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In this paper, a new fault-tolerant approach based on improved particle swarm optimization (IPSO) is
proposed to automatically locate the transient voltage disturbance source (TVDS) for smart grid with
distributed generation (DG) integration. We first analyze the influence of the DG integration on the TVDS
direction-judgments. Two new credibility indexes, the monitoring-credibility and the partial-credibility,
are defined to measure the reliability of direction-judgment result at each power quality monitor (PQM)
with consideration of multiple factors, including DG integration, disturbance intensity and fluctuation
characteristic. By using these credibility indexes and a newly defined search space, a heuristic searching
approach, called IPSO, is then proposed to obtain the optimal solution of the TVDS location. Simulation
study is carried out on the IEEE 34 node test feeder, and the results demonstrate that the proposed
approach has significantly improved fault-tolerant capability with satisfatory convergence speed.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

It is widely recognized that power quality (PQ) will increas-
ingly play an important role in providing economic, secure and
stable energy in modern power systems [1]. In intelligent diag-
nosis of PQ disturbance events, in addition to the detection and
classification problem [2-4], another important task is to locate
the PQ disturbance sources. Statistically, transient voltage disturb-
ance events (e.g. voltage sag and voltage swell) account for the
highest number of occurrence compared to other PQ events [5].
Usually, these transient voltage disturbance events are caused by
short faults, switching of capacitors, energization of large induc-
tion motors, lightning striking, etc. The accurate location of the
transient voltage disturbance source (TVDS) can help provide accu-
rate identification of the disturbance source, and facilitate suitable
mitigation measures to reduce the economic loss.

In general, there are two distinctive categories of research
methodologies for the automatic location of the TVDS. The first
is based on pattern recognition and artificial intelligence [6-9]
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using a small quantity of power quality monitors (PQMs) for loca-
tion, but these methods require complicated training processes for
different types of TVDS and are sensitive to the grid’s size and
structural changes. With growing installation of networked power
quality monitoring system (NPQMS) in modern smart grid [10],
another category is based on the graph theory and matrix algorithm
[11-13]. The existing matrix methods commonly consist of two
major steps. The first step is the direction-judgment at each PQM to
identify the relative direction of the TVDS to each PQM. In the liter-
ature, the disturbance energy (DE) algorithm was first proposed for
the voltage-sag events [14]. Following this work, some improved
algorithms have been presented for the direction-judgment of
TVDS [15,16]. After the direction information is collected, the sec-
ond step is the automatic location of the TVDS at the monitoring
center. With the development of optimal placement techniques
[17] and state estimation theory [18,19], the PQ information of
nodes not equipped with actual PQMs could also be observed by
viewing these nodes as virtual PQMs [13]. Compared with the first
category, the latter has many advantages, including applicability
to different types of TVDS, little influence from the grid’s size and
structure, and no need for training.

However, we notice that most of the existing matrix methods
lack fault-tolerant capability, as the accuracy of the location result
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of the TVDS is largely dependent on the absolute reliability of the
direction-judgment at each PQM in the NPQMS. Even worse, it is
difficult to guarantee the accuracy of all the direction-judgment
results in a practical distribution grid. Particularly, distributed gen-
eration (DG) connection to the smart grid for utilization of the
renewable energy is gradually increasing, which will have notice-
able impacts on the power quality [20]| and bring great challenges
to the existing methods to locate the TVDS [21]. Moreover, many
factors, such as the intensity and fluctuation characteristic of the
PQ disturbance signals, the external interferences, state estimation,
etc,, can affect the reliability, or credibility, of the direction-
judgment result. As an attempt, the disturbance measure (DM) was
defined to describe the reliability of the direction-judgment result
[22] with consideration of the disturbance intensity. Nonetheless,
with more factors influencing the judgment result, it still requires
more efforts to develop methods with high fault-tolerant capabil-
ity.

In this paper, we first analyze the influence of DG integration
and other factors to the reliability of the direction-judgment result
at each PQM in the NPQMS. Then, a novel fault-tolerant approach
based on an improved particle swarm optimization (IPSO) is pro-
posed to locate the TVDS for DG integrated smart distribution grid.
The main contributions of this paper are summarized as follows:

1. Two important influence rules of DG integration based on the
detailed analysis with a scalable grid model are proposed. The
rules show the scenarios that may lead to mistakes or reliability
weakening in direction-judgment at the PQMs, which is the basis
to solve the problem of TVDS location caused by DG integration.

2. Two new credibility indexes called monitoring-credibility and
partial-credibility are defined. The first index can denote quan-
titatively not only the direction-judgment result of TVDS at each
PQM but also the reliability of the result considering multiple
influence factors. The later one can verify whether the direc-
tion misjudgment takes place at each PQM according the first
influence rule.

3. A novel fault-tolerant approach, based on an IPSO algorithm
is proposed to automatically locate the TVDS for DG inte-
grated smart grid. In the IPSO, the evaluation function has
been carefully constructed to synthetically utilize the credibil-
ity indexes, and the search space has been reduced greatly.
Simulation results demonstrate that the proposed approach
has significantly improved fault-tolerant capability, fast conver-
gence speed and good applicability for various types of TVDS.

The rest of this paper is organized as follows. Section 2 describes
the limitations of existing methods. Section 3 presents the influ-
ence rules of DG integration on direction-judgments. Section 4
constructs the credibility indexes based on comprehensive factors.
Section 5 describes the IPSO model with the key steps to obtain the
optimal solution. Section 6 carries out the simulations and analyzes
the results, and Section 7 draws the conclusions.

2. Limitation of existing matrix-based methods

In the existing methods for locating the TVDS based on the
matrix algorithm [11-13], a coverage-matrix 5% is first gener-
ated to represent the relative positions between each line and
each PQM in the grid, where | and m are the total numbers of
lines and PQMs. Then, the direction-matrix D‘,ﬁrxl, representing the
relative positions between the TVDS and each PQM, is obtained
based on the direction-judgment algorithm when PQ event hap-
pens. The elements of the two matrixes S{°) and D‘#’X] aredefined as
follows:

+1, if Lj or TVDS is in down-area of PQM;
Si, di = (1)
e -1, if L; or TVDS isin up-area of PQM;

In the DE and its improved algorithms [14,16], the final polar-
ity of the DE signal determines the relative position (upstream or
downstream) between the TVDS and PQM. The result-matrix Rj, 4
can be calculated by Ry, = Sf°), ~D‘g1irxl. If the maximum of R, e.g.
rj=max(ry, 12, ..., 17) equals to m, then the line L; corresponding to
rj is determined as the TVDS. If any error exists in the direction-
judgments, then the location result of the TVDS would be incorrect
[22,23]. Although it is fairly clear to use the signed binary integers
(i.e. +1 or —1) to denote the relative positions of the TVDS with
respect each PQM, this requirement of absolute reliability of all the
direction-judgment results in de"Xl leads to a lack of fault-tolerant
capability. In general, the factors that will cause misjudgment could
be summarized as follows.

(1) DG integration: The traditional radial network with single
power supply is evolved into multi-source distribution system,
which will have a significant variation of the power flow distri-
bution [20,21]. In general, the DG integration affects the intensity
of the transient voltage disturbance signal, and at worst, may cause
the direction misjudgment [24]. The detailed influences of the DG
integration will be discussed in the next section.

(2) Disturbance intensity: Due to line loss and bypass flow, the
intensity of the transient voltage disturbance signals detected at
monitors far away from the TVDS are relatively weak [22,23]. Given
the same condition of external interferences, such as noise signals,
errors caused by measurement, transmission or state estimation,
the direction misjudgment is more likely to happen with weak
disturbance signal.

(3) Fluctuation characteristic: The polarity of the disturbance
power may change frequently due to the energy-storage, reactive
load, etc. These changes will further induce intensive fluctuation of
the DE signal, resulting in uncertain monotonicity or even reversed
final polarity of the DE signal [14]. In either case, the direction-
judgment result is more likely to be incorrect.

3. Influence of DG integration
3.1. Scalable model and denotations

To analyze the influence of DG integration to the entire grid
when a transient voltage disturbance event occurs, we designed
a scalable grid model with one DG interconnection, whose topol-
ogy is shown in Fig. 1. The partial networks {Ng, N, N¢, Np} in this
figure represent the equivalents of sub-networks with a tree struc-
ture, enabling the scalable model to be expanded into most of the
distribution systems with radial structure.

Similar to the area-dividing method in [12], the entire scalable
model can be divided into up-area and down-area based on the

Down-area of DG

Fig. 1. Scalable grid model and up/down area of DG.
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Fig. 2. Simplified model with F is not on Link p¢): (a) F on the branch of Link p ¢ in the up-area of DG; (b) F in the down-area of DG.

DG location. The positive directions of the energy flows are defined
and marked by solid blue arrows. Considering both the actual and
the virtual PQMs, the PQ information at each line is observable.
The important denotations for the discussion in this section are
defined as follows: Fis the location of the TVDS; Link( p ¢ is the link
between G and DG; Linkr p ¢ is the link between Fand DG; Bus p ¢)
is the bus connected to F at the side of DG; Ny is the current-
dividing network that includes all the partial networks and the lines
between Bus(r p ¢y and M;; AE; it the DE value that detected at M;;
AEF is the DE value absorbed by the TVDS; AEgg is the DE value
that transmits from F to Busr p ); AEf; is the DE value absorbed by
Nrgi; AUE is the voltage variation at F; AUgy, is the voltage variation
at bus By; v is the value of an unspecified state variable during the
transient voltage disturbance event with DG not connected.

3.2. Rules of influence of DG integration

We consider two cases to understand the influence of DG inte-
gration on TVDS location in a voltage sag event. In general, the
analysis procedure shown here could also be applied to other
transient voltage disturbances (i.e. voltage swell caused by energy
injection) just by reserving the polarity of the parameters.

3.2.1. FisonLinkg pg)

As shown in Fig. 1, we assume that a DG is connected to the grid
at B4 when a voltage-sag event occurs at Ly. Link(¢_pgy and Linkr pc)
are {G_Ly Ly _L3 -DG}and {F _L, L3 -DG} in this case, respectively.
Because voltage-sag is an energy-absorbing disturbance [14,16],
we have AEg>0, AUE<0, and AUg, <0. The polarity of power flow
at L; could be positive or negative because of the DG integration
[21,24]. In either case, AE, <0 and AEgg<0. Based on the energy
conservation law, we can obtain AE; = AEgg — AEy, at bus B,.

Considering N, is actually Ng, we have AE;=AEp — AEp.
Therefore, there are three possible direction-judgment results at
M, as shown in Eq. (2) as follows:

>0, lf |AEF2|>|AEFB|

AEZ = = 0, lf |AEF2’ = ’AEFB| (2)

< 0, lf |AEF2’ < |AEFB‘

Similar analysis can be applied to the bus B;. The current-
dividing network of M3 is Ng3, and three possible direction-
judgment results can also be obtained at Ms. The direction-
judgment results at M, and M3z will be incorrect when
|AEp| > |AEgg| and |AEg|>|AEgg|, respectively. These inequality
conditions are more likely to occur with the increase of power loads
of the current-dividing. In this case, we propose the first rule of
influence of DG integration:

First rule of influence: The direction-judgment result at PQM; is
incorrect and should be reversed when Fis on Link; p¢), PQM; is on
Link(FD(;), and |AEFI" > | AEgg|.

In addition, the integrated DG at B4 will contribute to the voltage
stability, so we have AUpq <0 and |AUp4| < |AUpg,|. The changes of
the DE value in the down-area of the DG can be deduced as:

AE, < AE, <0 (3)

3.2.2. Fisnoton Linkpg)

In this case, there are two different scenarios. The first scenario
is that F locates on the branch of Link; p ) in the up-area of DG,
and then Fig. 1 can be simplified as Fig. 2(a). The second scenario
is that F locates in the down-area of the DG, as shown in Fig. 2(b).
In the second scenario, the partial network N;, is expanded to two
sub-networks (N; and N,), and G and DG can be regarded as one
equivalent source.

In Fig. 2(a), considering the effect of voltage stability with the
DG integration, when the voltage-sag occurs we have AEg>0,
AUp; <0, AUps <0, |AUpy| < |AUg,| and |AUps| < |AUg,|. Simi-
larly, we could have AUp4 <0 and |AUp4| < |AUp,| in Fig. 2(b). The
variations of the DE values at the PQMs in these two scenarios can
be deduced as:

0 < AE; < AE;
0 < AE; < AE;
AE, < AE; <0
and AE; < AE; <0 (4)
AE;, < AE, <0
0 < AE, < AE4
0 < AE; < AE,

Eq. (4) suggests that, if F is not on Link pc), the direction-
judgment result at each PQM will still be correct. However, the
disturbance intensity at all branches except for the F branch is
weakened due to DG integration. According to Egs. (3) and (4),
we propose the second rule of influence of the DG integration as
follows:

Second rule of influence: If PQM; is not on Linkr p), the disturb-
ance intensity at PQM; is weakened by the DG integration, but the
direction-judgment is not affected.

4. Credibility of direction-judgment
4.1. Monitoring-credibility

To denote the effect of the factors to the reliability of the
direction-judgment results, a new index ¢; named monitoring-
credibility is defined. We will first introduce three coefficients with
respect to the polarity, disturbance intensity, and fluctuation char-
acteristic. The following coefficients are valid to both voltage sag
and voltage swell.



16 G. Weng et al. / Electric Power Systems Research 144 (2017) 13-22

AE,(J)
A

min
AE!

Fig. 3. Characteristic values of AE;.

4.1.1. Coefficient of polarity

First, we define m; =sgn(c;) as the polarity coefficient of c;. Let
AE;’"" and AE™™ be the final and peak-to-peak values, respectively,
as shown in Fig. 3. These two key values describe the characteristics
of DE signal during the disturbance event. The value of AE["™ can
be obtained by:

AEM™ = AEMX _ AEMD (5)

Then, to indicate the relative direction of the TVDS, the sign
function sgn(-) is used to determine the polarity ;:

{ sgn(+AEf”d), if PQ event is a voltage sag ®)
T = 6

sgn(—AEf”d), if PQ event is a voltage swell
where
+1, if AE™M >0
sgn(AEf™)=<{ 0, if AEM =0 (7)
-1, if AEM <0

4.1.2. Coefficient of disturbance intensity

In the same condition with noise or errors, the credibility of the
direction-judgment result should be reduced when the disturbance
intensity is relatively weaker [22,23]. In addition to common influ-
ence factors of the disturbance intensity, such as disturbance event
itself, distance between the TVDS and the PQM, bypass flow, accord-
ing to the second rule of influence, the DG integration should also
be considered in the disturbance intensity.

Therefore, the coefficient «; of the influence of the disturb-
ance intensity to the reliability of the direction-judgment result
is defined as:

1, kend > 6,

a; = (8)
l Kf”d+(1—\/a>, 0 <kend < 6,
in which
4 | AE
end __ i
Ki - AEend (9)
max

where AEEY is the maximum among all AEf”d. and 6; is the
threshold value. /(- ) is used to prevent «; from being too small,
and the value range of this coefficient is set as (1 — \/97) <a;j<1.

As shown in Fig. 4, there is a strong positive correlation between «;
and K¢,

4.1.3. Coefficient of fluctuation characteristic
The fluctuation characteristic of the DE signal is also related
to the reliability of the direction-judgment result [14]. If the DE

0.4 — al_(¢91=0.7) i
ol L | 5.(6,-0.9) ||
......... B,(6,-0.8)
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1
Kend K
i

i
Fig. 4. Distribution characters of coefficients «; and ;.
signal fluctuates frequently and fails to keep strict monotonicity,

the reliability of the direction-judgment result will be reduced.
Therefore, we define the coefficient §; as:

1, K¥aY > 6,
Bi= 2_0 (10)
%Iqwav + 92—2 0 <KW < 6,
in which
AEend
1
Kian = ‘ AEm (11)
1

where K@ is a ratio of the fluctuation characteristic of the DE
signal, and 6, is the threshold value. The value range of this
coefficient is (62/2) < B;<1. As shown in Fig. 4, there is also a
strong positive correlation between f; and K"

With the three coefficients defined above, the monitoring-
credibility is defined as:

Ci=mi-a;- B (12)

By definition, ¢; is a signed quantitative index ranging from —1.0
to +1.0. Its polarity indicates whether the TVDS is in the down-area
or in the up-area of PQM;, same as in existing methods [11-13];
in addition, its absolute value |c;| will also indicate the credibil-
ity of the direction-judgment result. Combining the values of all
monitoring-credibility at each PQM in the NPQMS, a matrix of
monitoring-credibility is computed by:

cre
me1 = [Cls C2,

oy m] (13)

4.2. Partial-credibility

To solve the problem of possible direction misjudgment caused
by the first rule of influence of the DG integration, a partial credi-
bility Cf“r is defined to verify whether there is a TVDS at L; when F
is locating on Linkg pg). We define the partial-DE as follows:

AEPT = AE;“d — AEj— ZAE™ (14)

where > AEJ‘?”t is the summation of the DE values of all the out-
going branches connected to the nearest bus in the down-area of
L;, and AEj; is the DE loss at Lj, which can be calculated from the
disturbance current Al;. Fig. 5 shows the components of AEF"" at
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Ly and AEY™ at L3. The significant difference of the values of AE}W
in two different situations is given as:

AEMif F s atl;
AEPY ~ F ! (15)
J 0, if F isnotatlL;

where AEﬁ”d is the final value of the DE signal at F.

We notice that the value of the partial-DE cannot be directly
calculated at load branches, such as Ls in Fig. 5, without a terminal
bus. Supposing that the total number of the load branches is §, the
number of AEJP‘" that can be obtained by Eq. (14) is [ — 8. To dis-
tinguish whether one line is a load branch or not, an identification
index w is defined as:

-8
_ 1 par
p=r——g | DK -1 (16)
j=1
in which
AEP¥
par __ J
T B )

where AERY is the maximum of all AEJ‘?‘", The values of ij”r are
relatively small in general except for the line of TVDS. The index u
is an adjusted mean of all ij‘", subtracting 1 from the summation
of K’ to keep its value between 0 and 1. It is close to 0 if Fis not on a
load branch and close to 1 otherwise. Considering the measurement
error, the threshold value of u is set to 03, and the partial-credibility
corresponding to L;j can be defined as:

+1, lf M =< 93, Lj € Link(G,DG)&K]P“ =1

CJP“ =< -1, if w=<63lLe Link((;,[)(;)&lg.pélr <1 (18)

0, lf "> 0307‘1,]' ¢ LiI'll((G_Dc,)

5. TVDS location based on IPSO
5.1. Overall structure of the proposed approach

For integrated utilization of the multi-source information, such
as monitoring-credibility of direction-judgment, partial-credibility
for DG integration, grid topology, arrangement of PQMs, etc., we
employ an IPSO algorithm with well-designed search space and
evaluation function to locate the TVDS for DG integrated smart
grid [25]. Fig. 6 shows the overall structure of the proposed fault-
tolerant approach.

With detailed analysis of the factors including DG integra-
tion, disturbance intensity and fluctuation characteristic, the
monitoring-credibility and partial-credibility to the direction-
judgment results at all PQMs are constructed. Then they are utilized
to build the optimal model for TVDS location based on the IPSO,
which mainly includes the definitions of matrix-particle and search
space, iteration strategy of velocity and position, and evaluation
function of fitness.

5.2. Matrix-based particle and search space

As the foundation of the IPSO algorithm, a matrix-particle Xj, is
constructed for the nth particle in the matrix-particle swarm for all
n e {1,...,n}, where n is the given size of the particle swarm. As
shown in Fig. 7, the whole matrix X, is used as a particle, whose
dimension is the same as the direction-matrix ngrﬂ.

For i e {1, 2, ..., m}, each element x,; in X, indicates the
direction-judgment result at PQM; with two possible values (i.e.
+1 or —1). Therefore, if we use the general PSO algorithm [26],
the possible positions of X, in the search space will be 2™. How-
ever, in a power grid with certain topology, forj € {1, 2, ..., [}, one
can assume that a disturbance event occurs in sequence on each
L;. By observing the relative positions of each PQM and Lp, we can
construct a corresponding expected direction-matrix Df’.‘ for each
case, according to the element assignment method in Eq. (1). The

f——————m— e m oo
: Data input from NPQMS :
I
|
: PQ disturbance Grid’s Arrangement Component :
| signal topology of PQMs parameters :
B S v v ] B
Direction- Reliability Deduction of influence rules
judgment analysis of DG integration
Defination of Defination of
monitoring-credibility partial-credibility
¥ A 4
Model building of the IPSO for TVDS location

v

‘ Model solution of the IPSO |

v
‘ Output of the location result of TVDS |

Fig. 6. Overall structure of the proposed approach.
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Fig. 7. Structure of the matrix-particle and search space.

total number of Di;‘p equals to the total number of lines in the grid,
and the structure of Di}(p is consistent with the direction-matrix
Ddir . as shown in Fig. 7.

When an actual disturbance event occurs in the grid, all the
potential positions of X, are in the pre-prepared set {DE}‘"U’:
1,2, ..., 1}, which is also the search space of X;. Then the number
of possible particle positions in the search space is only L There-
fore, the search space of the proposed IPSO model based on the
matrix-particle is reduced greatly from 2™ to L

5.3. Iteration strategy

The velocity of X;, is v,;, and we define it to be an integer number
with the range of 1 < v, <[ - 1. The kth iteration of v, is defined
as:

1+int(vy), if int(dy) <1-2
I}k-f—'l — (19)
n
-1, if intn) > [—2
where
m m
K
oK — ok + klri‘z |pk; — xt;| + kzrgz |gf — xk; (20)
i=1 i-1

and 7, is an intermediate variable, int(-) is the rounding function, w
is an inertia weight, A; and A, are the acceleration factors, r; and
r, are random numbers that take values from O to 1, and x’,ji is the
element of X;, in the kth iteration. g{‘ and p’;i are the global optimal
position Gp,s; and local optimal position Py, in the kth iteration,
respectively.

When XX = DZ?(p, the kth iteration of the nth matrix-particle is
defined as:

(94 .

Xk = gz'/’,in)’ 'f 5&: >0.5 -
wky TS <05

where
Dyt if jrv>1

D%’iv} = Diéﬁ.y)v if 1<j+v<l (22)
Dié'iv+l)’ if j+v<1

and s is a random number in the range of 0 <s, <1 to adjust the
search direction, and v = +vX*! is a velocity variable to prevent
overflow of the search space.

5.4. Evaluation function

To synthetically utilize the significant information including
the monitoring-credibility and the partial-credibility to obtain the
accurate result of TVDS location considering the multiple influence
factors, the evaluation function is carefully constructed to evaluate
the fitness of each X,. According to Egs. (13) and (18), the fitness
evaluation function with three different cases can be defined as
follows:

|, — sen(en] - lei

m
_ par par par _
F(X,) = ‘cj —]|- g s +e,,-|cj »(c}. 1)‘
i=1
0, i c)!’ar =41
m (23)
E X — sgn(c,-)| - lcil + 2ep, ifc}’ar =-1
i=1
u xm-—sgn(ci)’ - Icil o
z :f’ ifej™ =0
i=1

where c?™ is consistent with the current position of the matrix-
particle. In this evaluation function, the first term is critical, in
which the difference between X, and sgn(Cy?,) along with the
value of |¢;| are utilized to evaluate the fitness. The second term is
the penalty term, and its coefficient e, is the penalty factor [27,28].
The partial-credibility c®" classifies the evaluation function into
three possible result options. According to the evaluation value,
more credibility support means less difference and better potential
solution.

5.5. Procedures of IPSO

Fig. 8 shows the detailed procedures of the IPSO. In the initializa-
tion, ke is defined as the maximum iterations, and the initial value
of each X;, is randomly chosen from {Df’,‘pu' =1,2,...,1).The fitness
of each X, is evaluated by using Eq. (23), and all the positions and
velocities in the swarm are updated according to Eqs. (19)-(22).

The kth iteration of Py, , is defined as follows:

k i k k+1
E+1 _ l:est,n’ lf F(Pl;est,n) = F(Xn ) (24)
est,n .
XKL if F(PE, ) > FOT)
and the optimal one in the set {Pl’)‘est Ln=1,2,..., n}isassigned to

Gk . In the step of convergence checking, the loop breaks when

best*®
F(GK,,) =0 or k=k®, and the output is Gf,_.. Finally, we assume



G. Weng et al. / Electric Power Systems Research 144 (2017) 13-22 19

Setting of initial parameters {n, @, A, A,k }

v

Establishment of search space {DE_‘P | =12l }

v

Initialization of particle swarm {X . n= 1,2,...,;}

v

Calculation of credibility indexes {Cn . ;mr}

v

Evaluation of fitness F(X))

v

Iteration of particle swarm

//j\

Converge?

.

—
\

Output of the location result of TVDS

Fig. 8. Flowchart of the IPSO model solution.

802 806 808

Table 1

Numbers of major components.
Bus Line Load branch DG Actual PQM Virtual PQM
34 33 25 2 29 31

Table 2

Descriptions of different transient voltage disturbance events.
Event Event description L
Fi Three phase L-G fault at Line 830-854. Lys
F Starting of large inductive load at Bus 810. Lg
F3 Voltage swell event at Line 858-834. Lsg
Fy Short-time increase of large capacitance at Bus 838. Lsg

exp

1 in the search

that the optimal output G’gest is corresponding to D
space, and L; is the optimal location of the TVDS.

6. Simulation analysis
6.1. Simulation model description

Simulations were performed on a typical IEEE 34 node test
feeder with a nominal voltage of 24.9 kV [29], as shown in Fig. 9. In
addition, two DGs are connected to the Bus 820 and 856 to demon-
strate the influences of the DG integration. The nominal power of
each DG is set as 300 kW. The monitors include both the actual
PQMs and the virtual PQMs based on the state estimation. The num-
bers of the main components of this system are shown in Table 1.

In the following analysis, all the lines and load branches are
indexed from L; to Lsg. The monitors are indexed from M; to Msg,
plus two PQMs for the DGs. The applied transient voltage disturb-
ance events, including the causes and the positions, are shown in
Table 2. The threshold values in Egs. (8), (10) and (18) are set as:

A

A 45
44 44{

" 848
844 4,846
® Bus

—» Load
—l Actual PQM
=  Virtual PQM
z’ Regulator
- P>

Capacitor

Fig. 9. IEEE 34 node feeder with integrated DGs.
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Fig. 10. Monitoring-credibility at each PQM (for event F;).

61=0.8,0,=0.9, and 05 =0.5. The initial parameters for the IPSO are
set as: it = 5, k" =50, w=0.5, and A =X, =0.25. In this case [=60,
so the coefficient in Eq. (23) is set as: ep = V1/2. Then, the penalty
factor is large enough comparing with the order of magnitude of
the evaluation function. All the simulations are carried out in the
Matlab/Simulink environment.

6.2. Misjudgments and credibility analysis

To simulate the misjudgments caused by the actual interfer-
ences, the Gaussian white noise (GWN) is added to the grid when
the disturbance events occur. The mean value and variance of
the GWN at each PQM are randomly distributed in the range of
[-5%PF, +5%P;°] and [0, (S%Piss)z] respectively, where P} is the
steady-state value of the active power at PQM;.

For the disturbance event F;, the monitoring-credibility at
each PQM is shown in Fig. 10. There are five errors in all the
direction-judgment results. The error at Lyg is caused by the first
rule of influence of the DG integration, and the other errors are
caused by the weak disturbance signals with strong noise. The

x103 i
_ 8 //—_<
J6 “
2t i
0 : 4
0.15 t(s)
--- without GWN
1.37¢ ‘| — with GWN
1.36
%61 35
Q:1.34 i
1.33¢
1.32 °

Table 3

Key parameters at misjudgment points of event F;.
Name Ly Lig Ly Lss Lsg
Expected d; +1 -1 -1 -1 -1
T -1 +1 +1 +1 +1
Kf"d 0.005 0.003 0.282 0.015 0.019
o 0.170 0.154 0.631 0.222 0.214
Ky 0.878 0.984 0.991 0.392 0.741
Bi 0.987 1.0 1.0 0.717 0911
G —0.168 +0.154 +0.631 +0.159 +0.217
Kj"“" 0.042 Null 0.027 Null Null
cj'”“’ -1 0 -1 0 0

comparison of the disturbance characteristics at Mg and M7
are shown in Fig. 11(a) and (b). Although Line 854-856 and Line
854-852 are at the same node, the direction-judgment results are
different. The result at M, is correct, while the misjudgment takes
place at Mpg due to it is on Linkr _pc,)-. This direction misjudgement
is caused by the first rule of influence of the DG integration.

InFig. 11(a)and (b), the intensity of the DE signals at My and M57
are relatively large, so the additional GWN can only change their
numerical values slightly but not the polarities. However, monitors
distant from F; are easier to be affected by the external interfer-
ences. Fig. 11(c) and (d) shows the direction misjudgment caused
by the GWN at M. The key coefficients and indexes about the cred-
ibilities of direction-judgment at these five misjudgment points are
listed in Table 3.

6.3. IPSO analysis

Taking the event F; for example, the convergence properties of
each X, in the search process are shown in Fig. 12(a). Most of the
matrix-particles quickly converged to quite small fitness values;
particularly, X; only needs 13 iterations to reach the global opti-
mum (i.e. zero solution). Some abrupt points in the fitness curves

0><104

AE,.(J)

015 ¢(s)

---without GWN
— with GWN

AE(J)

Fig. 11. Misjudgments caused by the DG integration and the noise: (a) DE signal at Myg; (b) DE signal at M»7; (c) comparison of the power signals at Myg; (d) comparison of

DE signals at Mys.
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Fig. 12. Process analysis of the IPSO. (a) Convergence of fitness for F;. (b) Search paths of each matrix-particle for F;. (c) Convergence of Gy, for all the events.

cpar
J

of Xy are caused by the modification of the value of from the

DG integration.

Fig. 12(b) shows the search paths of each matrix-particle, and
the values on the vertical dimension show their positions in the
available search space in each search iteration. Corresponding to
the zero solution in X, we found Ggg’st = D}2, which means the
optimal output in the whole search process is Lys. It is consistent
with the location of the given disturbance event F;.

For each kind of the disturbance events listed in Table 2, 50
groups of disturbance data are obtained by simulating 50 cases with
random intensities of noise interferences. The convergence of the
proposed IPSO for these 200 tests (i.e. the global optimal Gy, ) are
shown in Fig. 12(c). The overall convergence speed of the proposed
approach is fairly fast.

6.4. Performance comparison

6.4.1. Comparison in the second category of research
methodologies

Considering different intensities of noise interference, the 200
tests are divided into four groups according to the number of
direction misjudgments. Using these four groups, we compare
the fault tolerance of the proposed IPSO approach with the tra-
ditional matrix (TM) algorithm [12,13] and the improved matrix
algorithm with disturbance measure (DM) [22]. The results are
shown in Table 4. All algorithms have successful identified the
TVDS location in the 28 misjudgment-free tests. Among the 172
tests with direction misjudgments, the DM algorithm located the
TVDS correctly in 107 of them, while the TM algorithm failed to
locate any correctly due to its fault-intolerance. Meanwhile, there
were only seven mistakes made by the proposed IPSO approach.
In summary, the TM algorithm only works well with the absolute
reliability of all direction-judgment results in the whole NPQMS;
the DM algorithm’s performance is not as competitive as the
proposed method, because it fails to consider the influence of

DG integration and other factors; the proposed IPSO approach
provided aremarkable improvement with fault-tolerant capability.

According to above analysis, the performances of both the TM
and the DM algorithms are far from satisfactory when direction
misjudgments occur in the NPQMS, which are according with their
work mechanisms. In contrast, the major cause of the remark-
able performance of the IPSO approach proposed in this paper is
taking into full account of the influence factors of direction judg-
ment, the credibility indexes, and the comprehensive utilization of
multi-source information. However, due to the cumulative effect
of multiple direction misjudgments in some occasional cases, even
if sufficient consideration of the DG integration and other influence
factors, it is still hard to guarantee the absolutely correctness of the
location result.

6.4.2. Comparison with the first category of research
methodologies

The first category of research methodologies for TVDS location
are based primarily on pattern recognition and intelligent classi-
fiers such as artificial neural networks (ANN) [7,8], self-organizing
map (SOM) [6], decision-tree (DT) [9], etc. The comparison shows
that these methods are satisfying in accuracy and cost performance
under the conditions of smaller network scope, fixed topology
and definitive type of transient voltage disturbance event induced
by same one cause. While for the smart grid where the NPQMS
is available, the proposed IPSO method has more advantages

Table 4
Fault tolerance of three location approaches in the second category.

Misjudgments Test times TM DM Proposed IPSO

Correct % Correct % Correct %

0 28 28 100 28 100 28 100
1~3 91 N/A - 64 703 89 97.8
4~5 37 N/A - 22 59.5 35 94.6
>6 44 N/A - 21 47.7 41 93.2
Total 200 28 140 135 675 193 96.5
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in applicability, accuracy, especially in the scenarios where the
topology and power flow change frequently in large-scale smart
grids with DGs integration. Moreover, the remarkable performance
in real-time makes it promising for fast TVDS location.

7. Conclusion

In this paper, we proposed a new fault-tolerant IPSO approach to
locate the TVDS in the DG integrated smart distribution grid. Specif-
ically, two rules of influence of the DG integration on the direction-
judgment were first presented under different scenarios. The
monitoring-credibility and partial-credibility were then defined to
describe the reliability of the direction-judgment result and correct
potential misjudgment caused by the DG integration, respectively.
Then, an improved PSO was proposed to synthetically utilize the
multi-source information and make the decision-making. Simula-
tion results on the IEEE 34 node test feeder validated the effec-
tiveness of the proposed approach. Compared with the existing
matrix-based methods, the proposed approach has shown advan-
tages of high accuracy, fault-tolerance capability, applicability and
fast convergence for smart distribution grids with DG integration.

There are two future research directions based on the work in
this paper. One direction is the effective verification of the cor-
rectness of the TVDS location under various conditions in actual
application systems. The other is that, considering the influence of
the DG integration, more comparisons should be carried out with
the first category of research methodologies for TVDS location.
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