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Abstract. The method of fault position is useful for
characterizing power-system performance in the gmes of
voltage dips due to faults. It is based on shadui simulations
repeated for all the system nodes and for manytpailong the
system lines: fault voltages that are below a pgréseshold are
the required voltage dips. These dips are storesbinalled dip
matrices, which contain only the dips in all thestsyn nodes
when faults occur at points along the lines. Greglhi
presentation of dip matrices has been proposedratuable tool
to ascertain the critical area for system perforreanthis
graphical visualization immediately correlates dipverity in
terms of amplitude with colours defined by a propeale. This
paper proposes a new graphical representation eofDilring
Fault Voltage matrices that allow accounting fosocathe dip
frequency that is a very important aspect for assgsthe
voltage dip severity. New robustness indices ase pfoposed to
synthesize bus performance in terms of affected exmbsed
areas able to account for not only the amplitud¢hefresidual
voltage but also the frequency. All the concepts iatroduced
and illustrated with reference to a real distribotsystems.
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1. Introduction

The Power Quality(PQ) disturbances can be classified in
two main categories: Variations and Events. Vaiai
are relatively small deviations of waveform chaeaistics
around their normal or ideal values, and are tyjica
continuous. Events are conspicuous deviations of
waveform characteristics around their normal oraide
values, and are typically not continuous. Voltages dalls

into the category of events, and can originateystesns
operating both in normal and in faulted conditiofrs.
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particular, the most frequent voltage dips are ushort
circuits, especially those of concern for customers

The availability of tools for the analysis and potidn of
system performance in terms of voltage dips is refag
interest. The voltage dip frequency is, in genesalJow
that estimation to an acceptable degree of accuragybe
deduced only after several years of measuremeijts [1
Moreover, the started regulation of National Autties,

as in the case of Italy, pushes the utilities talvére
adoption of adequate measures to respect the yualit
objectives also for the voltage dips. To choice and
implement optimal solutions, theoretical analysi§ o
electrical power system aimed to estimate their
performance in terms of voltage dips has a strategjue.
Voltage dips can be simulated using the Fault Rwsit
method (FP) [2]. This method can offer a globalonsof
electrical power system response to faults, both fo
meshed system and for radial networks. The apicatf

FP has been simplified by the introduction of tbecalled
‘During Fault Voltage’ (DFV) matrix, which is a bi-
dimensional vector of voltages. Each element (i)
represents the vector of the during fault voltag@ade i
when a short circuit occurs at node j. The DFV iratr
illustrates the properties of all dips in all nodafsthe
system and aggregates information on dip propagatio
around the network. Applying the FP method and qisin
the DFV matrix it is possible to have information
regarding:

- propagation of voltage dips around the network;

- amplitude of voltage dips for all nodes;

- amplitude of voltage dips caused by each node;

- nodes where the faults are critical due to the

voltage dips that they cause at other nodes;

- nodes where loads could experience the largest

number of voltage dips.

Immediate information on voltage dip performance fo
the entire system obtained by FP method can by easl
quickly visualized by a graphical colour schemepmsed
in [3, 4]. As an example, Fig. 1, shows the graphic
visualization of the DFV matrix for the real Italia
distribution network, depicted in Fig.2, where #vghase
faults were simulated.
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Fig. 1 Graphic visualization of DFV matrix for attyee-phase faults

With reference to Fig. 1, the DFV cells are repnésé
by colours corresponding to their amplitude by nseah
the grade scale reported in the same figure (llauc for
interruptions, shades of red for severe deep dipsdes of
yellow for medium deep dips, shades of green fghtli
deep dips and white colour for no dips).

In this paper, new indices are proposed for desgib
bus performance not only in terms of the amplitotighe
residual voltage but also of frequency. The propafa
these new indices starts from the concept of thesimess
of a system referred to the voltage dips.

Compared to the papers [4] and [5] by the same
authors, this paper first presents new matrices bdfated
to the probability of failure, and then the corrasging
new indices which include information on the freqoye
of the voltage dips.

All the concepts are introduced and illustratedhwit
reference to a real distribution systems.

2. The concept of Robustness. recall and
indices

Power system robustness referred to the voltagésdip
defined as the intrinsic capacity of an electripaler
system to maintain assigned disturbance levels vthen
external conditions change [6,7]. The graphic
visualization of the DFV matrix allows to immedibte

ascertain if (and where) the changes of externadiitions
affect the electrical power system’s ability to ntain dip
severity at assigned levels.
To synthesize node performances in terms of afflecte
and exposed areas, robustness indices were ingddoc
[4],[5],[6],[8]. The definitions of these indicesalled
Affected Area Dimension index, Exposed Area Dimension
index and Robustness Index, are:
«  Affected Area Dimension index of K" node(4AD,)
is the number of the network’s nodes experiencing
a voltage dip in presence of a fault fAhkode.

« Exposed Area Dimension index of K' node
(EAD,) is the number of the network’s nodes that,
if interested by faults, produce a voltage dipha t
K™ node.

+  Robustness Index of K" node(RI,) is defined as:

RI, = AAD, JEAD, (1)

Referring to the colour visualization of the DFV tna
(Fig. 1), AAD, (EAD,) index corresponds to the number
of no white and no blue cells in thé" column (row) of
the graphic visualization of the DFV matrix.

As an example, the Figs. from 3 to 5 show the \sabfe
the index4AD,, EAD, andRI, calculated by means of the
DFV matrix whose graphical visualization is illuested in
Fig.1. The plot ofAAD, in Fig. 3 presents three main
zones with different characteristics:

Zone inside the dashed contour; it is charactetised
reduced range of variation (the values 44D, vary
between 80 and 100 nodes); this zone mainly rdfers
nodes on short lines feeding the MV/LV stations. In
particular these nodes are the ones charactemzEdyi 1
by the columns with the greatest number of cellthwi
colour from green to red.

Zone inside the continuous contour; it s is cha@std
by a larger range of variation (the values4fD, vary
between 10 and 80 nodes), moreover the valuesAdx,
increase along x-axis. This last characteristic is
particularly unexpected since along the x-axis the
electrical distance from the primary station mostly
increases. Indeed, it has to be noted that thesnoldser
to the primary station cause mainly interruptioinstead
the nodes farther away from the primary stationintya
cause voltage dips.

A lower zone characterised by zero valueldD,; this

Fig.2 Real electrical distribution system analysed
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Fig. 3 Plot of Affected Area Dimension index oéth Fig. 4 Plot of Exposed Area Dimension index of Bistribution System

Distribution System
zone refers to the LV nodes; in fact, the faultsthnase
nodes produce reduced values of short circuit atsréor 6
the limiting action of the impedances of the MV/LV
transformer (these nodes are the ones characteniéd. 5
1 by columns having a greater number of white fells

The plot ofEAD, (Fig. 4) is characterized by a regular 4
trend; the highest values arise for the centraksddodes
between 24 and 66) that experience the voltage fdips
failures occurring both upstream and downstream.

The trend ofRI, (Fig. 5) practically reproduces the
same behaviour of theAD, but with a reduced range of
variation due to the high value assumedEaD, for the
central nodes of the network. The values assumeRl py
are less than one, greater than one and equalrd¢o Ize WW
particular, aRl, greater than one indicates that the node k O e 50 5530 35 4015505560 65 70 7580 65 90 95 100
causes more dips than it experiences (this occors f # Node
strong nodes), &I, value less than one indicates that the Fig. 5 Plot of Robustness Index of the Distribot®ystem
node k experiences more dips than it causes (ttdars
for powerless nodesRl, value equal to zero indicate that
the node k experience dips without causing theris (th o 7 -
occurs for LV busbars). With reference to the cdessd %
test electrical distribution system the correlatlmetween "
short circuit power magnitude at¥D,, EAD, andRI,
indices has been analysed. In particular, the éigg, 7
and 8 show the&lAD,, EAD, andRI, indices versus the
value of the short circuit power.

Fig. 6 evidences that nodes with low values of shor
circuit power are characterized by the highest eslof
the AAD, index. High values of short circuit power, in 30
fact, are typical of nodes very close to the priyr&ation; 2 +
these nodes, if affected by faults, produce mainly o s
interruptions that are not taken into accoundidyp,.. "

Fig. 7 evidences that the nodes characterized Wy lo %20 a0 e w0 10 20 40 10 1 o
short circuit power, as foreseeable, are those mqsised Short circuit power (pu)
to the voltage dips. Fig. 6. Plot of Affected Area Dimension index austi

Fig. 8 evidences that the nodes characterized gly hi ] _Short circuit power (p.u.) .
short circuit power experience more dips than theyse To confirm this statement, as an example, the eevis
since, when a fault happens at these nodes, theyrae standard ENS50160 mtrod_uces tables reporting dip
mainly interruptions. freque_ncy in function of re5|d_ual voltage and dioratto

Generally, not only amplitude but also duration and quantify the network voltage dip performance.

frequency characterize the severity of voltage.dips ~ The DFV matrix described up to now gives only
information about dip amplitudes, and does not jgl®v

any information about duration and frequency.

Rl
[&

%
+ ¥

70

60

[T e

4+ ¥
**

50

AAD (Number of node

40

%
"




60
3 Jrjr:sg W
50
F
ko
3 3*;?
+ *
E 40%+ +
S) I3
g at* kﬂk * *
£ .4+
30
3 .
S B
a
< T
w ¥
20
¥ + *
" H
10
00 20 40 60 80 100 120 140 160 180 500
Short circuit power (pu)
Fig. 7 Plot of Exposed Arezimensionindex against
Short circuit power (p.u.)
6
e
5 N *
4
+
T 3
* *
*
21+
* F ok [k
++%
1,
¥ o,
* 4k ¥ N ¥
o * +
200

0 20 40 60 80 100 120 140 160 180

Short circuit power (pu)

Fig. 8 Plot of Robustness Index against Shorudifgower (p.u.)

In the following, duration and frequency of voltage

dips are dealt with, and tools to describe these

characteristics are propoged

3. Voltagedip duration

The study of the duration of voltage dips requires
knowledge of the characteristics of protection desi
installed in the network, and of the adopted pritec
strategy. Moreover, two main cases can be considere
voltage dips due to faults within the distributioatwork;
voltage dips due to faults within the upstream
transmission system that feeds the distributioriesgsin
this analysis, only the first case is considered.

Most of the electrical distribution systems hasdial
structure and the protection of the network isgrssil to
the devices installed in to the HV/MV substatiorheT
principal form of protection in distribution systeis
overcurrent  protection.  These  protections
characterized by different tripping time in functiof the
value assumed by the overcurrents. Consequentéy, th
voltage dip duration coincides with the fault-ciegrtime
of the protection that, in turn, depends on theremir
flowing through the protective device.

are

2 In this paper the analysis of the voltage dipssgvhas been effected
considering amplitude, duration and frequency aegdletting other
factors as, for example, the phase angle jump.

As an example in Fig. 9, once again referred to the
considered ltalian distribution network, the vobiadip
durations, due to three-phase faults in all thebbrss are
reported. As foreseeable, dip durations are coraieak
on the three fault-clearing times of the instaltedtective
devicé.

4. Voltagedip frequency

The frequency of the voltage dips due to faults is
strictly linked to the fault characteristics of tk&ectrical
power system in study.

The voltage dip frequency at all network busbans ca
be obtained from the faults frequency and the d¢aficun
of the during fault voltages.

Regarding the fault frequency, network operatotsrof
keep fault statistics or are able to provide a apable
estimate for the fault frequency of the different
components present in their system.

Regarding the during fault voltages, as previously
described, they can be obtained applying the Fadet

Therefore, to characterize the severity of voltdges
in terms of frequency, the fault voltages containedhe
DFV matrix have to be combined with the failureeraff
the system components.

To simplify the procedure and without loss of
generality, the faults on lines are not directlynglated
but their occurrence is accounted for by considern
modified node failure rate [4].

Once again a graphic visualization can be used to
quickly obtain the information about the severity o
voltage dip in term of frequency. New DFV matrices
linked to the node failure rates (in the followimglicated
with DFV, symbol) can be obtained using the same
graphic tool used to visualize the dip voltage amgé.

In particular, dividing the fault rates of the netk
nodes into different ranges, different DfY¥hatrices are
built, each one corresponding to a specified ficai#.
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Fig. 9 Amplitude and duration of voltage dipstie tonsidered
network

% In this study the automatic reclosing of the netwased for
troubleshooting is not taken into account.



These matrices are obtained from the classical DFV
matrix, extracting the columns of those busbars
characterized by the failure rate in the specifiednge.

With reference to the Italian distribution netwook
Fig. 2, two different range of node failure ratesd been
chosen:

1) A range (0.003% /A < 0.05)faults/years;
2) A2 range (0.05< A <0.7) faults/years.

With the preceding choices, the failure rates ef tlodes
of cable lines typically fall into the first inteal; while the
failure rates of the nodes of overhead lines faiib ithe
second interval.

Figs. 10 and 11 show the obtained QREF¥nd DFV,,
matrices.
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K™ node characterized by a failure rate in the
range.

» Exposed area dimension index within A; range
(EAD*,)» of K" node: the number of the nodes
whose failure ratel is in the 4; range that, when
experience a fault, produce voltage dips in the k
node.

* Robustness index (RI*,), within A; range: the
ratio betweer{AAD* ), and (EAD*,);.

Figs. 12 to 17 show the indic€é8AD* )1, (EAD, "),

(RI*K))\L (AAD*K))\Z (EADK*))\Z! (RI*K))\Z for the
considered distribution system.

The aforementioned new indices allow comparing the
nodes characterized by the same affected or exprsed
in function of the dip frequency. For example, refg to
the Figs. 12 and 13, the busbars #27, #28 ad #4& ha
about the same value @¥AD™,),, that is around 90.
However, the performance of #27, #28 is worse théh
In fact, the nodes #27, #28 are characterized higlaer
value of dip frequency since their indic€gdAD" ),
belong to the highaiangeA?2 of node failure rates. Similar
considerations can be effected in terms of exp@sed
comparing the Figs. 14 and 15, and in terms of stoimss
comparing the Figs. 16 and 17.
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Fig. 10 Graphic visualization of DREVmatrix with 0.003< A1<0.05
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The DF\V), matrices permit to classify the performance
of the nodes in function of the voltage dip frequepven
if the nodes experience the same voltage dip anclgijt
that is the same colour of the cell in the DFV ixatf
Fig. 1
From the new DFY matrices the following new
indices can be defined:
e Affected area dimension index within A; range
(AAD*,)x of K" node: the number of the nodes
experiencing voltage dips in presence of a fault a
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5. Conclusions
T O s S S S S S S S S B S This paper contributes to define new tools to gifjant
O O Y S S N S U I S G the voltage dip performance of an electrical disttion
A VR o system. In particular new DFV matrices able to take
S R | T T e account the failure rate of the system component ar
530,;,;,}, 1 e R e o S NI introduced. '_I'hese matrices permit to have_ inforomati
£ ! i Lo about severity of voltage dips not only in terms of
‘gZS’TTT T T T T s ] amplitude but also in terms dfequency.
20 4 = = A =R A R Using the proposed DFV matrices, new indices have
§ Lo ! i ! ! been alsointroduced to account for the voltage dip
15— - e e e e e e R e R
A | | frequency. _ o
10- 2 o bt L [ = A The new DFV matrices together with indices
8 0 T g RS represent useful tools to define structural modifans in
Lo ! ik ! ! an electrical system to improve its voltage dip
O 5725 5 30 35 40 4550 55 60 65 70 75 B0 85 90 95300 performance.
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Fig. 15 Plot of (EAD{);, with 0.05<12<0.7 faults/year

Reference

[1] M.H.J. Bollen, “Understanding power quality probkenvoltage
sags and interruptions”, New York, IEEE Press, 1999

[2] IEEE Std 493-1997:Recommended Practice for the Design of
Reliable Industrial and Commercial Power Systems”.

[3] P. Verde, R. Chiumeo, I. Mastandrea, F. Tarsiajndébne di
procedure e metodologie per il monitoraggio deflzblistezza" e
dell'adeguatezza del sistema di potenza, CESI-€cdir sistema,
Report  A5-053071, www.ricercadisistema.it/documentin
Italian), December 2005.

[4] G. Carpinelli, P. Caramia, C. Di Perna, P. VariloRe Verde,
“Complete Matrix Formulation of fault-position meith for
voltage-dip characterization”, IET Generation, T@ission &
Distribution, Volume 1, Issue 1, January 2007, 5~ 64.

[5] C. Di Perna, G. Olguin, P. Verde, and M. H. J. 8oJl “On
probabilistic system indices for voltage dips,” ggeted at the
PMAPS, Ames, lowa, Sep. 12-17, 2004.

[6] P. Caramia, G. Carpinelli, R. Chiumeo, C. Di Perra,
Mastandrea, F. Tarsia, P. Varilone , P. Verde, Rabustness of
Distribution Systems against Voltage Dips due toults§
Proceedings of Speedam 2006, Taormina (IT), May62@p.

Node 1310 - 1315.

Fig. 16 Plot of (RIf);; with 0.003<21<0.05 faults/year [7] P. Caramia, G. Carpinelli, C. Di Perna, P. VarilotMethods for
Assessing the Robustness of Electrical Power Systagainst
Voltage Dips”, IEEE Transactions on Power Delivevigl. 24,
Issue 1, January 2009.

[8] P. Caramia, G. Carpinelli, C. Di Perna, P. Varilomed P. Verde,

“Fast probabilistic assessment of voltage dipsawer systems,”
presented at the PMAPS, Stockholm, Sweden, Jur. 200




