonic voltage for the system and the user at PCC point under 

the 95% probability value of ����
C

 was 446.5V, respectively 

using the traditional correlation analysis and the method in this 
paper. 

TABLE III. COMPARISON OF THE ESTIMATED 95% PROBABILITY VALUES 

OF �Z,[ZZC
 AND �a,[ZZC

The 5th harmonic voltage when the load is out of service in 
the measured data is taken as the contribution of the system 
harmonic voltage, as shown in Figure 12, and 95% probability 
value was 175.2 V. Comparing the data in Table 3, it can be seen 

Responsibility 

distinguishing method 
\],^]]T \S,^]]T

Traditional correlation 

analysis method 
247.1 204.6 

Method in this article 267.9 178.6 
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that the calculated value of the method in this paper was the most 
accurate, which proved that the harmonic voltage generated by 
the user at the PCC point was 267.9V is credible. 
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−

Fig. 12. ��,���C  measured at the PCC 

VII. CONCLUSION

Accurate calculation of system harmonic impedance is the 
premise of realizing the quantitative division of harmonic 
responsibilities. In view of the lack of ignoring the harmonic 
phase angle when the traditional correlation analysis method is 
used to solve the system impedance, this paper proposes to take 
the harmonic phase angle into the equation to obtain a more 
accurate system harmonic impedance. In addition, in view of the 
shortcomings of neglecting user impedance and assuming that 
the system harmonic voltage was the fixed value when the 
traditional linear regression method divides the harmonic 
responsibility (voltage contribution), this paper proposed the 
fluctuation of the system harmonic voltage and combine the 
correlation analysis method to obtain the quantitative harmonic 
of the user at the PCC point. Some classical Evolutionary 
Algorithms were also reviewed with existing successful cases 
for implementation in power system area. The simulation 
analysis and actual engineering examples have verified that the 
method in this paper can obtain more accurate system 
impedance than the existing methods, and the division of 
harmonic responsibilities has obtained relatively satisfactory 
results. Furthermore, the adoption of gene expression coding can 
further eliminate the interference of irrelevant factors, make the 
calculation results converge faster, and even be applied to the 
analysis of correlation relationships among multiple databases 
and influencing factors. 
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