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Abstract:

Technological advancement of measurement systems has enhanced the accuracy of power quality assessment by using a

combination of measured information. This paper proposes a novel approach for estimating power quality based on information fusion
technique of Dempster-Shafer (D-S) evidence theory. First, in order to accurately extract transient features regarding power quality
indexes, wavelet packet transform and lifting wavelet transform are proposed to detect various disturbance signals’ measurement. By
using many kinds of transformed transient indexes and steady state indexes, a novel reliability distribution function is constructed,
and synthesized assessment index of power quality is drafted based on information fusion technique of D-S evidence theory. Finally,
the simulation results prove that D-S evidence theory is a more effective means for evaluating the power quality.
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1 Introduction

The power quality (PQ) is one of the most important
parameter in power systems: 1) PQ impacts the produc-
tion process of industry users. The problems in PQ may
result in decreasing of operating benefit, life span of equip-
ment and product quality, etc. 2) PQ impacts the security
of information system. The problems in PQ may result in
the loss of information. 3) PQ is closely related to man-
ufacturing industry of electric equipment. The problems
of PQ may impact extension activities of new products or
new technology from manufacturing company. The prob-
lems of PQ in present electric network are more serious.
On one hand, a large number of nonlinear loads, impulsive
loads and fluctuant loads, as well as various power elec-
tronic equipments and new energy resources are connected
into electrical network, so that the electrical network is se-
riously polluted. On the other hand, up-to-date working
of computer systems and automation control systems, etc.,
depend on better operating environment of electrical net-
work. Therefore, effective power quality assessment is very
essential to establish a friendly operating environment of
electrical network.

PQ contains a variety of indexes, such as a variation in
voltage or current, voltage dips and fluctuations, transient
interruptions, harmonic and oscillatory transients caused
by a failure or a mal-operation of protection equipments,
ete.l!l Users can choose different assessment grades of PQ
according to their different demands®!. Some power qual-
ity indexes, especially voltage dips and transient interrup-
tions are considered more and more important for esti-
mating PQ. And how to effectively extract the usable fea-
tures of transient indexes is a key issue. In the last few
years, with respect to the PQ assessment problem, many
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searches proposed several relevant approaches including the
fuzzy mathematic method[3’4], decision tree assessment[5],
expert system[s], support vector machinem, projection pur-
suit modell® etc.

In this paper, considering that PQ contains both tran-
sient and steady indexes, in order to extract available tran-
sient indexes regarding PQ assessment, we employ wavelet
packet transform and lifting wavelet transform to capture
transient features, such as initiating time and end time of
abnormal signals. Corresponding to different transient in-
dexes and steady indexes, reliability distribution functions
are constructed. Based on these reliability distribution
functions, synthesized assessment index of power quality
is determined based on information fusion technique of D-S
evidence theory. Finally, the simulation results prove that
D-S evidence theory is a more effective means for evaluating
the power quality.

2 PQ assessment indexes

2.1 Composition of PQ assessment system

PQ assessment is a comprehensive problem because it
concerns many different indexes. As a result, power quality
assessment system consists of many kinds of indexes divided
into steady state and transient state. And the composition
of PQ assessment system is shown as Fig. 1.

2.2 Formulation of PQ assessment indexes

1) Voltage deviation

In power systems, there is voltage variation when the sys-
tem runs normally. It is denoted by AU!®!. The variations
of the voltage can serve as a characteristic indication. Here,
the relative variations of the voltage act as a characteristic
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index as

U -Ue)

e

AU (%) = x 100% (1)
where U is real voltage, and U, is rated voltage.

2) Voltage fluctuation and flicker

Voltage fluctuation represents two extreme values of the
voltage, Umin and Umax as

AU = Umax - Umin (2)
AU 009 = Ymax = Umin g0, (3)

e e

AV =

Voltage flicker usually happens in the load peak, and it
belongs to the fluctuation of voltage amplitude.

3) Voltage three-phase unbalance

Using ey to measure the degree of unbalance in three-
phases of voltage, it is given as

co = 22 5 100% (4)
Uy

where Uz is root-mean-square value of negative-sequence
voltage, and U; is root-mean-square value of positive-
sequence voltage.

4) Harmonic

According to the rule of public grid harmonics, for alter-
nating current (AC) rated frequency (50Hz), the voltage
total harmonic distortion should be less than 5% of nom-
inal voltage, which is about 0.38 kV. Moreover, the rate of
odd harmonics should be lower than 4%, and the rate of
even harmonics should be lower than 2%. Generally, the
percentage of harmonic amplitude is relative to the funda-
mental amplitude, and it is represented as follows:

Uit = 2 X 100%  (k=2,3,--) 5)

1

where Uy represents the root-mean-square value of k-th
time harmonic. Then in order to reflect the total harmonic
content, the total harmonic distortion is given as

D UK
k=2

1

x 100% = ,| > (Ux%)*  (6)

k=2

THD (%) =

where N is the highest time of the detected harmonic.

5) Voltage sags

Voltage sag means that the root-mean-square value of
voltage is dropped to 10% from 90 % of the rated volt-
age amplitude in a short time during 0.5 cycles~30 cycles,
and the voltage amplitude recovers to normal value after
10 ms~1min. Voltage sag is denoted as AUD. The change
of voltage amplitude is usually detected by measuring the
root-mean-square value of voltage.

6) Voltage rise

Voltage rise means that the root-mean-square value of
voltage rises to 110 %180 % of the rated voltage during
0.01s-60s. Voltage rise is denoted as AUR.

7) Voltage interruption

If the root-mean-square value of voltage is near to zero,
it was called as voltage interruption.

8) Frequency deviation
Frequency deviation is formulated as

f—f
fr

Af (%) = % 100% (7)

where f, is the rated frequency (50Hz) and f is the real
frequency (Hz).

9) The reliability of power supply

For reliability of power supply (Ir), generally, it repre-
sents the ability of power system to supply power contin-
uously. Taking one year as an example, the reliability of
power supply is given as

= 2 100% 8)
Ir

where Iy represents the total failure time of power supply
in one year. It represents the total time of one year.

10) Service indicator

For users, demand-side management (DSM) means the
service of electricity commodity. The electricity supplying
sectors formulate the model of DSM and recommend energy
saving equipment to users, which makes the users change
the way of using electricity. In this way, users can reduce
the cost of electricity by electricity services.

| Power quality assessment system |
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Fig.1 The composition of PQ assessment system

2.3 Grade standards of P(Q) assessment in-
dexes

In general, the ranks of PQ assessment indexes are di-
vided into abnormal quality, ordinary quality and high
quality[w]. However, these ranks are very general and can-
not accurately assess PQ.

In this paper, the ranks of PQ assessment indexes are
divided as G = {g1, 92, g3, g4, g5 }, where, g1 is the optimal
quality, g2 is high quality, g3 is good, g4 is ordinary, and
gs is failure. According to the above ranks, based on [11],
there is power quality determination of grade standards as
shown in Table 1.
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Table 1 The grade standards of PQ assessment indexes

The grade standards of PQ assessment indexes

Index g1 g2 g3 94 g5
AU (%) <12 [1.2,30]  [3.0,45 [4.5 7.0 >7.0
AV (%) <05 [05 1.0  [10,1.5 [L5 20] >20
v (%) <05  [0.5,1.0] [L.0,15 [L5 20 >20
THD (%) <1.0 [L0,2.0]  [2.0,3.0] [3.0,5.0] > 5.0
AUD <01 [0.1,05  [0.508 [0.8, 09 >0.9
AUR <01 [0.1,05  [0.5 08 [0.8, 09 > 0.9
Af(%) <02 [0.205  [05 08 [0.8 1.0] >1.0
In >0.95 [0.85,0.95] [0.80,0.85] [0.7,0.8] < 0.7
DMS  >09 [0.8,09 [0.7,08 [0.6, 07 <06

3 Feature extraction and PQ transient
assessment indexes

3.1 Select an optimal wavelet basis for
characterization of power signals

Wavelet transform has found application in numerous sig-
nal and image processing tasks. It is well known that the
fundamental idea of wavelet transform is to analyze the sig-
nal at different scales or resolutions'?. Wavelets are a class
of functions, which are used to localize a given signal in both
space and scaling domains. That is called multi-resolution.
The application result of wavelet multi-resolution analysis
depends on the choice of the wavelet basis*®. Although
wavelet basis is the core of the wavelet transform, but it is
not unique. For transient signals in power system, an opti-
mal wavelet basis was obtained by taking into account these
properties which are regularity, high vanishing moments,
orthogonal, degree of shift variance, time-frequency resolu-
tion, linear phase, etc. Daubechies experts have demon-
strated that continuous, short support and orthogonal scal-
ing function and wavelet function are not symmetric. There
are conflicts between symmetry and orthogonalitym’ 5] In
the practical application, according to different signals and
different research purposes, the choice of wavelet basis is not
identical. So, among the rules, the most important thing is
the choice of wavelet basis, wavelet decomposed layers and
wavelet coefficients.

3.2 Db4 lifting wavelet transform

Db wavelet is an orthogonal and short support wavelet.
It is the most useful wavelet because it has better features to
detect the singularity of signal[w’ 17 In db wavelet group,
db4 wavelet has the shortest time windows and time res-
olution compared with other members'®=2%. The Db4
wavelet, which has four wavelet and scaling function co-
efficients, is the most widely used in practical application.
The scaling function and wavelet function coefficients are

given as

C1+V3

ho = =3V
42

3-v3 .,  1-3
Wz

v st
(9)

If the initial data set consists of N values, the scaling

function and wavelet function will be applied to calculate
N/2 differences, it means that the forward lifting wavelet
transform divides the data set being processed into an even
half and an odd half®".

Db4 scaling function aj;; and wavelet function cp;; are
shown as

afi] = hoS[2q) + h15[2i41) + h2S[2i42) + h3S2i43] (10)
Cli] = 9oS2q) + 918(2i41] + 928[2i42) T 935[26+3] (11)
gs = —ho. (12)
The lifting wavelet transform is divided into three steps:

split, predict and update[m]. The decomposition principle
of lifting wavelet transform is shown in Fig. 2.

Even,, ~ e
—C) @, INl |—’

go=h3, g1=—h2, g2=h,

S
—j—| Split | | Update 1| | Predict | |Update2|
0dd ~

J+l

Fig.2 Db4 lifting wavelet transform algorithm

In Fig. 2, firstly, the split step divides the original data
into even elements which are stored in the lower half of N el-
ement (So to Shair—1) and odd elements which are stored in
the upper half of the N element (Shair to Sn—1). Spnait+j]
refers to an odd element and Sp; references an even ele-
ment. Secondly, update 1 step, as given by (13) is carried
out. During the process, the even elements are updated by
odd elements in (13). Then, predict step is implemented.
During the process, the even elements are left unchanged as
input for next step (the predict step), and the odd elements
are predicted from the even element by (14). Thirdly, the
even elements are updated by new odd elements in (15)2%.
At last, after normalization step, the new even elements and
new odd elements are stored in N1 and N2.

Update 1:
Sl = St + V3Shait-+g] (13)
where j € [0, half — 1], half = N/2.
Predict:
Shhalt+j] =
V3 V3 -2 4
Shatt+s) = S — 7 Sp-u,  J € [Lhalf — 1]
Slhatf] =
V3 V3 -2 ‘
S[half] - TS[O] - —4 S[half—l]a Jj=0.
(14)
Update 2:
Sij1 = Siy] — Shatt+j+1]» j € [0, half — 2] (15)
Sthatt—1] = Shatt—1] — S[nalf]-
Normalize:
V3-1
S[j] - V2 SU] j 0, half — 1 16
. G eohalf —1]. (16)
Sljthalf] = Ts[j+half]
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From these formulas, we can get a conclusion: the Db4
lifting wavelet transform has good performance, and it does
not take additional space when wavelet transform.

3.3 Determine the best decomposition
layer

With the purpose of detecting and extracting power qual-
ity disturbances, we must determine the decomposition lev-
els which can divide the signal band correctly. Band divi-
sion principle is to make the low frequency signal located
in the center of the lowest sub-band. Fig.3 indicates that
the decomposition level has an effect on canceling noise
of signal. To get better denoising, not only appropriate
wavelet function should be selected, but the best decompo-
sition layer and threshold must be determined. The layers
of band division can be calculated as

m = [log2 <%\/§> +0.5

where f; is the sampling frequency and f; is the fundamen-
tal frequency. In this paper, fs = 3200 Hz, f, = 50 Hz, we
can get m = 4.

From Fig. 3, the signal processing result shows that noise
can be cancelled efficiently by choosing suitable wavelet
function and decomposition levels.

(17)

3.4 Feature extraction of transient indexes
based on Db4 LWT

When db4 is used in non-stationary signals, we can ob-
tain better analysis result. The voltage sags, voltage rise,
and voltage interruption are mainly described by the am-
plitude and duration of time. So, in this section, with re-
spect to these transient power quality disturbances, we em-
ploy db4 wavelet to detect changes of amplitude and time

duration. Figs.3 and 4 display the comparison of other
wavelet transforms. Fig. 3 gives the analysis signals of volt-
age sags including an original signal of the voltage sag and
db4 wavelet coefficients based on wavelet transform (WT),
wavelet packet transform (WPT) and lifting wavelet trans-
form (LWT), respectively.

From Fig. 4, it can be seen that the db4 lifting wavelet
transform can locate start-stop times of voltage sags more
accurately. Similarly, the analysis of voltage interruption
and common signal are shown as Figs.4 and 5.

From Figs. 5 and 6, it is also shown that the db4 lifting
wavelet transform can detect start-stop times of voltage in-
terruption and common signal more effectively.

4 Total probability theorem

The total probability theorem is a theorem of the prob-
ability calculus that is useful in solving fusion information
problems of probability.

There are some mutually exclusive events, A, Aa, - -,
A,. If Q is composed of A1, Aa,---, A,, then

P(B)=P(A1)P(B|A1)+ -+ P(A,) P(B|A,) (18)
where B is an arbitrary event, and P (B |A;) is the condi-
tional probability of B given A;.

In this paper, the meaning of A; are the indexes of power

quality. P (B;) means the probability value of A; which be-
longs to the level g;.

5 Information fusion based on D-S evi-
dence theory

5.1 Construction of recognition frame-
work of power quality assessment

The original signal

o

AN AN
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Fig.3 Different wavelet basis and layers by including noise signal
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The original voltage sags signals
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Fig.4 Comparison of wavelet transforms for voltage sag

The original voltage interruption signals
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Fig.5 Comparison of wavelet transforms for voltage interruption

According to the criteria of D-S evidence theory, firstly, 5.2 Basic probability assignment (BPA)
a frame of discernment of power quality assessment should function
be constituted. In this paper, the ranks of PQ assessment
indexes are denoted by ¢g1,92, 93, 94, g5 as shown in Table 1.
Therefore, the frame of discernment is

The evidence needs a rating credibility by using the ba-
sic probability assignment function. In the same frame of
discernment, using D-S evidence theory, two evidences can

0={g:|i=1,2,3,4,5}. (19) merge to form new evidence. At last, the final assessment
decision could be made.

The remaining reliability is assigned to the frame of If © denotes frame of discernment, when O is determined,
discernment because of each evidence supports a single basic probability distribution function map the frame © to
proposition®”.  With respect to the evidence theory, its [0, 1]. The basic probability distribution function is defined
cores are made of every subset and the frame of discern- by m:© — [0,1], A C ©, and m (A) > 0, if
ment. It is represented by

m (0) =0
007"5 g {9179279379479576}~ (20) Z m(A) =1 (21)
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The original signals
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Fig.6 Comparison of the wavelet transform for common signals

where m (A) is called the basic belief in the distribution
function of A, which means the trust of A, and A is a focal
element of the basic probability functions.

Due to B C A C ©, as a basic probability function, is a
mapping from 2° to [0,1], and A C ©, where

Bel(A) =Y m(B)

BCA

(22)

where Bel (A) shows the trust level for A. The belief func-
tion represents the weight of evidence supporting the like-
lihood of the hypothesis A2

5.3 Structure reliability distribution func-
tion

The criteria of constituting reliability distribution func-
tion are

1) The characteristic indexes must act as independent
variables of the reliability distribution function.

2) The probability assignment of every basic probability
function must possess ignorance component.

Based on the above requirements and various assessment
indexes, the reliability distribution function is constructed
as

m; (9:) = Bile)
> Pi(g)+ N x K (1—7)(1—a;8)

=1

(23)

where m; (g;) represents the reliability distribution func-
tion of the factor (j) at power quality rank ¢. NNV is the total
number of indexes. j is the number of the body of evidence
(1 =1,2,3,--- ,N), k is a correction factor. wj; is the weight
coefficient, w; € [0, 1] and Zj\;l w; = 1. By comparing the
priority orders of different stability degree indexes, different
weightings will be assigned to basic probability functions.
a; = max{P;(gi)}, o; is the maximum probability of j-
th index when it is at g;. (8; = wja; /> °_, P;(g:) is the
maximum relative probability of j-th index when it is at

gi -y = Oéij/Z;-V:I a;3; means the reliability coefficient of
the j-th evidence.

NK (1 —v) (1 = a;85)

> Pi(gi) + NK(1—7;) (1 - ;8)

i=1

mj (©) (24)

where m; (©) denotes the basic probability assignment of
the uncertainty for the j-th evidence.

5.4 Fusion criteria of D-S evidence

The D-S theory of evidence belongs to decision-level fu-
sion in information fusion. The two evidences are fused by
using D-S evidence theory as follows:

0 c=0
(25)
k= Z ma (A;) ma (Bj) (26)

A;NB;=0

where A;,B; € 2°, k(k < 1), denotes the conflict degree
between both evidences. If the value of k is higher, it indi-
cates that the conflict is bigger among the sources, and the
fusion result is available. When k& = 1, it means that both
of the evidences are completely conflict, in this situation,
the fusion result is unavailable?®.

Dempster’s combination rule can be generalized to more
than two hypotheses. So, other indexes can be fused by the
above fusion criterion as PQ assessment result. Ultimately,
we can reach a decision on classification and recognition
according to fusion result.
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6 Simulation example

We verify the proposed information fusion method to deal
with the power quality assessment problem. Table 2 shows
the reliability distribution function of indexes of power qual-
ity. And the fusion results are shown in Fig. 6.

Firstly, m1 and ms are fused according to the above fu-
sion criteria as

kiz = ma(g1) X [m2 (g2) + m2 (g3) + ma2 (94) + m2 (g5)] +

m1 (g2) x [m2(g1) +mz2 (g3) + m2 (g4) + m2 (g5)] +

m1 (gs) x [m2 (g91) + m2 (g2) + m2 (94) + m2 (g5)] +

m1 (ga) X [m2 (g1) + m2 (g2) + m2 (g3) + m2 (g5)] +
m1(gs) x [m2(g1) +mz2 (g2) + m2 (g3) + m2 (g4)]

(27)

mi (g1) ®m2 (g1) =
mi (g1) m2 (g91) + ma (g1) m2 (©) +ma (©) m2 (O)
1 - k‘lQ ’

(28)

Similarly, the other evidences can be fused by above al-
gorithm step by step.

Table 2 The Indexes of power quality

Belief assignment function values of

voltage quality

Index g1 g2 g3 94 95
Voltage deviation my 0.087 0.135 0.354 0.137 0.072
Voltage fluctuation ma 0.062 0.143 0.298 0.095 0.054
Harmonic ms 0.096 0.083 0.286 0.149 0.092
Three-phase unbalance my4 0.078 0.202 0.289 0.115 0.068
Voltage sags ms 0.071 0.203 0.268 0.146 0.082
Voltage rise mg 0.069 0.151 0.314 0.156 0.082
Frequency quality mr 0.069 0.257 0.306 0.175 0.091

Reliable power supply mg 0.108 0.136 0.295 0.105 0.098
Demand-side services mg 0.0793 0.124 0.348 0.102 0.096

Fusion result 0.0057 0.0532 0.9079 0.0266 0.0062

From Fig. 7, it can be seen that the fusion results based
on D-S evidence theory can effectively determine the grade
of PQ assessment.

Power quality of simulation result

1.0
——m,
e —m,
| ——
0.8 —o —my
—e— ;s
—< —my
06 —5—my
< A g
& —e —my
—e— Fusion result
0.4
0.2

1.0 1.5 20 25 30 35 40 45 5.0
Power quality rank

Fig.7 The fusion result of D-S evidence theory

From Fig. 8, it can be seen that the D-S evidence theory
information fusion can obtain assessment result better than
the total probability theorem as well the supporting degree
of the fusion result based on D-S evidence is higher than
total probability formula. It is more important that with
respect to uncertain problem, the fusion uncertainty based
on D-S evidence theory is lower than the other methods.

—Pp— Total probability formula result
o —*— D-S evidence theory fusion result
o 08
=2
<
>
206
fE‘
<
04}
2
~
021
D
O 1 1 1 1 1
1.0 1.5 20 25 30 35 40 45 5.0

Power quality rank

Fig.8 Comparison of information fusion results under two
methods

With the increase of the number of body evidences, the
certainty of simulation result improved further. From Fig. 9,
the uncertainty has reduced to 0.0004, which is negligible.
All this illustrates that D-S theory of evidence is suitable
for PQ assessment where there exists massive uncertainty.

| —*— The uncertainty of fusion result |

0.10

7002 1 1 1 1 1 1
1 2 3 4 5 6 7 8

Number of evidence fusion

Fig.9 The uncertainty of D-S evidence theory fusion result
7 Conclusions

In this paper, based on various indexes formulated for
power quality assessment, we proposed the information fu-
sion technique of D-S evidence theory to precisely assess
power quality. Through simulation and comparison, we
employ the most effective db4 LWT to decompose transient
features of PQ indexes and use WPT to reconstruct signals.
Based on multiple indexes extracted, we developed D-S ev-
idence theory to realize the information fusion in order to
determine the power quality assessment. Simulation results
indicate the proposed D-S evidence method based LWT can
effectively determine the grade of PQ assessment.
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