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Abstract

Power distribution systems are always exposed to disturbances, which can lead to voltage
instability and collapse. The most important task for a distribution engineer is to identify the
sensitive nodes and rank them according to their severity. This paper presents the
application of fuzzy logic to define percentage reliability and accordingly define nodal
reliability ranking of each node, considering reliability as a function of voltage and Voltage
Stability Index. The variation in percentage reliability is also calculated due to the impact of
load variation. The proposed technique is useful to ensure the reliability of distribution
system by predicting the nearness of voltage collapse with respect to existing load conditions
and can be used as an early warning so that the necessary action can be taken in order to
avoid the occurrence of voltage collapse. For the load flow calculation purpose, a three
phase fuzzy load flow algorithm for unbalanced radial distribution systems is developed,
which is based on algebraic recursive expression of the voltage magnitude.

Index Terms— Branch Voltage, Fuzzy set, Nodal Reliability Ranking, Three phase load flow,
Voltage Stability Index.

permissible limits to ensure high quality of
service. To maintain voltage stability, it is
desirable to estimate the effect of any

I. INTRODUCTION
N modern power system, voltage stability

is a major concern as systems operate at
points which are steadily approaching the
maximum  operating  limits.  Voltage
instability can lead to blackouts which is a
major concern in the planning and operation
of power system. Voltage instability is
characterized by the variation in voltage
magnitude which gradually decreases to a
dangerously low value accompanied by
simultaneous decrease in the power transfer
to the load end from the source. Hence it is
important to have a reliable power system,
which will maintain the voltages within the

unforeseen events and identify nodes which
are most sensitive.

Chi-Wen Liu presents a neurofuzzy
network proposed for voltage security
monitoring using synchronized phasor

measurement [1]. A work on knowledge
based system for supervision and control of
regional voltage profile and security is
presented in [2]. Manjaree Pandit et al
present fast voltage contingency selection
using fuzzy parallel self organizing
hierarchical Neural Network [3]. M.Aruna
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presents a new reconfiguration algorithm
that enhances

voltage stability and improves the voltage
profile[4].Work on reconfiguration of the
networks has already been reported which
defines that the voltage stability can be
maximized for a particular set of loads in the
distributed systems [5,6,7].

A method for detecting voltage collapse in
radial distribution systems is presented
where two indicators for evaluating voltage
stability of radial distribution systems are
derived [8]. An algorithm for optimal
locations and sizing of static and/or switched
shunt capacitors is reported, with a view to
enhance voltage stability [9]. Voltage
stability analysis of radial distribution
networks, where a new voltage stability
index is proposed for identifying the nodes
that are on the verge of voltage collapse, but
does not use a fuzzy approach for the
analysis [10]. Shobha presents the fuzzy
approach for ranking the contingencies using
composite index [11], for transmission
network.

Hence, the literature review shows that the
work done are mainly focused on
enhancement techniques of voltage stability
and not much work has been reported on the
reliability analysis, describing the status of
each node for a distribution system.

This paper presents the application of
Fuzzy Logic for determining the percentage
reliability and nodal ranking, considering
percentage reliability as a function of
voltage, stability index independently and
also as a function of both voltage and
stability index. The variation in nodal
reliability ranking due to the impact of load
changes is studied and an acceptable
percentage reliability cut-off level is also
proposed.
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The paper is organized as follows. In
section Il, the methodology used for nodal
reliability ranking is discussed. The bus
voltage and the stability index are expressed
in fuzzy notation and further processed
through fuzzy reasoning rules using fuzzy
logic. Section Ill, IV & V elaborate the
nodal voltages, voltage stability index (SI)
and percentage reliability computations with
results. Section VI concludes the paper.

Il. METHODOLOGY OF NODAL RELIABILITY
RANKING

In recent years, fuzzy system applications
have received increasing attentions in
various areas of power systems. Fuzzy set
based reasoning approach has been
developed for nodal reliability ranking,
which is a process of indexing each node and
rank them according to their severity. The
bus voltage and the stability index are
expressed in fuzzy notation and further
processed using fuzzy reasoning rules.

Nodal reliability ranking is basically done
using following steps;

Using fuzzy modeled load flow
algorithm to calculate nodal voltages

Using fuzzy modeled load flow
algorithm to calculate voltage stability
index (SI).
Using fuzzy If-Then rules to calculate
node’s percentage reliability.
Rank the nodes based on above.

Ill. Fuzzy MODELED LOAD FLOW
ALGORITHM TO CALCULATE NODAL
VOLTAGES

For nodal voltage calculation, this paper
uses an algorithm, as described in this
section [12], modified to suite the fuzzy
model. The load flow calculation
methodology uses the basic systems analysis
method and circuit theory and requires only
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the recursive algebraic equations to get the
voltage magnitudes, currents & power losses
at all the nodes. This load flow methodology
also evaluates the total real and reactive
power fed through any node.

A simple circuit model of the system is
shown in Figure 1. The calculation uses
Carson & Lewis matrix method, which takes
into account the self and mutual coupling
effects of the unbalanced three phase line
section.

Node i

Fig. 1 — Three phase four wire line model

Using concept of simple circuit theory, the
relation between the bus voltages and the branch
currents in Figure 1 can be expressed as:

Viag - Vjag V”a Ziiaa Z"ab ZUac |U'a
V.bg _ ijg - Vijb - Zuba Z”hb Zubc |”h
Vicg _ Vjcg Vijc Zii:.a Ziij Zijcc |ijc
@)

Where

V¥ = Voltage of phase a at node i with
respect to ground

V{® = Voltage drop between two phases a and

b at node i.

Vji® = Voltage Drop between nodes i and j in

phase a.

li* = Current through phase a between nodes i

and j.
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zi?* = Self impedance between nodes i and j in
phase a.

zijab = Mutual impedance between phase a and
b between nodes i and j.

Pi?, Qi*, Si* = Real, reactive and complex
power loads at phase a at ith bus.

SijP"se = Complex power at phase (a, b and c)
between nodes i and j.

PLij"™* = Real power loss in the line between
node i and j.

QLij™™e = Reactive power loss in the line
between node i and j.

SLijphase - PLijphase+ jQLijphase

rriting (1)
/Ja Via Zijaa zi ab Zijac
b | — b ba bb bc
Fr=AVi|-| & zi 2
c c ca cb cc
Vi Vi _Zij Zij Zjj N

owing equations gives the branch currents
:n the nodes i and j:
= (P Q) 1 V7

W (PPHQY) VP

"= (Py™+iQy° )/ Vf

The real and reactive power losses in the line
between buses i and j are written as;

SLi* = PLi® + jQLi* = Vi* * (Iy) -
Vi (15
SLi"=  PLy + jQLy" = Vi" * (I) -
Vi ()
SLi® = PLi + jQLi® = Vi* * (Iy) -
Vi (15)

The program computes the real & reactive
power and uses the formula given in
equation no. (2) Receiving end power at any
phase, say phase a, of line between the nodes
iandj is expressed as:
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K= indexofal [ ija+j0ka + | index of al PLmnja+j(
P42 = nodes - fed lines
= through connected
the line . hetween
between nodg;landj nodes m
L — L and n fed
through the line between no
)

For modeling and simulation purpose this
paper uses an input data for a 19 bus
distribution system shown in Figure 2 [13].
Load data for the feeders are given in
Appendix 1. Figure 3 shows the flow chart
for simulation.

Substation

o]

Fig. 2. - A practical 19 bus distribution feeder used
for the modeling and simulation purpose.
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Fig. 3 - Typical Fuzzy Load Flow calculation chart used
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Fig. 4 - Fuzzification of k\VA rating
Where, a1 =20%, 02 = 135%, B1=95%, B2 = 105%
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For evaluation purpose, the feeder
parameters are assumed unchanged and
uncertainties are assumed only to the
connected load parameters. An uncertain
load can be represented by a fuzzy number
that is in fact a membership function over
the real set. Fuzzy numbers may have variety
of shapes but here trapezoidal membership
function is chosen. This shape is chosen
from the fact that there are several points
whose membership degree is maximum

(u=1).

A linguistic declaration such as “peak
values of load will not occur below 20
Percentage or above 135 Percentage, and the
least estimation is, say between 95
Percentage and 105 Percentage of the rated
capacity” can be translated into a fuzzy
number as shown in Figure 4 as per [14 ].

For each value of p (KVA), two different
values of KVA loads can be obtained i.e. the
L (KVA) & the R (KVA). Therefore, for
each membership value, two load flow runs
are required. Membership function p (KVA)
is taken in steps of 0.2. Table 1 shows the
calculated nodal voltages for loads at
H(KVA) of 0.4 (Left) & 0.6 (Left).

Vol-01: No- 01

TABLE 1.

CALCULATED NODAL VOLTAGES FOR p (KVA) OF 0.4 (LEFT) &

0.6 (LEFT)
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W Membership function of voltage magnitude

1 1 1 1 1 1 1

2 0.991 0.992 0.997 0.988 0.989 | 0.995
3 0.989 0.991 0.992 0.986 0.988 | 0.989
4 0.987 0.988 | 0.991 0.983 0.984 | 0.987
5 0.987 0.988 | 0.988 0.983 0.984 | 0.984
6 0.985 | 0.986 [ 0.987 0.980 0.981 | 0.983
7 0.985 | 0.985 [ 0.986 0.980 0.981 | 0.981
8 0.980 | 0.981 0.985 0.974 0.975 | 0.979
9 0.975 | 0.975 [ 0.980 0.967 0.967 | 0.973
10 0.968 | 0.968 [ 0.974 0.958 0.957 | 0.965
11 0.967 0.967 0.968 0.956 0.956 | 0.957
12 0.967 0.967 0.968 0.957 0.956 | 0.957
13 0.966 | 0.966 [ 0.967 0.955 0.955 | 0.956
14 0.966 | 0.966 [ 0.967 0.955 0.955 | 0.956
15 0.966 | 0.965 [ 0.967 0.955 0.954 | 0.956
16 0.967 0.966 | 0.967 0.956 0.955 | 0.956
17 0.965 | 0.965 [ 0.966 0.954 0.954 | 0.955
18 0.965 | 0.965 [ 0.966 0.954 0.953 | 0.955
19 0.965 | 0.965 [ 0.965 0.954 0.953 | 0.954

Figure 5 shows the calculated nodal voltages
for all KVA membership functions for Phase A.
One can notice that for certain group of nodes,
nodal voltages are more sensitive to load
variation and drops sharply. Similarly, fuzzy
modeled load flow algorithm is used to calculate
the nodal voltage trend and subsequently
calculating the nodal ranking.
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IV. Fuzzy MODELED LOAD FLOW ALGORITHM TO

CALCULATE VOLTAGE STABILITY INDEX (SI)

Voltage stability is the ability of a power
system to maintain steadily acceptable bus
voltage at each node under normal operating
conditions, following load increases, system
configuration changes or a disturbance. The
progressive and uncontrollable drop in
voltage eventually results in a wide spread
voltage collapse.

This section calculates the voltage
stability index (SI) for all the nodes of the
radial distribution system using the load flow
results. There are several methods to
estimate or predict the voltage stability
condition of a power system. This study
utilizes the voltage stability index [15] in
order to indicate the voltage stability
condition at each bus of the system.

For a typical RDS, any line between the
bus ‘i’ and ‘j° can be represented by an
equwalent single line represented as given in
Figure 6.

Sep-Nov 2011

The complex power flowing into the
receiving end will be P;+jQ; where P & Q
stand for real and reactive power.

The governing circuit equations are:
ViZa; - Vjé(lj = Iij (Rij+inj)

* (3).
(ViZoi) 1= Pi-jQj.
(4)
= complex conjugate operation

By solving the above two equations and with
the assumption that for a typical radial
distribution system (Zo; -Zo; ) is typically
very small value, hence the assumption

Cos (Loi- Zoj) =1 & Sin(Lay- ZLoy) ~0

With the above assumption, it is derived that

V% Vi Vj+ (P Ry +Q; X)) = 0
(%)

Therefore,

Vj = {V, i\/ Viz— 4(Pij Rij +Qij Xij)} /2
(6)

Eq (6) results in two possible solutions for
the receiving end voltage V; However, the
feasible solution is the minimum of the two
as the voltage towards the receiving end is
typically lower than its sending end voltage.

Thus, Vjcan be taken as,

Vj = {V, -\/ Viz— 4(Pij Rij +Qij Xij)} /2

(7)
Since the voltage magnitude is always the
real quantity, hence;

. V7T Ry Qy Xy) 20
Branch ij (8)
Vila R.+i1X Vié(xi
..+J .
_ —— 1 Receiving PUMQW); the stability index for the bus j
pondng End ived as
Fig. 6 - Electrical equivalent of one branch 4?:’;] Rij +Qi Xi)
9

17

Fuzzy Approach to Nodal Reliability Ranking for Radial Distribution Systems



CLEAR IJRET

The value of Sl varies from 0 to 1. For
stable operation of the RDS, stability Index
should be nearing one. If the Sl is nearing 0,
this reflects an unstable bus.

—+— Nodel
—&—Node2
Node3
Node4
—— Node5
—*— Node6
—+— Node7
—=— Node8
—&— Node9
Node10
Node11l
=i~ Nodel2
Node13
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Fig. 7. - Stability Index variation with Load Changes

Figure 7 shows the typical variation of
stability index based on load variation for all
the nodes. One can note that for few nodes
(e.g. Node 2, 12) stability index value dips
sharply at higher loads tending towards
instability.

V. Fuzzy ‘IF-THEN’ RULES TO CALCULATE
PERCENTAGE RELIABILITY OF A NODE.

This paper proposes fuzzy approach and
uses voltage and Sl of each node to calculate
the percentage reliability and reliability
ranking of the node. The bus voltage and the
Sl are selected as the crisp input parameters
and expressed as fuzzy set notation.

The fuzzy °‘If-Then’ rules are used to
evaluate the percentage-reliability of each
node. Finally after defuzzufication the crisp
value of the output mentioning the
percentage reliability of a node is calculated.
Using the same methodology, individual
impact of voltages and Sl on the percentage
reliability can also be calculated. For

Vol-01: No- 01
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calculation purpose a trapezoidal
membership functions is assumed for bus
voltage and Sl profile and are represented in
fuzzy set notation. The bus voltage profiles
are divided into five triangular membership
functions, as indicated in Figure 8.

terpretation of voltage (V);

25, then ‘Unstable (UN)’

-0.95, then ‘Less Stable (LS)’

25-0.975, then ‘Moderately Stable

5-1.0, then, ‘Stable (S)’ &
75, then, ‘Over range (Over)’.

FUZZY INTERPRETATION OF VOLTAGE

N LS MS S
304
o
5
s 02
00+

0.850 0.875 0.900 0.925 0.950 0.975 1.000 1025
Value of the voltage of Node

1050

Fig. 8 - Fuzzy number representation

Similarly the ‘SI’ profiles are divided into
five triangular membership functions using
fuzzy set notations, as given in Figure 9.

Fuzzy Interpretation of Sl;

If SI<0.85, then ‘Unstable (UN)’

If S1=0.8-0.9, then ‘Less Stable (LS)’

If S1=0.85-0.95, then ‘Moderately Stable
(MS)’

If SI=0.9-1.0, then, ‘Stable (S)’

If SI>0.975, then, ‘Over range (Over)’

Using fuzzy ‘If-Then’ rules overall
percentage reliability is calculated based on
both the voltage and Sl profiles.
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CLEAR IJRET Vol-0R2 |If V=09-095  AND SI:D85  Then ‘UN’ Min,
B3 If V=0925-0975 AND SI<085  Then TN’ Min

FUZZY INTERPRETATION OF S R4 IfV=095-10  AND SI<085  Then ‘LS° M

BS If V0995 AND SI=085  Then LS’ Min
R6 If V<0925  AND SI-0809 Then U’ M
Tow] s s\ s s Jow | T3 BT IFV09095  AND SI-08-09  Then ‘LS Min
| B8 IF V09250975 AND SI=0809  Then LS Min
ol RS If V09510  AND §I=0309  Then ‘M5 Min

0750 0850 0.950 1050 R0 |If W=0.975 AND SI=08-0% |Then % Mm
Value of the Sl of the Node

Rl |If V<0925 AND 51=085-035 | Then “UH" Mm

) Rl2 |If V=039-085  AND &=025-035 Then ‘ME" Mm

Fuzzy ‘If then _rules shown in table 3 are R13 If V=0925.0975 4D SI=085095 Then ‘M Min

used for calculation purpose; _

El4 |If ¥=093-10  AND &=025-035 Then & Mm

Let for a node; Voltage = V and Stability ~ Bl3 If #0875 AND SE085-055 Then ¥ M
Index = SI Rl& If V=0.925 LAND SI=08-1.0  Then TN M
Then the corresponding membership values  E17 If V=09-095  AND SI=09-10  Then ‘M5 Min

for each zone of the five triangular gy 1¢ 09350975 AND S09-10  Then S Min
membership functions can be defined as RIS FV-095.10  AND S=09.10 |‘Then S M

given in table 2.
R20 I V=0.975 AND S1=05-10  Then '  Min
TABLE 2. R21 I V<0925 AND S1:0575  Then ‘UM’ Min
CALCULATED NODAL VOLTAGES FOR  E22 If V=D3-085  AND SI=0875  Then ‘M5’ Min
1 (KVA) OF 0.4 (LEFT) & 0.6 (LEFT) E23 If V=09250975 AND SI:0975  Then ¥’ Min

Menbership Values

Fig. 9 - Fuzzy number representation

Voltage S1 F24 | 1f V=095-10  AND SI-0975  |Then ¥ M
LI Ao Sla gy :
S B Sib B25 | If V=0.975 LAND S-0975  Then 07 |Min
M= Cw Slc . . .
Stable v - The s_trengths for five triangular membership
Over Ev =T functions are
shown in equation no (10).
Fornmla Chatpr
‘TF-l"-FfI\EBNITEUSES UHs (R1*2+R2"2+R3*2+RE 2+ R1 172+ R16°2+R21 0
L3s (R4*2+ RS2+ RTA IR0 5

BISs [RE*2+R12*2+R1 352+ R 2+R22020M.5
[R10°2+E1 492+ R1 52+ R1 824+ R 1 992+ FA0 2+ F
35 +F2402070.5
Chrer (5] |(F25M2)00.5
(10)

TABLE 4
OUTPUT RANGE CONSIDERED FOR RANKING & PERCENTAGE
RELIABILITY CALCULATION.

Output Range

Unr = 0 = 0%

LSr = 0.3 = 30%

MSr = 05 = 50%

Sr = 09 = 90%

Over® = 1 = 100%
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Table 4 shows the output ranges for
percentage reliability assumed and uses
defuzzification  calculations given in
equation (11) to find the crisp value of
percentage reliability of each node.
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with lower percentage indicates a higher
rank showing nodes towards instability. One
can notice that ranking of various nodes are
different at different loads. Figure 10, shows
the typical changes to nodal rankings based
on load changes. The figure gives a snap

QUTPUT = (UNrFUNs+H B EstMErMEs+ Sris+Over Overislinot of nodal ranking changes based on load

(Unr+LSHSHM S Over(r))

1)

The above procedure is repeated for all the
buses to calculate the output percentage
reliability of the nodes.

According to the output range shown in
table 4 the cut-off level below 20 percentage
(i.e 0.2) is assumed as unreliable node and
prone for voltage collapse. Further ranking
of nodes is done on the basis of their
percentage reliability calculated after
defuzzification. The higher rank (i.e rank 1,
2, 3...) indicates unstable nodes.

The result based on above methodology is
shown in table 5, which gives percentage
reliability of each node for 19 bus system.
The results shown are for two loads i.e. 82
percent and 111 percent of base loads. One
can notice that as the load increases, the
percentage reliability generally decreases.
However certain nodes become more stable
as the load increases. In reference example
all the nodes from 10 to 19 tends to become
unstable (below 20 percent) at higher loads.
The percentage reliability depends on the
output range assumed. A different output
range will shift the reliability windows for
nodes. One can run this simulation for
various load combination.

Table 6 shows the nodal stability ranking.
The ranking is based on the percentage
reliability values. Table 6 depicts the
rounded values; however for nodal ranking
the actual percentage values are used. Values

variations. It may be noted that the loads
connected away from the substation (Node
12, 13, 14, 16 & 17) tends to get unstable on
higher loads. For Certain nodes (e.g node 2)

ranking actually improves.
TABLE 5
‘PERCENTAGE RELIABILITY AS VOLTAGE & SI

82% Load

111% Load

1 51% 51% 51% | 51% | 51% | 51%
2 90% 90% 90% | 51% | 51% | 51%
3 51% 51% | 51% | 90% | 90% | 86%
4 91% 90% | 90% | 50% | 50% | 50%
5 89% 87% 83% | 79% | 76% | 73%
6 90% 89% | 87% | 50% | 50% | 50%
7 65% 50% | 50% | 66% | 63% | 59%
8 83% 76% | 73% | 47% | 31% | 30%
9 50% | 47% | 47% | 51% | 51% | 51%
10 35% 30% | 30% | 28% | 9% | 11%
11 41% 35% | 35% | 8% 1% 3%
12 37% 33% | 34% | 0% 0% 0%
13 30% 30% | 30% | 1% 0% 0%
14 32% 31% | 31% | 1% 0% 0%
15 31% 30% | 30% | 1% 0% 0%
16 33% 32% | 33% | 2% 0% 2%
17 30% 30% | 30% | 0% 0% 0%
18 30% 30% | 29% | 0% 0% 0%
19 30% 30% | 30% | 0% 0% 0%
Un stable Zone
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TABLE 6
NODAL STABILITY RANKING BASED ON PERCENTAG
RELIABILITY

82% Load 111% Load

T-8PON
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X 7-9PON
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z-9poN
0T-8PON
TT-9pON
£T-8PON
ST-8poN
9T-8poN
6T-2PON
2T-8pON
$T-8PON
W 8T-9poN
LT-8PON

%EY

%95

N
)
N
w
-
w
N
~
i
~
N
~

[N
]
=
©
[N
(o]
=
~
[N
~
=
~

[N
N
[N
w
=
w
[N
©
=
©
[N
©

X

%28

1

2

3 S
4 9 | 19 | 19 | 12 | 12 12 c
5 16 | 16 | 16 | 18 | 18 | 18 o %
6 | 18| 17| 17| 13| 13] 13 )
7 14 | 12 | 12 17 | 17 17 . %’
8 15 15 15 11 11 11 g

9 11 | 11 | 11 | 14 | 14 | 14

10 8 4 4 10 | 10 | 10 ?
11 10 | 10 | 10 9 9 9

12 9 9 9 3 5 4 8
13 1 5 5 6 8 7 )
14 6 7 7 5 1 1 5
15 | 5 6 6 7 6 5 . . . :
16 7 8 8 8 1 8 N = 5 N 5 s L o » N °

17 4 2 3 1 1 1 Nodal Reliability Ranking

18 | 3 [ 1 [ 1] 2] 4]3
10 ?2 2 2 4 7 A

Fig. — 10 Typical changes to nodal rankings based on load changes

VI. CONCLUSION

This paper uses the application of fuzzy
logic to define percentage reliability and
accordingly define nodal reliability ranking
for a typical RDS. The simulation uses fuzzy
based load flow algorithm to calculate nodal
parameters and voltage stability index,
which are further used as an input to model
the fuzzy based reliability ranking algorithm.
The result shows the possible Nodal
reliability distribution of all the nodes at
glance and gives a good idea about the
network as a whole.

Using the proposed methodology, all
possible scenarios are modeled and
comparison is drawn for a wide variation in
loads. The proposed technique is useful to
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ensure the reliability of distribution system
by predicting the nearness of voltage
collapse with respect to existing load
conditions and can be used as an early
warning. This can also be used during initial
stages of planning and design studies.

Vol-01: No- 01

APPENDIX

Input Load & Line data table.

Table — A Load data

Sep-Nov 2011

Node Phase
Load in KVA
A B C
2 64 32 64
3 68 32 60
4 25 35 40
5 40 32 28
6 26 19 18
7 60 50 50
8 46 33 21
9 76 92 82
10 21 26 16
11 46 46 68
12 60 50 50
13 27 33 40
14 19 19 25
15 27 30 43
16 48 64 48
17 40 30 30
18 33 33 34
19 54 62 44
Table — B Conductor data
Conductor Resistance Reactance
type PU/Km PU/Km
1 0.008600 0.003700
2 0.012950 0.003680
Table — C Conductor Code &
Distances
e | e | G | ol
Node(IR) | Node(IR)
1 2 1 3
2 3 2 5
2 4 1 15
4 5 2 15
4 6 1 1
6 7 2 2
6 8 1 2.5
8 9 1 3
9 10 1 5
10 11 1 15
10 12 1 1
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Sending | Receiving | o o | Distance
End End r Code in Km

Node(IR) | Node(IR)
11 13 2 >
11 14 1 3.5
12 15 1 4
12 16 2 15
14 17 1 6
14 18 2 5
15 19 1 4
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