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Abstract. In view of the sensitivity of power quality indices on different loads, a method for the
dynamic comprehensive evaluation of power quality based on the improved scatter degree was put
forward. Firstly, according to the sensitivity of power quality indices on different loads, the order
relation among such indices is determine, the subjective weight vectors are obtained by the
application of its analysis method, and the measured values of power quality indices are weighted
according to those vectors, those subjective weighting values are turned into the objective weights
by the scatter degree method, at this moment the objective weights are the comprehensive weight of
the sensitivity of different power quality indices on the loads. Secondly the dynamic weight vectors
are obtained by adjusting the comprehensive weights according to the distribution situation of the
measured index values, considering the influence of the cask effect. Finally the level of the power
quality at each monitoring point will be obtained by means of the dynamic weight vectors and grey
relational analysis. The power quality evaluation program is based on the MATLAB software,
analyses the measured values of 220kV Xindu substation and 110kV Huifeng substation in Guangxi,
the results are proved that the improved method is reasonable and practical, compared with the
results of the other methods in the references.

Introduction

At present the power industry faces the market, and introduces the competition mechanism, in
order to make the cost minimum and the profit maximum, the level of power quality has become an
important symbol of power system operation and management level [1]. The reasonable, fair and
comprehensive evaluation of power quality is one of the prerequisites for establishing a fair
electricity market, which prices in accordance with the quality of the power and makes clear the
responsibility between the supply side and the demand side.

The papers [2-5] adopt the evaluation method based on the fuzzy theory, but the membership
functions of that theories are determined in accordance with the experience or the statistics, thus the
results are greatly influenced by the subjective factors. The papers [5] adopt the entropy method,
which can modify the subjective weight by means of analytic hierarchy process (AHP), but the
principle of the entropy method [12] is that the greater the difference among the measured values of
the index for all the evaluated objects, the lager the weight of the index, vice versa. But the most
important index may not make the attribute of all the evaluated objects with the largest difference,
and the unimportant one may make the attribute of all the evaluated ones with the largest difference,
therefore it may appear that the weight coefficient of the important index is small and the weight
coefficient of the unimportant one is big. The Scatter degree (SD) method proposed in this paper
highlights the differences among the evaluated objects from the whole, and overcomes the
shortcoming of the entropy method. The papers [6-7] adopt the evaluation method based on the
neural network are put forward. In the model the neural network method without the artificial
weights can objectively reflect the relationship among the evaluation indices through the
self-learning process of the neural network, but it needs a large number of the samples for training,
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and is easy to fall into the local optimum. In order to avoid falling into the local optimum, the paper
[6] adopts the genetic algorithm that the initial values are optimized, and the evaluation requires a
long time. The paper [7] adopts the neural network based on the radial basis function for the
evaluation model, its calculation speed is faster than the BP model. The AHP method [8] obtains the
subjective weight, but needs a large amount of the calculation and the consistency test, the order
relation analysis method ( G, method) adopts in this paper can obtain the subjective weight, which is

the improvement of the AHP method and can be made up for these shortcomings of the AHP
method. The paper [9] adopts a method based on looking for traces of the genetic projection. Firstly
projection indices through the random values are established within the scope of all levels, then the
beset projection value of the samples is obtained from the best projection direction of those index
samples according to the genetic algorithm, finally the scatter diagram between the best projection
value and the level value can obtain the level of each evaluation object. But the selected projection
index samples in the paper are only for all indices at the same level, and practically many indices
are in different levels. Thus this method cannot make good evaluation when there is great difference
for many indices at different levels. This is a very good solution to this problem by dynamically
adjusting the comprehensive weight in this paper. In addition these existing evaluation methods do
not consider the sensitivity of different power quality indices on different loads.

In view of the existing problems of those power quality comprehensive evaluation methods, this
paper proposes a dynamic evaluation method considering load’s sensitivity. Firstly the
comprehensive weight is obtained from the improved SD based the G, method, then a group of

dynamic weights is obtained by adjusting the comprehensive ones according to the actual measured
values of each bus. Finally the level of the power quality at each bus will be obtained by means of
the grey relational analysis (GRA).

Determination of the index weight

The comprehensive evaluation of power quality is a problem of multi-index evaluation, the
determination of index weight has a great influence on the rationality of the evaluation conclusion.
At present, the method of determining the weight can be divided into the subjective weighting
method and the objective one [10]. The subjective weighting method can reflect the
decision-maker’s will, but will be affected by the decision-maker’s understanding of the scope. The
method to determine the index weight depends on its own meaning of power quality, the method in
the paper [11] called the meaning weight. The objective weighting method can be on the basis of
strong mathematical theory, and avoids the influence of the artificial factors, but cannot reflect the
decision-maker’s will. The determination of the weight can be relevant to its data structure and
trend, the method in the paper [11] called the structural weight of the data. Two methods have their
advantages and disadvantages, so it is necessary to adopt the combination of the subjective method
and the objective one for determination the weight.

Subjective weight determinated by the G, method

The G, method is a new method which does not need to check the consistency of the subjective
weighting [12-13].

The steps of determining the subjective weight with the G, method:

1) The order relation among all power quality indices is determinated by the sensitivity of
different power quality indices on the basis of the load, as shown in the formula (1).

Definition: if the importance of the evaluation index x; with respect to an evaluation criteria (or
target) is greater than (or not less than) the evaluation index x;, it is denoted as X; > X;j.

The order relation of the index Xi,X2,---Xm is determinated with the symbol “>~, as shown
below:

X =X e X (1)
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In the type: x stands for the i index of the evaluation after sorting {x;} as the order relation
“»~7,i=(1, 2,~--,m). For the convenience of writing, the following of x  is replaced for x .The

specific method for determining on the formula (1) of the order relation refers to the paper [12].
2) The variable ry is the comparison and judgment of the relative importance between xy and
Xk+1 , ItS value refers to table 1, as shown in the formula (2).

o=%/% (k=m-1.--,321) (2)
Table 1 reference value of the variable ry
I Remark
1.0 The index X is the same importance as the index Xy+1
1.2 The index x is a little more importance than the index Xy+1
14 The index X is significantly more importance than the index Xy+1
1.6 The index xi is strongly more importance than the index Xy+1
1.8 The index X is extremely more importance than the index Xy+1

3) The weight coefficient o, is calculated according to the formula (3) and (4).

m-1 m-1

o, =(1+2Hri)’1 3

k=1 i=k

o= /o, (k=m-1---,3,2,1) (4)
Objective weight determinated by the SD method

The evaluated objects of n and the evaluated indices of m compose of the matrix nxm by
the SD method. The weight coefficient of each index makes the difference of each evaluated object
as great as possible. The m -dimension evaluation space composes of the best one-dimension space,
makes the projection of each vector scattered in one-dimension space, called the maximum degree
of the scatter [14].

Supposed the matrix of the measured indices according to the formula (5).

X1 X2 Xy
X X .-.X

— 21 22 2m (5)
Xnt Xn2 " Xoam

In the type: n stands for the amount of the evaluated objects, mstands for the amount of the
measured indices.

Normalized the matrix x according to the formula (6).

o Xi — X
Xij == (6)
5

In the type: x_J s;(j=12,...,m)respectively stands for the mean and the variance of the
measured index j . For the convenience of writing, the following of x; is replaced for x; .

The principle of the weight coefficient by the SD method could reflect the difference among all
evaluated objects which is of different “quality” the best. That makes the variable y, of the formula
(7) as maximum as possible.

yl :a)]_XIl+a)2XI2 +"'+a)mX|m (i:1,2,"'n) (7)
Formula (7) is written the form of the matrix, as shown below:
y=Xo (8)

Inthe type: y=[y;, ¥, y,I"
The projection points of n form the sample{y;}(i=12,---,n), its variance as shown below:

1n 2yly
==3(y,-y) =LL-y? (©)
ni=1 n

696



By normalizing the original data, y=0is made, and the equation (10) forms by the formula (8)
and (9).

ns’ =o' X 'Xo=0'Ho (10)

In the type: H = XX is a symmetric matrix.

Limited condition®m'® =1, the maximum of the formula (10) is to be solved, it can meet the
condition of the formula (11).

max® ' Ho
sto'o=1 (11)
w>0

When o is the characteristic vector corresponding to the maximum value of H, the formula (10)
can reach its maximum value [13]. Hence, the characteristic vector  corresponds to the maximum

characteristic value of H, and the weight coefficient vectore =[aw,,®,,---,®,]" after normalization,
furthermore

g a =1 (12)

j=1

The SD method emphasizes that the difference among the evaluated objects will be taken
overall, its premise is the same importance of each index which is relative to the purpose of the
evaluation. In fact, the importance of each index is not equal in general. Therefore, the SD method
must be improved [12].

The steps for the improvement:

1) The subjective weight coefficient p;(j=1,2,...,m) of all power quality indices by the G,
method, on the basis, the measured values of the index need to weight process, that is, Supposed:
X; = P;%;(J=12,-,m;i=12,-,n) (13)

2) The objective weight can be obtained after the application of the SD method deals with those
weighted data, that is, the comprehensive weight w;(j=1,2,...,m).

Dynamic adjustment of the weight

Power quality is affected by many factors, if certain index worsens sharply, the overall power
quality will be decreased [4].

The principle of the cask effect [15], think the maximum interference index often determines the
operation state of the equipment, the level of the maximum interference index is the one of the
comprehensive evaluation in power quality.

In this paper the weight coefficient of the index can be dynamically adjusted according to the
cask effect. For the “very small” index, the greater its measured values, the greater its severity, so its
weight should be increased. The weight of the index should be corrected according to the severity
of the index.

The correction process is as follow:

1) The severity of the index is calculated as formula (14):

o =3 (14)

In the type: x; =i, X;im 1S the standard value of the index j; « is the adjustment coefficient, and
jlim
its value is set to 1 in this paper.
2) Those values which are obtained from the formula (14), the comprehensive weight w; is
dynamically adjusted by the formula (15).

CO—-” _ a}Ur ) w] (15)

ij

3) The adjusted weight is normalized by the formula (16), and then the dynamic weight is
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obtained.

o =i (16)

m
2wy

=

Selection of the index and classification of each index in power quality

All the countries in the world specify the corresponding power quality standards according to the
actual situation. So far, China has specified and issued six national standards of power quality.
Specific: the limit value of each index is averagely divided into 5 levels, for the classification of the
qualified; the value beyond the limit is divided into 4 levels, and its span is 2 times the one of the
qualified. From the 1~9 level, the situation of power quality is down step by step, as shown in
figure 1.

1 2 3 4 5 6 7 8 9
Especially Very e Light Intermediate Severe Extreme
Excellent Excellent Good Good Qualified Pollution Pollution Pollution  Pollution

Figure 1 the classification of the power quality
This paper selects the indices and classifies the levels of power quality [9], as shown in table 2.

Table 2 the index selection and classification standard (110kV)

Index | Voltage Deviation Frequency Total Harmonic Long Time Three Phase Unbalance
Level X1% Deviation Xp Distortion X3% Flicker X4 Degree  X5%
1 <2 <0.04 <04 <0.16 <04
2 <4 <0.08 <08 <0.32 <08
3 <6 <0.12 <12 <048 <12
4 <8 <0.16 <16 <0.64 <16
5 <10 <0.2 <2 <08 <2
6 <14 <0.28 <28 <112 <28
7 <18 <0.36 <36 <144 <36
8 <22 <044 <44 <176 <44
9 > 22 > 0.44 > 4.4 >1.76 > 4.4

Comprehensive evaluation of the level using GRA method in power quality

On the basis of various factors’ samples, GRA uses grey relational degree to describe the
strength, the size and the order of the relationship among factors [14]. If the samples show that
changes between two factors(size. direction. speed and so on) are basically the same, then the
relation between them is larger, and vice versa. Therefore, the ideal index value of power quality
would be a sample for the reference, with the index of comparative samples worsens, the relation
between the comparative sample and the reference one could be smaller, and then its level will be
bigger. The boundary of the correlation classification can be obtained by calculating the correlation
between the 9-level index limited value and the reference sample, that is, the corresponding
relationship between the correlation and the level. For any group of the index values, they need to
be got the correlation associated with the reference sample, their level can be determined.

The steps for calculating the correlation:

1) The matrix between reference samples and measured values is determined as formula (17),
and then need to normalize.
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Xor Xo2 "t Xom

X = X%l Xp 0 Xy (17)

Xnt Xn2 0 Xom
In the type: the first row is the reference sample, the rest is the comparison samples, m stands
for the amount of measured indices, nstands for the amount of the comparison samples.
2) The absolute values of the difference are calculated in the first row and the rest, and make up

the matrix as formula (18).

A11 AlZ A1m
Azl Azz A2m (18)
Anl An2 Anm nxm

In the type: Ay =[x, —X;[(i=1.2,--,n; j=1,2,---,m).
3) The data of the formula (18) transforms as the formula (19), and gets the matrix of the
correlation coefficient as formula (20).

miin mjin {Aij } + pmax m?X{Aij} ~ Apin + PA e

& = = (19)
Ay + pmax m?x{Aij} Ajj + PA
€ € &y
€ &t Eon (20)
€t €n2 7 €am doxm

In the type: pis the resolution coefficient, and p < (0,1), its value is most in the range of 0.1~0.5 as
formula (20) in general. The smaller the resolution coefficient p is, the more the difference between
the correlation coefficients can be improved. The principle of selected value p [16]:

When the conditions A, >3A && s, < p <1.5¢, are met, the value p is1.5¢, ;

When the conditions A, <3A&&1.5¢, < p<2¢, are met, the value pis2¢, .

max —

n m

In the type: &, =i, A is the mean of all absolute difference, that is, A =iz YA
Anin n-mi=tj=1
4) The correlation between the reference samples and the comparative ones is calculated as
formula (21).
1 m
i =— X w55 (21)
m j=1

In the type: wjj is the dynamic weight we obtain.

Example analysis

Based on the above method, the monitoring data of 110kV voltage level in 220kV Xindu
substation and 110kV Huifeng substation of Guangxi is calculated and analyzed, the measured data
is shown in Table 3.

Table 3 the measured data of power quality (110kV)

Substation \oltage Deviation Frequency Total Harmonic Long Time Three Phase Unbalance
X1% Deviation X» Distortion X3% Flicker Xy Degree  X5%
Xindu 6.397 0.059 5.465 0.77 2.038
Huifeng 5.115 0.043 4.19 0.64 1.83
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The steps for the analysis:

1) The order relation of the index X - X2 > X3 = X4 - X5 and the comparison vector r=[1, 1.2, 1.4,
1] are determined, the subjective weight = [0.2485, 0.2485, 0.2071, 0.1479, 0.1479] is obtained by
G1 method.

2) All the measured values consist of a matrix, and the matrix is weighting process by using the
subjective weight, the comprehensive weight o = [0.2745, 0.2637, 0.1349, 0.1640, 0.1629] is
obtained by the SD method.

3) The comprehensive weight is adjusted by the cask effect, and the dynamic weight we obtain
» =[0.1856,0.0822,0.3897,0.1669, 0.1755;0.1851,0.0730,0.3725,0.1730,0.1965].

4) The standard sample we make the rule is X,=[0, 0, 0, 0, 0]. Each level boundary of the index
and two substations’ measured values make the correlation with standard sample by the GRA
method, as shown in Table 4.

Table 4 the level boundary of the correlation

level

1

2

3

4

5

correlation

> 0.8925

>0.8195

> 0.7667

> 0.7255

2> 0.6917

level

6

7

8

9

correlation

> 0.6382

> 0.5967

2> 0.5630

<0.5630

Compared with another methods [8][9][15], their evaluation results of power quality in two
substations are shown in Table 5.

Table 5 the comparison of the evaluation results

Substation

correlation

Result of this paper

Result of the paper [8]

Result of the paper [9]

Result of the paper [15]

Xindu

0.6058

7

5

6.627

9

Huifeng

0.6519

6

4

4.902

8

As far as we know from the measured values in two substations, the total harmonic distortion of
two substations is more than two times than the standard value, and belongs to the serious situation,
the Xindu is in the ninth level and the Huifeng is in eighth level. The three phase unbalance degree
of the Xindu also exceeds the standard value, and stays in the sixth level. Therefore, comprehensive
power quality level should be unqualified, but the paper [8] shows the result that the level of the
Xindu is good and one of the Huifeng is qualified, the paper [9] provides a result that the level of
the Huifeng is qualified, it is obviously unreasonable. The results of the paper [15] are too extreme,
without considering the weight of different indices. In this paper, the evaluation results are that the
Xindu is moderate pollution and the Huifeng is light pollution. Compared with other methods, the
conclusion of this paper is the most reasonable.

Conclusion

In this paper, the comprehensive evaluation method of power quality is proposed with
considering the sensitivity of different power quality indices on the loads. The weight we obtain is a
comprehensive of the subjective weight and the objective one, it will change with the measured
values of the index. The example shows that the method we proposed in this paper is good practical
and reasonable.
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