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ABSTRACT

Smart grid puts forward higher requirements for power quality. Power quality evaluation can provide a
decision-making basis for quality improvement. Based on power quality monitoring data, a grey target
method is proposed for power quality evaluation. The grey target is composed of power quality evaluation
standard and power quality monitoring data to be evaluated. Combining with the characteristics of each
power quality evaluation index, the target center of the whole grey target system is found. Then, the power
quality monitoring data to be evaluated and the power quality standard mode are compared and analyzed
to construct the power quality grey correlation difference information space. Finally, the target center
coefficient and target degree of power quality are calculated to realize the comprehensive evaluation of
power quality, and the evaluation grade of power quality monitoring data to be evaluated is obtained.
Compared with the evaluation results of the existing literature, the effectiveness of the proposed method is
verified, which shows that grey target theory is reasonable in the comprehensive evaluation of power quality.
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1 Introduction

With the development of economy and the gradual maturity of power electronic technology,
the load of power system presents the trend of diversification and complexity, and the elec-
tromagnetic environment of power system is facing severe test. A large number of nonlinear,
impulsive and unbalanced loads are connected to the power grid, which seriously reduces the
power quality of the power grid. It is an important feature of smart grid to provide high-quality
power for economic development [1,2]. Tang et al. [3] constructed the index of power quality
under the framework of smart grid, which expands the idea of comprehensive evaluation of
power quality under the condition of smart grid. Omar et al. [4] presented a novel contribution
of a low complexity control scheme for voltage control of a dynamic voltage restorer (DVR).
The scheme proposed utilizes an error-driven proportional–integral–derivative (PID) controller to
guarantee better power quality performance in terms of voltage enhancement and stabilization of
the buses, energy efficient utilization, and harmonic distortion reduction in a distribution network.
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Aleem et al. [5] presented a novel approach to optimal planning of a resonance-free C-type
harmonic filter to minimize the harmonic overloading level of frequency-dependent components
in a non-sinusoidal distribution system.

Traditional power quality indicators include voltage deviation, frequency deviation, power
supply reliability, etc. With the continuous expansion of the power system, the power load port
is becoming more and more complex. Power quality problems such as voltage sag and short-
time interruption, voltage fluctuation and flicker, interharmonics, instantaneous overvoltage and
other power quality problems have attracted more and more attention. On the one hand, it can
provide direct reference for power generation and transmission to improve power quality; on the
other hand, it can provide decision support for power consumers to choose power suppliers or
power types. It is no exaggeration to say that the improvement of power quality analysis, control,
evaluation and management is not only an effective way to improve the power market, but also
the inherent requirement of building a strong smart grid.

People pay more and more attention to the problem of power quality [6–9]. Power depart-
ments in many countries have formulated reasonable power quality standards according to their
own characteristics, and have made detailed provisions on various indicators of power quality.
By installing the power quality detection device in the appropriate position, the evaluation grade
of each sub index of power quality can be obtained after sorting and analyzing. If the power
quality indicators of a power grid are qualified, then the power quality comprehensive evaluation
results of the power grid are also qualified. However, in the actual production, the indicators
of power quality often do not belong to the same level, but belong to many different levels.
Therefore, the evaluation of a certain measure standard of a certain power grid alone cannot
fully and accurately reflect the power quality of the power grid. Only by integrating the various
indicators of computer quality and evaluating the power quality by some mathematical means,
can the power quality be comprehensively and accurately evaluated.

The remainder of this paper is organized as follows: Section 2 reviews some previous studies
relevant to power quality evaluation. Section 3 gives the details of the proposed method. In
Section 4, a case study to test the effectiveness of the proposed method is presented. Final
conclusions are summarized in Section 5.

2 Literature Review

At present, a series of power quality standards [10] have been formulated at home and
abroad, but there is no clear specification for comprehensive evaluation. In the comprehensive
evaluation of power quality, fuzzy evaluation [11] is a commonly used method, but using this
method, we need to determine the index weight in advance, and the selection of membership
function is easily affected by human subjective factors. Therefore, Yin et al. [12] applied the cloud
reasoning model to the comprehensive evaluation of power quality, which can determine the index
membership without membership function, and overcomes the inherent defects of membership
function. In addition, according to data envelopment analysis (DEA), Chai et al. [13] solved the
problem that fuzzy evaluation needs to determine the weight of indicators in advance, but the
principle of selecting the nearest will cover up the difference between the two relative efficiency
values, which may cause serious judgment error.

The above methods only use a certain time section data for evaluation, which cannot accu-
rately reflect the actual changing power quality level. Therefore, according to the double incentive
control line and competition mechanism, Ouyang et al. [14,15] proposed a dynamic evaluation
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model to reflect the change trend of the evaluation object in the evaluation time, but ignored the
impact of the actual data distribution on the comprehensive evaluation.

Other representative studies are as follows. Power quality evaluation data are heterogeneous
and fluctuating, and there are large subjective factors in the evaluation process. To solve this
problem, Chen et al. [16] proposed a power quality evaluation method based on incentive
punishment factor and the ordered weighted aggregation (OWA) operators. To get a more rea-
sonable combination weights, the improved expert scoring method is combined with critic method
to calculate the combinatorial weight. Yu et al. [17] established a comprehensive evaluation
method based on combination weighting method and TOPSIS to sort the evaluation points. Yang
et al. [18] summarized the key characteristic parameters of harmonic, voltage sag and three-phase
unbalance and obtained the unified expression of node voltage matrix, and then included the
equipment sensitivity in the evaluation index to make the evaluation result more user oriented.
Dong et al. [19] used improved analytic hierarchy process (IAHP) and improved entropy weight
method (IEWM) to determine the subjective weights and objective weights of each indicator
respectively and calculated the comprehensive weight of each power quality indicator on this basis
with the principle of maximization deviation, which could conquer the incomprehensiveness, bias
and other disadvantages of traditional power quality evaluation method. Elbasuony et al. [20]
proposed a unified index for power quality assessment in different distributed generation systems
using AHP. Considering that the evaluation indexes of power quality of wind farm are uncertain,
Wang et al. [21] applied set pair analysis theory in the comprehensive evaluation on power quality
of wind farm.

Generally, it can be concluded that most of the existing methods do not consider the change
process and distribution of long-term power quality monitoring data, which is difficult to reflect
the overall situation of power quality in a long time scale, and cannot reflect the accumulation
effect of power quality problems. In this paper, a grey target method is proposed for power quality
evaluation based on power quality monitoring data. The details of the proposed method are given
in sequence as shown below. This paper can obtain the comprehensive evaluation results of long
time scale, and reflect the overall situation and trend information of power quality long-term
monitoring data.

3 Method

3.1 Overall Framework
The overall framework of the proposed grey target method for power quality evaluation is

shown in Fig. 1. Power quality evaluation standard and power quality monitoring data to be
evaluated are adopted to compose the grey target. The target center of the whole grey target
system is determined based on the characteristics of each power quality evaluation index. The
power quality grey correlation difference information space is constructed by comparing and
analyzing the power quality monitoring data to be evaluated and the power quality standard
mode. At last, by calculating the target center coefficient and target degree of power quality, the
comprehensive evaluation of power quality is realized and the evaluation grade of power quality
monitoring data to be evaluated is obtained.

3.2 Evaluation Index
In general, the concept of power quality is the same as that of high-quality power supply.

However, due to the different perspectives of people, so far, there is still no accurate definition
of the technical meaning of power quality. From the practical point of view, the power quality
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is analyzed in detail, which is divided into the following four items. (1) Voltage quality. It refers
to the deviation between the actual voltage value of the power grid and the rated voltage value,
to measure whether the power supplied by the power sector to power users is qualified or not. It
includes: voltage deviation, three-phase voltage unbalance, frequency deviation, voltage fluctuation
and flicker, voltage sag and short-time interruption, instantaneous change of voltage value, under
voltage and over voltage, voltage harmonic and inter harmonic, voltage notch, etc. (2) Current
quality. It is a concept closely related to voltage quality. In order to efficiently transmit and utilize
electric energy, it is necessary to ensure that the current is a sinusoidal waveform at a single
frequency, and the current waveform and voltage waveform have the same phase value. It includes:
current phase value leading or lagging, current harmonics, interharmonics (fractional harmonics),
subharmonics (fractional harmonics with frequency lower than fundamental frequency). (3) Power
supply quality. It can be subdivided into technical component and non-technical component.
Technical components refer to power supply reliability and power supply voltage quality. The non-
technical component refers to the service quality of the power sector, which is a relatively new
concept and is also a very important indicator under the conditions of power market. With the
further development of smart grid, the power supply department can improve the service quality
with the help of advanced intelligent equipment. However, it is more important for the managers
and executors to change the corresponding concepts and work ideas, so as to truly improve the
awareness of high-quality service. (4) Power quality. It is proposed from the perspective of power
users, including current quality, payment records, stealing behavior, etc.

• voltage deviation
• voltage sag
• three phase unbalance
• voltage fluctuation
• voltage flicker
• voltage harmonics
• frequency deviation
• power supply reliability 
• service nature of power supply

Evaluation index system: nine 
indexes (A1-A9)

Power quality evaluation 
standard

Power quality monitoring 
data to be evaluated

Grey target

Target center 

Compare and analyze the power quality
monitoring data to be evaluated and the

power quality standard mode  

Construct the power quality grey 
correlation difference information space

Calculate the target center coefficient 
and target degree of power quality 

Obtain the evaluation grade of power
quality monitoring data to be evaluated

Power Quality Evaluation Method

Figure 1: Overall framework of the proposed grey target method

At present, there is no clear definition of power quality. With the development of economy
and the progress of technology, it will contain more abundant contents and cover more fields.
On the basis of summarizing and analyzing the existing researches, this paper puts forward
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the evaluation index system of power quality which is composed of nine indexes as (A1–A9):
voltage deviation, voltage sag, three phase unbalance, voltage fluctuation, voltage flicker, voltage
harmonics, frequency deviation, power supply reliability and service nature of power supply.

3.3 Power Quality Evaluation
The grey target theory is the grey evaluation theory put forward by Deng et al. [22–25], which

has no specific requirements for analyzing things. It is supposed wi represents the ith standard
mode sequence in power quality evaluation system and w(k) represents the kth evaluation index
parameter pattern sequence of power quality. Standard mode wi is built as:

wi = {wi(1), wi(2), . . . , wi(n)}, ∀wi(k) ∈wi ⇒ k= 1, 2, . . . , n (1)

Here, i= 1, 2,. . ., m. n is the number of evaluation indexes considered in the comprehensive
evaluation of power quality, and m is the number of power quality evaluation grades.

Evaluation index parameter pattern w(k) is built as:

w(k)= {w1(k), w2(k), . . . , wm(k)}, ∀wi(k) ∈w(k)⇒ i= 1, 2, . . . , m (2)

For the benefit type evaluation index, the greater the expected value, the better, with the
characteristics of maximum polarity. For the cost type evaluation index, the smaller the expected
value, the better, with the characteristics of minimum polarity. According to the polarity charac-
teristics of each index in the power quality comprehensive evaluation index system, the optimal
mode sequence w0 is obtained as follows:

For the benefit type evaluation index,

w0(k)=max{w1(k), w2(k), . . . , wm(k)} (3)

For the cost type evaluation index,

w0(k)=min{w1(k), w2(k), . . . , wm(k)} (4)

The target point of power quality comprehensive evaluation is established by the optimal
mode sequence w0 = {w0(1), w0(2), . . . , w0(n)}.

It is supposed that w′
j = {w′

j(1), w
′
j(2), . . . , w′

j(n)} is the jth power quality monitoring data

sequence to be evaluated. T is the gray target transformation, which is carried out by w′
j and w0

as follows:

T(w′
j(k))=

min{w′
j(k), w0(k)}

max{w′
j(k), w0(k)}

(5)

where j = 1, 2,. . ., p and p is number of power quality samples to be evaluated. Let yj(k) =
T(w′

j(k)), when j = 0, T(w0) = y0 = {1, 1,. . ., 1}, which is called the standard target of power

quality evaluation system.

Let β
y0(k)
yj(k)

be the target center coefficient of yj(k) and y0(k):

β
y0(k)
yj(k)

=
min
j

min
k

�0j(k)+ ζ max
j

max
k

�0j(k)

�0j(k)+ ζ max
j

max
k

�0j(k)
(6)
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Here,

�0j(k)= |y0(k)− yj(k)| (7)

min
j

min
k

�0j(k)=min
j

min
k

|1− yj(k)| (8)

max
j

max
k

�0j(k)=max
j

max
k

|1− yj(k)| (9)

where ζ = 0.5, j= 1, 2,. . ., p and k= 1, 2,. . ., n.

Then the target degree of yj is obtained as:

β
y0
yj =

n∑

k=1

ϕkβ
y0(k)
yj(k)

(10)

where ϕk is the weight value of each evaluation index of power quality and
n∑

k=1
ϕk = 1.

If target degree β
y0
yj is larger, the grade of power quality is higher and vice versa. Combined

with Eqs. (6) and (10), we can get the value range of β
y0
yj is [0.3333, 1]. According to the principle

of minimum information, the target degree of power quality should be divided into five grades
according to the characteristics of power quality.

4 Case Study

The power quality measured data of 5 observation points in a certain place [26] are shown
as follows. The proposed weighted grey target theory is used to evaluate the power quality.

(1) Observation point 1. A1: 3.21%, A2: 0.8, A3: 0.83%, A4: 1.33%, A5: 0.473%, A6: 1.72%,
A7: 0.092 Hz, A8: 0.83, A9: 0.83.

(2) Observation point 2. A1: 6.68%, A2: 0.16, A3: 1.36%, A4: 1.53%, A5: 0.847%, A6: 4.28%,
A7: 0.156 Hz, A8: 0.76, A9: 0.71.

(3) Observation point 3. A1: 4.35%, A2: 0.52, A3: 1.35%, A4: 1.95%, A5: 0.634%, A6: 2.67%,
A7: 0.118 Hz, A8: 0.8, A9: 0.86.

(4) Observation point 4. A1: 5.33%, A2: 0.59, A3: 1.74%, A4: 1.37%, A5: 0.826%, A6: 3.36%,
A7: 0.179 Hz, A8: 0.74, A9: 0.68.

(5) Observation point 5. A1: 4.22%, A2: 0.49, A3: 1.83%, A4: 1.58%, A5: 0.828%, A6: 4.57%,
A7: 0.189 Hz, A8: 0.76, A9: 0.78.

The above nine power quality indexes are used as evaluation factors. Considering the effec-
tiveness of the evaluation results and the complexity of the calculation process, the power quality
is divided into five grades. The grade standard of power quality is shown in Table 1. The relevant
data in Table 1 are for 380 V distribution system.

Using the method of calculating weight [27], the weight of power quality index is calculated
as: ϕ1 = 0.1659, ϕ2 = 0.0271, ϕ3 = 0.1669, ϕ4 = 0.1646, ϕ5 = 0.0835, ϕ6 = 0.1376, ϕ7 = 0.0244,
ϕ8 = 0.0725 and ϕ9 = 0.1575.
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Table 1: The grade standard of power quality

A1 A2 A3 A4 A5 A6 A7 A8 A9

Grade 1 [0, 1.2%] [0.9,+∞) [0, 0.5%] [0, 0.5%] [0, 0.2%] [0, 1%] [0, 0.05] [0.95,+∞) [0.9, +∞)
Grade 2 (1.2%, 3%] [0.8, 0.9) (0.5%, 1%] (0.5%, 1%] (0.2%, 0.5%] (1%, 2%] (0.05, 0.1] (0.85, 0.95] (0.8, 0.9]
Grade 3 (3%, 4.5%] [0.5, 0.8) (1%, 1.5%] (1%, 1.5%] (0.5%, 0.8%] (2%, 3%] (0.1, 0.15] (0.8, 0.85] (0.7, 0.8]
Grade 4 (4.5%, 7%] [0.1, 0.5) (1.5%, 2%] (1.5%, 2%] (0.8%, 1%] (3%, 5%] (0.15, 0.2] (0.7, 0.8] (0.6, 0.7]
Grade 5 (7%, +∞) [0, 0.1) (2%, +∞) (2%, +∞) (1%, +∞) (5%, +∞) (0.2, +∞) (0, 0.7] (0, 0.6]

According to Table 1, the optimal mode sequence is obtained as: w0 = {1.2, 0.9, 0.5, 0.5, 0.2,
1.0, 0.05, 0.95, 0.90}. By Eq. (5) the gray target transformation of w0 is carried out as: T(w0)
= y0 = {1, 1, 1, 1, 1, 1, 1, 1, 1}.

Then based on the power quality measured data of 5 observation points above, the power
quality monitoring data sequence to be evaluated of observation point 1 is w′

1 = {3.2124, 0.7959,
0.8309, 1.3304, 0.4736, 1.7204, 0.0923, 0.8341, 0.8325}.

By Eq. (5), the gray target transformation of w′
1 is carried out as shown in Table 2.

Table 2: The ray target transformation of w′
1

Monitoring data sequence w′
1(k) Optimal mode sequence w0(k) T(w′

1(k))

A1 3.2124 1.2 0.3736
A2 0.7959 0.9 0.8843
A3 0.8309 0.5 0.6018
A4 1.3304 0.5 0.3758
A5 0.4736 0.2 0.4223
A6 1.7204 1.0 0.5813
A7 0.0923 0.05 0.5417
A8 0.8341 0.95 0.8780
A9 0.8325 0.90 0.9250

After gray target transformation, it is obtained that T(w′
1) = y1 = {0.3736, 0.8843, 0.6018,

0.3758, 0.4223, 0.5813, 0.5417, 0.8780, 0.9250}.

By Eq. (7), the difference information is obtained as shown in Table 3.

By Eqs. (8) and (9), min
1

min
k

�01(k)= 0.0750 and max
1

max
k

�01(k)= 0.6264.

Then by Eq. (6), the target center coefficient of y1(k) and y0(k) is obtained as shown in
Table 4.

The target degree of y1 is obtained by substituting the target center coefficient shown in
Table 4 into Eq. (10). That is: β

y0
y1 = 0.5961. By dividing [0.3333, 1] into five grade range, i.e.,

Grade 1: [0.3333, 0.4667), Grade 2: [0.4667, 0.6000), Grade 3: [0.6000, 0.7333), Grade 4: [0.7333,
0.8667) and Grade 5: [0.8667, 1), it can be seen that observation point 1 belongs to Grade 2.
Similarly, the other four observation points are evaluated and the final evaluation results are
obtained. In order to verify the effectiveness of the proposed method, the methods of other
related research [28–30] are used to compare, and the comparison is shown in Table 5.
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Table 3: The difference information of w′
1

y1(k) y0(k) �01(k)

A1 0.3736 1 0.6264
A2 0.8843 1 0.1157
A3 0.6018 1 0.3982
A4 0.3758 1 0.6242
A5 0.4223 1 0.5777
A6 0.5813 1 0.4187
A7 0.5417 1 0.4583
A8 0.8780 1 0.1220
A9 0.9250 1 0.0750

Table 4: The target center coefficient of y1(k) and y0(k)

�01(k) β
y0(k)
y1(k)

A1 0.6264 0.4132
A2 0.1157 0.9051
A3 0.3982 0.5457
A4 0.6242 0.4141
A5 0.5777 0.4357
A6 0.4187 0.5304
A7 0.4583 0.5032
A8 0.1220 0.8920
A9 0.0750 1.0000

Table 5: The evaluation result comparison of the proposed method and other related research

Observation points Evaluation result

Proposed method Method 1 [28] Method 2 [29] Method 3 [30]

1 Grade 2 Grade 2 Grade 2.0258 Grade 2
2 Grade 3 Grade 4 Grade 4 Grade 4
3 Grade 2 Grade 2 Grade 3 Grade 3
4 Grade 4 Grade 3 Grade 3.2204 Grade 4
5 Grade 3 Grade 4 Grade 3 Grade 3

According to the results in Table 5, the evaluation result of the five observation points
obtained in this paper are basically consistent with the evaluation results of the existing
research [28–30]. Combined with the power quality index values of each observation point in this
paper, the result obtained in this paper is reliable.
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5 Conclusions

In this paper, the grey target model is composed of power quality evaluation standard and
power quality monitoring data to be evaluated. Combined with the characteristics of each power
quality evaluation index, the target center of the whole gray target system is found, and then
the power quality monitoring data to be evaluated and the power quality standard mode are
compared and analyzed, and the power quality grey correlation difference information space is
constructed. Finally, the target center coefficient and target degree of power quality are calculated.
The comprehensive evaluation of power quality is realized, and the evaluation grade of power
quality monitoring data to be evaluated is obtained.

The power quality of five observation points in a certain place is evaluated by using the
weighted grey target theory, and the results are compared with the evaluation results of the exist-
ing literature, which further verifies the effectiveness of the model, and shows that the weighted
grey target theory is reasonable for the comprehensive evaluation of power quality. By the
proposed method based on grey target theory the comprehensive evaluation results of long time
scale can be obtained and the overall situation and trend information of power quality long-term
monitoring data can be reflected.
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