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ABSTRACT At present, the essence of traditional methods for determination of harmonic responsibility
among different parts in power system is mainly based on the contribution of relevant physical quantity on
the point of common coupling (PCC) of both utility side and customer side. However, theoretical basis of
various methods is of much difference, leading to a large difference in the final calculation result of harmonic
responsibility. Therefore, there is no reliable approach applied in actual cases. This project aims to fill the
current gap in literature, proposing a new method to determine harmonic responsibility from the perspective
of economic loss. Firstly, according to power theory of IEEE Std.1459-2010 and quality engineering theory,
the index set of harmonic pollution evaluation on PCC is established, and the expressions of calculation of
economic loss are obtained. Secondly, collecting relevant data on PCC, the parameters of Norton equivalent
models of utility side and customer side are obtained by the reference impedance method, then contributions
of corresponding physical quantity on PCC can be analyzed. Based on relevant expressions of economic loss,
calculation results of economic loss are all obtained. At the same time, values of harmonic responsibility
of utility side and customer side are calculated. Finally, new adjustment scheme of rewarding-penalizing
electricity charge (RPEC) is discussed and compared with other traditional schemes. After comparison,
Results of comparative analysis show that the new adjustment scheme can not only increase the penalty for
harmonics but also reflect commodity characteristic of electricity energy. In this manner, calculation result
of electricity charge is more reasonable. Hence, electricity environment on PCC can be improved.

INDEX TERMS Harmonic responsibility, IEEE Std.1459-2010, quality engineering theory, economic loss,
adjustment scheme of electricity charge.

I. INTRODUCTION
In recent years, a large number of power electronic devices
are put into power system, thus harmonics have become
more and more serious. At the same time, harmonic affects
quality of electricity energy seriously. In fact, the essence
of electricity energy is commodity. So, harmonic can bring
certain economic loss to power supply company and related
customers. Aim at this situation, more and more experts and
scholars have begun to pay attention to the various problems
caused by harmonics, carrying out in-depth research from
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various perspectives such us governance, compensation and
charging.

The literature [1]–[3] briefly describe harmonic hazard and
carry out relevant research from the perspective of compen-
sation. However, these literatures only analyzes compensa-
tion effect after putting into relevant devices, but they do
not involve harmonic responsibility analysis. The literature
[4]–[8] gradually realize the importance of distinguishing
harmonic contribution on PCC of utility side and customer
side, thus deriving the topic of location of main harmonic
source on PCC. Through the location of main harmonic
source, harmonic emission level of utility side and cus-
tomer side can be evaluated. But, this kind of method is not
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quantitative, thus the specific results of harmonic responsi-
bility percentage of utility side and customer side cannot be
obtained quantitatively. In the literature [9], Professor Wil-
son firstly proposes the method for quantitative determina-
tion of harmonic voltage responsibility and harmonic current
responsibility based on superposition projection principle.
Subsequently, this method has been widely used. Based on
it, the literature [10]–[13] carry out in-depth research on
calculation of harmonic impedance of utility side, but it in
fact uses traditionalmethod based on superposition projection
principle to calculate harmonic responsibility quantitatively,
which does not effectively innovate quantitative calculation
method of harmonic responsibility. The literature [14] car-
ries out research on quantitative calculation method of har-
monic responsibility based on the principle of superimposed
projection, which realizes harmonic source can be divided
into two kinds, one kind is augmentation harmonic source,
the other kind is subtraction harmonic source. The essences
of augmentation harmonic source and subtraction harmonic
source are both harmonic source, and subtraction harmonic
source has a certain improvement effect on the harmonic
pollution on PCC, while augmentation harmonic source has
an aggravating effect. In literature [15]–[17], it points out that
the judgment basis of harmonic voltage responsibility and
harmonic current responsibility based on superposition pro-
jection principle is of much difference, thus leading the final
results of harmonic responsibility of utility side and customer
side based on different indexes are also quite different.

At present, there is no any standard which illustrates the
situation on how to make a choice of harmonic voltage index
or harmonic current index, thus leading some researchers
prone to misuse the indexes [18], [19]. In literature [20],
the shortcomings of the traditional methods for determination
of harmonic responsibility are further analyzed, it points out
that the traditional methods based on superposition projection
principle can only determine harmonic responsibility under a
certain frequency, and how to combine different frequencies
of harmonic responsibility is also worth studying. On the
basis of weighting methods, the literature [21] proposes a
new method to calculate harmonic responsibility comprehen-
sively from the perspective of harmonic current and harmonic
voltage. In literature [22], the index set of harmonic respon-
sibility calculation is established according to new power
theory of IEEE Std.1459-2010, which covers all harmonic
physical quantities. Compared with the index set in litera-
ture [21], the index set according to IEEE Std.1459-2010 is
more reasonable, so the final result is also more reliable.
And the most key point is that literature [22] firstly points
out the adjustment scheme of electricity charge should con-
sider harmonic responsibility, and it emphasizes the closeness
relationship between harmonic responsibility and electricity
charge. But, both methods proposed in literature [21], [22]
apply subjective weight and objective weight whichmay have
many interference factors, leading the two methods are not
easily applied in the actual case. Based on analyzing single
harmonic source, the literature [23], [24] propose methods

on how to determine harmonic responsibility among multiple
harmonic sources, which are closer to actual power system.
In literature [25], [26], the quality engineering theory is used
as a tool to assess economic loss of voltage sag in power
system, which reflects that quality engineering theory has
a certain application prospect in assessment of economic
loss of power quality. In literature [27], the economic losses
corresponding to different ranges of amplitude of voltage sag
are converted into different multiples of certain interruption
loss, which provides a method for calculation of parameters
required in economic loss function of voltage sag based on
quality engineering theory. Literature [28] proposes the ref-
erence impedance method to calculate parameters of Norton
equivalent model of utility side and customer side, thus cal-
culating the actual impedance of customer and utility sides is
unnecessary. Literature [29] introduces the current standard
of power quality, but this standard only limits the value of
voltage distortion rate and rms value of harmonic current
on PCC. When the limit is exceeded, the standard lacks of
measure to punish related customers. Literature [30] is the
current adjustment scheme of electricity charge of China.

Through above description, it can be believed that the cal-
culation result of harmonic responsibility should be closely
related to economy. If quantitative calculation method of
harmonic responsibility lacks of relationship with economy,
the finally calculation result of harmonic responsibility may
not be easy to convince. On the basis of realizing the close
relationship between economy and harmonic responsibil-
ity, this paper firstly proposes a new method to calculate
harmonic responsibility from perspective of economic loss,
which prominently reflects the essence of electricity energy is
commodity. Secondly, a new adjustment scheme of electricity
charge is compared with traditional schemes, comparative
result shows that new scheme ismore reasonable.Meanwhile,
it enriches research achievement in the fields of energymeter-
ing and determination of harmonic responsibility of power
quality.

II. THE ANALYSIS OF TRADITIONAL CALCULATION
METHOD OF HARMONIC RESPONSIBILITY
In literature [9], Professor Wilson firstly proposed calcula-
tion method based on superposition projection principle of
harmonic responsibility of harmonic current and harmonic
voltage on PCC, which has an important impact on future
research. At first, Norton equivalent model is used to model
utility side and customer side, which is shown in Figure 1.

FIGURE 1. Calculation modeling of harmonic responsibility.
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In Figure 1, IS and IC are rms value of harmonic current
source of Norton equivalent model of utility side and cus-
tomer side; ZS and ZC are harmonic impedance of Norton
equivalent model of utility side and customer side; IPCC and
UPCC are rms value of harmonic current and harmonic voltage
on PCC.

Because Norton equivalent model is established under
a certain frequency, the Figure 1 can be decomposed
based on superposition projection principle, which is shown
in Figure 2.

FIGURE 2. Decomposed Norton equivalent circuit.

Based on Figure 2, the contributions of harmonic current
and harmonic voltage on PCC of utility side and customer
side can be obtained as follows:

US−PCC = IS ·
ZsZC

ZS + ZC
, (1)

UC−PCC = IC ·
ZsZC

Zs + ZC
, (2)

IS−PCC = IS ·
ZS

ZS + ZC
, (3)

IC−PCC = IC ·
ZC

ZS + ZC
. (4)

where US−PCC and IS−PCC are contributions of harmonic
voltage and harmonic current on PCC of utility side, UC−PCC
and IC−PCC are contributions of harmonic voltage and har-
monic current on PCC of customer side.

According to the ration of projection contribution of utility
side and customer side onto total harmonic current and total
harmonic voltage on PCC, harmonic responsibility of utility
side and customer side can be determined. Take projection
contribution of harmonic current of utility side and customer
side add up onto PCC as an example to introduce, which is
shown in Figure 3.

FIGURE 3. Quantitative calculation of harmonic responsibility.

In Figure 3, ISP and ICP are rms value of projection contri-
bution of harmonic current of utility side and customer side

onto total harmonic current on PCC, θPCC, θS and θC are angle
of total harmonic current on PCC, contribution of harmonic
current of utility side and contribution of harmonic current of
customer side.

According to Figure 3, harmonic responsibility of utility
side and customer side can be obtained as follows:

RC =
ICP
IPCC
× 100%, (5)

RS =
ISP
IPCC
× 100%, (6)

where RS and RC are harmonic responsibility percentage of
customer side and customer side respectively.

Through above introduction, it can be found that the great-
est advantage of traditional method is that it has clear physical
meaning, the essence of tradition method is actually to cal-
culate contribution ration of harmonic current and harmonic
voltage which utility side and customer side generate onto
total harmonic current and total harmonic voltage respec-
tively on PCC. However, traditional method does not reflect
actual economic loss caused by harmonics in power system,
thus the harmonic responsibility calculated by traditional
method lacks of relationship with economy.

In fact, harmonic responsibility is an intermediate result,
the ultimate goal of power supply company is to take eco-
nomic measures to punish related customers through calcu-
lation of harmonic responsibility, which both ensures com-
modity characteristic of electricity energy and reduce hazard
of harmonics in power system.

In addition, traditional calculation method of harmonic
responsibility has following main defects:

1) Traditional calculationmethod only calculates harmonic
responsibility under a certain frequency, which lacks of anal-
ysis of relationship among different frequencies.

2) Under one certain frequency, calculation results of har-
monic responsibility have a large difference based on choos-
ing different indexes.

3) The focus of traditional methods is mainly on harmonic
current and harmonic voltage, but, whether harmonic current
and harmonic voltage can totally reflect harmonic environ-
ment on PCC is worthy further research.

Based on these defects, more and more experts have pro-
posed various methods to overcome defects of traditional
method. However, judging from current research situation,
there are few research on relationship between calculation
result of harmonic responsibility and economy. Therefore,
this paper proposes a new method to calculate harmonic
responsibility on PCC from the perspective of economy.

III. PRINCIPLE OF QUALITY ENGINEERING THEORY
A. INTRODUCTION OF QUALITY ENGINEERING THEORY
The quality engineering theory is the unprecedented fierce
competition production for quality competition in the inter-
national market in the 1970s,and the classification of quality
characteristics was studied by Japanese quality management
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specialist Taguchi. And then, quality engineering is used to
evaluate product quality.

At present, more and more experts have put much focus
on the quality engineering theory to evaluate product quality
more accurately. In literature [25], it introduces the principle
of quality engineering theory, which is that when the evalu-
ation index of corresponding quality characteristic deviates
from target value, it will result in certain economic loss,
and with greater deviation, the greater economic loss. It can
also be judged from this principle that as long as the quality
characteristic of commodity deviates from target value, it will
cause economic loss. Therefore, although the international
standard limits rate of voltage distortion on PCC is within
5%, there is still certain economic loss.

In literature [25], it roughly classifies quality characteris-
tic, which can be divided into three parts of visual charac-
teristic, large characteristic and small characteristic. Among
them, target value of visual characteristic is limited, target
value of large characteristic is infinite, and target value of
small characteristic is zero.

Based on it, the concept of economic loss function of
quality characteristic gradually appears, which is mainly used
to quantitatively calculate the economic loss caused by the
deviation of quality characteristic offset target value. In lit-
erature [26], the general expression of the economic loss
function of quality characteristic is defined as follows:

EL(x) = K · F(x − T ). (7)

where EL(x) is the actual economic loss cause by deviation of
the quality characteristic offset target value, K is maximum
economic loss by deviation of the quality characteristic offset
target value, x is value of quality characteristic, T is target
value of quality characteristic.

B. THE STEPS OF ECONOMIC LOSS CALCULATION BASED
ON QUALITY ENGINEERING THEORY
In general, it needs three steps to calculate economic loss
based on quality engineering theory.

Step one: According to each index in the evaluation index
set of economic loss, the function form of economic loss
applicable to each index should firstly be determined, and
then, actual economic loss corresponding to each index can
be obtained.

Refer to the theoretical analysis of traditional forms of
economic loss function of quality characteristic, and based
on it, considering that the inverse normal function has strong
advantages in both stability and practicability, this paper
adopts it to evaluate economic loss of quality character-
istic of corresponding index, its expression is shown as
follows:

EL−i(x) = Ki

{
1− exp

(
−
(xi − Ti)2

2σ 2
i

)}
. (8)

where EL−i(x) is the actual economic loss cause by deviation
of quality characteristic offset target value of corresponding

index i, Ki is maximum economic loss by deviation of the
quality characteristic offset target value of corresponding
index i, xi is value of quality characteristic of corresponding
index i, Ti is target value of quality characteristic of corre-
sponding index i, σi is sensitivity parameter of corresponding
index i.
According to Equation (8), the calculation formula of σi is

expressed as follows:

σi =
(xi − Ti)2

2 ln( Ki
Ki−ELi

)
. (9)

Step two: the corresponding signal-to-noise ratio of each
index in the evaluation index set is calculated, and then,
corresponding weight of each index is also obtained.

Signal-to-noise ration (SNR) has certain relationship with
commodity performance, which can be used to evaluate eco-
nomic loss. In the general situation, the larger SNR, the better
commodity performance and the smaller economic loss. The
formula for calculation of SNR is expressed as follows:

ηi =

∣∣∣∣10 lg (S − V )/m
V

∣∣∣∣ . (10)

where m is number of detection, expressions of S and V are
shown as follows:

S =
1
m

 m∑
j=1

xj

2

, (11)

V =
1

m− 1

m∑
j=1

(
xj − x̄i

)2
. (12)

where xj is corresponding detection value of index i,
−
xi is

corresponds average value of the quality characteristic x of
index i.
After calculating SNR of each corresponding index in

evaluation index set, the corresponding weight ωi of index
i can be obtained as follows:

ωi =
1/ηi
n∑
i=1

1/ηi

. (13)

where n is the number of index in evaluation index set.
Step three: based on step one and step two, the total eco-

nomic loss of multi indexes can be obtained as follows:

EL(x) =
n∑
i=1

ωiEL−i(x). (14)

where EL−i(x) is corresponding economic loss of index i,
EL(x) is the total economic loss of multiple indexes, ωi is the
weight of index i, n is the number of index in evaluation index
set.
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IV. THE NEW METHOD TO CALCULATE HARMONIC
RESPONSIBILITY
A. EVALUATION OF TOTAL ECONOMIC LOSS OF
HARMONIC ON PCC
At first, index set of assessment of economic loss on PCC
should be determined. According to detailed definition of
various power physical quantities under harmonic condition
of IEEE Std.1459-2010, index set of economic loss can be
established. The decomposition of apparent power under
harmonic condition under IEEE Std.1459-2010 is shown
in Figure 4.

FIGURE 4. Decomposition of apparent power under harmonic condition.

In Figure 4, S1 and SN are fundamental apparent power
and non-fundamental apparent power,DI,DU and SH are cur-
rent distortion power, voltage distortion power and harmonic
apparent power. P1 and Q1 are fundamental active power and
fundamental reactive power.

It can be seen from Figure 4, non-fundamental apparent
power SN covers all harmonic physical quantities, which
consists of DI, DU and SH. Therefore, in order to consider
harmonics more comprehensively, DI, DU and SH are used
as indexes to evaluate economic loss of harmonic pollution
on PCC respectively, and then, the evaluation index set is
established.

The calculation expressions of DI, DU and SH are shown
as follows:

DI = U1IH = U1I1
IH
I1
= S1THDI, (15)

DU = UHI1 = S1THDU, (16)

SH = UHIH = S1THDITHDU. (17)

It can be seen fromEquations (15) – (17), current distortion
power DI essentially reflects current distortion rate THDI on
PCC, voltage distortion power essentially reflects the voltage
distortion rate THDU on PCC, and harmonic apparent power
SN comprehensively reflects THDI and THDU in the form
of multiplying. Therefore, when choosing DI, DU and SH
as indexes to establish index set of evaluation of harmonic
economic loss, it essentially reflects THDI, THDU and mul-
tiplying of THDI and THDU on PCC.
Based on establishment of index set of harmonic economic

loss on PCC, economic loss on PCC corresponding to each
index can be obtained according to Equations (8) – (13).
Therefore, according to Equation (14), total harmonic eco-
nomic loss on PCC can be determined.

B. CALCULATION OF HARMONIC RESPONSIBILITY OF
UTILITY SIDE AND CUSTOMER SIDE
According to Figure 2, the contributions on PCC of harmonic
current and harmonic voltage of utility side and customer
side can be obtained under any harmonic frequency, and then,
according to superposition projection principle, the projec-
tions on PCC of harmonic voltage contribution and harmonic
current contribution of utility side and customer side onto
total harmonic voltage and total harmonic current can be
obtained. The contributions of total harmonic current distor-
tion rate of utility side and customer side on PCC are shown
as follows:

THDI−S =

∑
h 6=1

I2h−SP

I1
, (18)

THDI−C =

∑
h 6=1

I2h−CP

I1
. (19)

where THDI−C and THDI−S are contributions of total har-
monic current distortion rate on PCC of customer side and
utility side, Ih−CP and Ih−SP are projections of harmonic
current contributions of utility side and customer side onto
total harmonic current Ih−PCC under harmonic order of h on
PCC, I1 is fundamental current on PCC.
Similarly, the total harmonic voltage distortion rate contri-

butions of utility side and customer side on PCC are shown
as follows:

THDU−C =

∑
h 6=1

U2
h−CP

U1
(20)

THDU−S =

∑
h 6=1

U2
h−SP

U1
(21)

where THDU−C and THDU−S are contributions of total har-
monic voltage distortion rate on PCC of customer side and
utility side, Uh−CP and Uh−SP are projections of harmonic
voltage contributions of utility side and customer side onto
total harmonic voltage Uh−PCC under harmonic order of h on
PCC, U1 is fundamental voltage on PCC.
According to relevant equations, harmonic economic loss

caused by utility side and customer side on PCC can be
obtained, which is shown as follows:

EL−S(x) =
∑
i

ωi−SELS−i(x)

i ∈ {THDI,THDU,THDI · THDU} , (22)

EL−C(x) =
3∑
i=1

ωi−CELC−i(x). (23)

whereEL−S(x) andEL−C(x) are total harmonic economic loss
on PCC caused by utility side and customer side respectively,
ELS−i(x) and ELC−i(x) are harmonic economic loss on PCC
corresponding to index i of utility side and customer side
respectively, ωi−S is the weight corresponding to index i of
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utility side, ωi−C is the weight corresponding to index i of
customer side.

Based on calculation of total harmonic economic loss on
PCC, harmonic economic loss on PCC caused by utility side
and customer side, the percentage of harmonic responsibility
of utility side and customer side can be obtained, which are
shown as follows:

RS =
EL−S(x)
EL(x)

× 100%, (24)

RC =
EL−C(x)
EL(x)

× 100%. (25)

where RS and RC are harmonic responsibility percentage of
utility side and customer side respectively.

C. FLOW CHART OF CALCULATION OF HARMONIC
RESPONSIBILITY
Based on above two subsections, the flow chart of new
method to determine harmonic responsibility is established
in this subsection, which mainly includes the following sub-
routines: data acquisition subroutine, modeling subroutine,
calculation of harmonic economic loss subroutine and quan-
titative calculation of harmonic responsibility subroutine.

V. SIMULATION ANALYSIS
A. EXAMPLE OF QUANTITATIVE CALCULATION OF
HARMONIC RESPONSIBILITY
The content of harmonics generated by a single harmonic
source is very low, however, the power system of differ-
ent countries is developing rapidly, more and more power
electronic products such as rectifier equipment begin to be
put into the power system, thus the content of harmonics
generated by multi-harmonic sources is very high because of
superposition principle. According to this phenomenon, it is
very meaningful for power supply company to calculate the
harmonic responsibility of single harmonic source.

So, the simulation model shown in Figure 6 is established
in Matlab/Simulink. It can intuitively introduce and analyze
the method of this article. Aim at multi-harmonic sources,
computing essence of harmonic responsibility is same as
single harmonic source.

The utility side contains certain background harmonics,
whereas the customer side is an uncontrollable rectifier
circuit.

In Figure 6, us is background harmonic voltage source
of utility side, RS and LS are resistance and inductance of
utility side respectively, uPCC and iPCC are harmonic voltage
and harmonic current on PCC, K1, K2 and K3 are switch 1,
switch 2 and switch 3, RC1 and LC1 are resistance and induc-
tance corresponding to branch of switch 1, RC2 and LC2
are resistance and inductance corresponding to branch of
switch 2, RC3 and LC3 are resistance and inductance corre-
sponding to branch of switch 3.

The purpose of setting the switch is to simulate the fluctu-
ation of customer side. It is assumed that harmonics on PCC
is detected three times one day, and different detection order

FIGURE 5. Flow chart of harmonic responsibility calculation.

FIGURE 6. Simulation model.

corresponds to different closed state of switch. The parameter
settings are shown in Table 1.

TABLE 1. The parameters of the simulation.

In Table 1, values of resistance and inductance of utility
side source from literature [10], which use power recording
equipment to conduct on-site measurement of four house-
holds in a power district in Shanghai, and then, the harmonic
impedance of utility side is calculated according to symbol
discrimination method. Therefore, calculation result of har-
monic impedance of utility side is more accurate and reliable.

According to flow chart of the newmethod to calculate har-
monic responsibility shown in Figure 5, the relevant steps are
implemented in turn, thus obtaining final harmonic responsi-
bility of utility side and customer side.

Step one: Collect relevant data.
Take comprehensive consideration of harmonics under

order of 3 and 5 as an example in this paper.
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TABLE 2. Data collection.

TABLE 3. The maximum economic loss of each index.

Because harmonic on PCC is detected three times a day, thus
collecting relevant data corresponds to different detection
sequences, results of data collection are shown in Table 2.

Step Two: Calculate total economic loss of harmonics on
PCC.

Because physical quantity corresponds to each index occu-
pies the capacity of PCC in the form of capacity, and capacity
has a close relationship with the price of active power filter
(APF). Therefore, with reference to unit price of active power
filter in the electricity market in China (2000 RMB/kVA),
the maximum economic loss K (governance cost) corre-
sponds to each index is obtained.

Refer to current power quality standard [29], which consid-
ers that when total voltage distortion rate on PCC is within 5%
and both rms values of harmonic current under harmonic
order of 3 and 5 on PCC are 62A (total rms value of harmonic
current is 87.68A), harmonics on PCC conform to power
quality standard, which also means that there is no need to
invest any compensation device. So, the most important haz-
ard of harmonics of PCC within limited range is to increase
line loss. Therefore, the method in literature [29] is adopted to
calculate relevant parameters of economic loss function based
on power quality engineering, which converts economic loss
of harmonics on PCC conforming to critical requirement of
power quality standard [29] to be 0.1 times of maximum
economic loss of corresponding index. The calculation results
are shown in Table 4.

It should be noted in Table 4 that harmonic current rate
THDI on PCC in power quality standard essentially reflects
rms value of harmonic current to judge whether harmonic
current is qualified.

According to Table 3 and Table 4, and substitute relevant
data into Equation 9, and then, corresponding parameters σ of

TABLE 4. The economic loss under critical harmonic requirement.

TABLE 5. The value of σ of different indexes.

economic loss functions of different indexes can be obtained,
calculation results are shown in Table 5.

According to Equation 8, harmonic economic loss on PCC
corresponds to each index can also be obtained. Based on
it, corresponding weight of each index can be calculated
according to Equations (10) – (13), and then, total harmonic
economic loss on PCC can also finally obtained. Calculation
results are shown in Table 6.

Step three: Based on reference impedance method, param-
eters of Norton equivalent model of utility side and customer
side under different detections are calculated.

Firstly, relevant data on PCC ismeasured, and then, accord-
ing to related equations of reference impedance method in
literature [28], the parameters of Norton equivalent model
under different cases can be obtained.

Step four: calculate contributions of corresponding index
of economic loss on PCC of utility side and customer side.

According to the principle of superposition projection, the
contributions of corresponding index on PCC of utility side
and customer side under different detections can be obtained,
which are shown in Table 7.

According to Table 7, average contribution of each index
of utility side and customer side can also be obtained, which
is shown in Table 8.
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TABLE 6. The calculation result of total harmonic economic loss on PCC.

TABLE 7. The contribution of each index of utility side and customer side.

TABLE 8. The average contribution of each index of utility side and
customer side.

TABLE 9. The SNR and weight of index on PCC of harmonics generated by
customer side.

TABLE 10. The SNR and weight of index on PCC of harmonics generated
by utility side.

Step five: calculate the corresponding Signal-to-noise
ration (SNR) andweight of each corresponding index on PCC
of utility side and customer side.

According to Equations (10) – (13), the corresponding
Signal-to-noise ration and weight of each index which utility
side and customer side generate respectively are obtained,
calculation results are shown in Table (9) - (10).

Step six: calculate economic loss on PCC caused by
harmonics generated by utility side and customer side
respectively.

According to step 2, the maximum economic loss Ki and
sensitivity parameter σi of corresponding index i are calcu-
lated, thus obtaining economic loss of corresponding index

TABLE 11. The calculation results of harmonic economic loss of utility
side and customer side on PCC.

on PCC caused by harmonics generated by utility side and
customer side respectively, and then, the total economic loss
on PCC caused by harmonics generated by utility side and
customer side respectively can also be obtained. Calculation
results are shown in Table 11.

Step seven: calculate harmonic responsibility of utility side
and customer side.

According to total economic loss EL on PCC, economic
loss on PCC EL−C caused by customer side and economic
loss on PCC caused by utility side EL−S, harmonic respon-
sibility of utility side and customer side can be obtained
according to Equations (24) – (25).

RS =
EL−S(x)
EL(x)

× 100% = 56.64%,

RC =
EL−C(x)
EL(x)

× 100% = 71.46%.

It can be seen from the calculation results of harmonic
responsibility of utility side and customer side that the sum
of harmonic responsibility of utility side and customer side
is greater than 100%. The main reasons are as follows:
1) According to simulation model shown in Figure 6, the har-
monic voltage generated by customer side reduces the total
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harmonic voltage distortion rate on PCC, the customer side
is subtraction harmonic source, while the harmonic voltage
generated by utility side aggravates the total harmonic volt-
age distortion rate on PCC, the utility side is augmentation
harmonic source. And because customer side is subtraction
harmonic source, the rms value of projection of harmonic
voltage contribution on PCC of utility side is greater than
rms value of total harmonic voltage on PCC. According to
traditional methods of calculation of harmonic responsibility,
the harmonic responsibility of utility side is greater than
100 percentage, while harmonic responsibility of customer
side is negative. Some scholars refer to ‘‘Tort liability law’’ in
China for judgment of environment pollution responsibility,
it is found that harmonic responsibility is similar to environ-
ment pollution, and as long as the customer side is harmonic
source, it should bear certain harmonic responsibility and
accept corresponding punishment, instead it is not punished.
Therefore, although the customer side reduces total harmonic
voltage distortion rate on PCC, its subjective purpose is not to
improve harmonic environment on PCC. In other words, the
behavior of customer side for improving harmonic environ-
ment has certain contingency, whereas the customer side still
needs to bear certain harmonic responsibility; 2) According
to Equation 8, it can be found that the function of economic
loss of quality characteristic is nonlinear, it cannot satisfy
superposition principle like traditional calculation method of
harmonic responsibility. Even if the direction of projections
of harmonic contributions of utility side and customer side is
same, the sum of harmonic economic loss caused by utility
side and customer side is not equal to actual total harmonic
economic loss on PCC.

B. DISCUSSION ON NEW SCHEME OF ELECTRICITY
CHARGE
In most literatures, how to combine calculation result of
harmonic responsibility and adjustment scheme of electricity
charge is often not discussed. Therefore, power supply com-
pany cannot punish related customers based on calculation
result of harmonic responsibility. Aim at this situation, the
literature [24] firstly proposes a new adjustment scheme
of electricity charge considering harmonic responsibility,
the formula of new scheme is as follows:

M = M1 +MPF1 +MH = P1tX + P1tXXPF1 + HR

= P1tX + P1tXXPF1 + SNtX3R. (26)

where M1 is electricity charge of fundamental active power,
MPF1 is adjustment electricity charge based on power factor
(it mainly charge for reactive power), MH is harmonic elec-
tricity charge, P1 is fundamental active power, X is the price
of fundament active power, XPF1 is adjustment percentage
of fundamental electricity charge based on power factor, and
the value of it can be found in related document, SN is
non-fundamental apparent power, X3 is the price of non-
fundamental apparent power, R is harmonic responsibility of
customer side, t is measurement time.

TABLE 12. The electricity charge of customer side under new scheme.

However, according to adjustment scheme shown in
Equation 26, there are following two problems: 1) the adjust-
ment scheme only assesses harmonic responsibility of cus-
tomer side, lacking assessment of harmonic responsibility
of utility side, 2) how to determine unit price of non-
fundamental apparent power SN for calculation of harmonic
electricity charge needs to be carefully considered. Based on
above two problems, the scheme proposed in literature [24]
is not easily applied in actual case. Therefore, this paper
attempts to propose a new adjustment scheme of electricity
charge, the formula of it is as follows:

M = M1 +MPF1 +MH

= P1tX + P1tXXPF1 + (EL−C(x)− EL−S(x))

= P1tX + P1tXXPF1 + EL(x) · (RC − RS) . (27)

where EL(x) is total economic loss caused by harmonics
on PCC, EL−C(x) is economic loss caused by harmonics
generated by customer side on PCC, EL−S(x) is economic
loss caused by harmonics generated by utility side on PCC,
RC and RS are harmonic responsibility of customer side and
utility side respectively.

It is worth noting that harmonic electricity charge MH is
not related to time t . Because when the customer is con-
nected to power system which contains certain background
harmonics, it directly affects harmonic electrical environment
on PCC. According to quality engineering theory, it considers
that when quality characteristic deviates from quality target,
there is certain economic loss on PCC. Therefore, harmonic
electricity chargeMH reflects influence of utility side and cus-
tomer side on commodity characteristic of electricity energy,
which also means that the new adjustment scheme shown
in Equation 27 can better reflect commodity characteristic
of electricity energy. For electricity charge of fundamental
active power and fundamental reactive power, traditional
methods are still adopted.

Based on the new adjustment scheme of electricity
charge, the electricity charge of customer side shown
in Figure 6 which works 24 hours (each switch is closed for
8 hours) is obtained, calculation results are shown in Table 12.

Compare with traditional scheme 1 (using the fundamental
power factor), traditional scheme 2 (using the total power
factor) and the new scheme proposed in this paper, the com-
parison results are shown in Figure 7.

It can be seen form comparison results in Figure 7, tra-
ditional scheme based on fundamental power factor does

VOLUME 8, 2020 119079



J. Li et al.: New Method for Determination of Harmonic Responsibility Based on Quality Engineering Theory

FIGURE 7. Comparison results of electricity charge.

not consider harmonics, which is not suitable for the power
system with increasing harmonics. Compared with scheme 1,
scheme 2 based on total power factor has a low penalty
for harmonic electricity charge, but superimposed harmonics
may cause great hazard to power system, it indicates that
scheme 2 based on the total power factor becomes no longer
applicable in this case. The new adjustment scheme of elec-
tricity charge discussed in this paper incorporates harmonics
into the commodity characteristic of electricity energy, and
carries out assessment of economic loss of harmonics, which
reflects commodity property of electricity energy and also
effectively prevent serious hazard of harmonics to power
system. And in the calculation process of electricity charge,
the harmonics generated by utility side and customer side are
both considered, which is fairer for customers.

VI. CONCLUSION
The core objective of this paper is to explore reliable approach
to measure harmonic responsibility from the new perspective
of economic loss. Compared with other methods, it has fol-
lowing advantages:

1) The new method can evaluate harmonic responsibil-
ity comprehensively under different harmonic frequencies,
and compared with comprehensive calculation of harmonic
responsibility based on combination weighting method, it is
easier to get applied in reality problems.

2) From the perspective of economy, it associates har-
monics with economic loss, which effectively reflects the
influence of the harmonics generated by different responsible
parties on the economic loss of power system.

3) After discussing and comparing the new adjustment
scheme of electricity charge with traditional schemes, har-
monic electricity charge in new scheme not only better
reflects the influence of the harmonics generated by customer
side and utility side on quality characteristics of electricity
energy in power system, but also more effective reflects the
essential characteristic of electricity energy.

4) With reference to the Tort Liability Law, it is believed
that when the responsibility part is not to reduce pollution
subjectively, no matter whether it actually pollutes the rel-
evant environment or not, it should take certain harmonic
responsibilities. Compared with traditional methods, the new
approach has stricter management of responsible parties for
harmonics, thereby avoiding greater harmonic hazards.

In the calculation process of harmonic economic loss,
the corresponding target value T of economic loss function
of quality characteristic of corresponding index is assigned 0.
Whether certain amounts of harmonics are allowed on PCC
and corresponding economic loss of allowed harmonics is
0 by default, it should be further negotiated among the power
supply company and customers.

The focus of this paper is mainly on calculation method
of harmonic responsibility from the perspective of economic
loss, and based on it, a new scheme of electricity charge
is discussed. During the course of the work done in this
paper, some areas could be improved and further researched.
In the future, how to entirely take harmonic responsibility
and unbalance responsibility into consideration and establish
amuch fairer andmore comprehensive responsibility division
system is a question worth discussing.
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