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Abstract— This paper presents easily implementable tools  Precisely, such records may become valuable and use'fﬁl_l
for the characterization and diagnosis of electrical knowledge for the management and maintenance of electr'\c;ac:/
disturbances caused by fuses operation. This paper distribution systems. Through an analysis of the diagnosis ahe”
describes a methodology where the use of some descriptorscharacterization of electrical disturbances, important resyt
allows identifying electrical disturbances associated with are obtained to provide better electric service and improve.
the expulsion fuses operation. This paper aims to provide POWer quality indices. H

new tools in order to assess power quality, characterize EXpanding on the work [1], focused on the characterization_
and extract information from the current and voltage of electrical disturbances caused by the operation of current-

records that were obtained by monitoring electrical limiting - fuses, .the _present stgdy aims o develop a
distribution systems. MATLAB was used to validate this methodology to identify the electrical disturbances caused by

methodology, by receiving voltage and current records of expulsion fuses.

. . A set of descriptors is proposed obtained from the
simulated events in ATP-EMTP and also, real events as waveform characteristics caused by the expulsion fuse

input. operation and by multivariate statistical analysis. This analysis
o ] determines the set of relevant descriptors, which in turn
Index Terms— Electromagnetic disturbances, expulsion identify the type of electrical disturbance.
fuse, descriptors, variance multi-variant  analysis  The second section of this paper presents the overview of
(MANOVA,). expulsion fuse. The third section presents the expulsion fuse
modeling method. The models were verified by comparing
. INTRODUCTION simulation results. Section IV shows the formulation of the
In recent years, a great interest in the way electromagnedescriptors, the statistical analysis and selection decision rules,
disturbances affect power quality has emerged. The studyasf well as the design and validation of the algorithm.
different types of electrical disturbances and the associaté@nclusions are given at the end of this paper.
causes has been the basis for recent research, which aims to
prevent, control, or mitigate such disturbances. In turn, the Il.  EXPULSION FUSE OVERVIEW
study of different electromagnetic disturbances and the

resulting economic impact are issues of interest to electricalthe fuse is a simple and reliable safety device, which has
utilities. _great advantages compared to other protective devices due to

According to the regulatory framework, the electncaﬁS ease of implementation.
utilities must continuously monitor electrical systems in order The fyses are current sensitive devices, with characteristics
to check power quality by generatlng_vanous indices. For thjg operation inverse time [2]. They are constituted by a
reason, studies related to the generation of new tools creategdfqyctive element which has a reduced cross section, usually
diagnosis electric power quality are currently very importangrounded by an arc extinguisher and heatsink, encapsulated
The purpose of these tools is to improve power quality aRd 5 cartridge (a cylindrical shape) and provided with
reliability of electricity services. respective terminals.

The fuse is one of the most used protective devices in anyrne fyse element is within the cartridge, which is formed by
electrical system due to its simplicity and performancg wire or metal strips with a reduced section and is calibrated
charac';ensncs,.ln addition to its low cqst co.mpared to Othﬁf:cording to its current capacity. In this metal section is
protective devices. The fuse operation is reflected Byoquced a high current density, which in turn causes the
distortions of \(oltage .and current waveforms that are recordgghment fusion and the opening of the connected circuit [3]. In
by power quality monitors. the case of low voltage and currents, the fuse elements are
manufactured using a lead-based alloy and in the case of
N o T e B ' electrical o g It]igher currents, a tape based alloy of copper or aluminum [4].

. iz receive e .OC. aegree In electrical engineering an e H H H
belonged to the Research Group on Electric Power Systems GISEL, theThe focus of this paper is fuses expulsion and was .Created
Industrial University of Santander, Bucaramanga. as a cqmp]ementary work to [1]:. where the operation of

J. Blanco is a PhD student in the GISEL Research Group, the Indust@irrent-limiting fuses was characterized.

UniversityofSantander, Bucaraman@o.blanco@correo.uis.edu.co The expu|sion fuse uses h|gh pressure gas generated by
£ G. Ordofiez and J.F Petit are Professors in the GISEL Research Grougy,regsed tablets of boric acid in order to extinguish the arc.
ectrical and Electronic School, Industrial University of Santander, The fuse element is located between two contacts. one

Bucaramangagaby@uis.edu.co, jfpetit@uis.edu.co ' ; ) ) > D
V. Barrera is PhD in Power Quality Monitoring, University of Girona,mobile and one fixed. In [5], various physical characteristics?

Catalonia, Spairyictor.barrera@udg.edu of the expulsion fuse are presented. Expulsion fuses
B
Noviembre 27,28y29

Colombia



commonly have long operation times ranging from half a v° Overcurrent detection.
cycle to times exceeding minutes [3], according to Figures 1 v Operating time depending of the overcurrent.
and 2. magnitude.

v" Current interruption with zero-crossing time.
v' Overcurrent detection.

v" Open the protected feeder.
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=069 The model was programmed in MODELS and implemented_l
= in ATP-EMPT. The model used wag/pe-94Thevenin[6].
§ 0 Simulations were performed on two test circuits and a set\of
ioo,eg voltage sags was obtained for the characterization

disturbances and some testing of the proposed algorithm{(()
system of 13 nodes [8] and one of 34 nodes [9] are the test
feeders used in the simulations. Different types of faults weres
obtained, including single line-to-ground, double line-to line =
and three line faults, recorded voltage and current waveforms.

IV. METHODOLOGY AND IMPLEMENTATION

T
i The following subsections describe relevant aspects of each
***** L e A of the steps set for the development and elaboration of the
! proposed methodology for the characterization of electrical
TErrrrr e T disturbances by expulsion fuses.
‘ Initially the proposed descriptors are described according to
”[ | ! their waveform characteristics. The implementation of

! ! descriptors is performed using functions programmed in
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MATLAB. Subsequently, the multivariate statistical analysis

is presented. The aim of this step is to determine the degree of

0 01 02 03 04 05 06 086 relevance of each of the descriptors and the selection of

decision rules, based on machine learning techniques for the

design of the proposed methodology. The validation is
The waveforms show voltage sags and long periods pérformed using the different types of previously identified

overcurrent. This involves the flow of large amounts of energyisturbances. Lastly, the algorithm proposed is applied a

(1%t) through the electric circuit, thereby exposing the sensitivatabase with real disturbances.

equipment to high currents [4]. Unlike current limiting fuses,

the factorl’ is much lower for an expulsion fuse, due to its_ Descriptors formulation

rapid action.
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Figure 2. Current distortion caused by expulsion fuse.

Descriptors formulation is made based on the waveforms of
[ll.  FUSE MODELING AND SIMULATION OF ITS OPERATION electrical disturbances, as well as features identified in [2].
Some of these features are the event duration, slopes of rms

In order to study the effects of the expulsion fuse operati@yercurrent, ratio between fault and pre-fault currents, zero-
in an electrical network, the device was modeled using t/§60Ssing in overcurrent opening, form disturbance in the rms
inverse time characteristic. The fuse was modeled as an idéalues sequence, and percentages of variation in voltage and
switch whose opening time is determined by the inverse tingglfrent rms. A number of descriptors that measure these and

curve and the zero-crossing time of the instantaneous currerfither features are postulated in this article. Below, these
descriptors are described.

0,0031(ohm " 0,052 [ohm] 9 v Al Disturbance time deltaTP)
7200 M@ 0,4129 [mH] 5,5[mH] igg%gmﬂl
' o The ATP is defined as the difference between the endpoint
FuseModel 12N EEE 2031ur) (Nfinat) @nd starting pointnG,;.;; ) Of the disturbance, in
respect to the total number of samples per cydle (
=% 50 [ms] . S
m ATP = Nfinal~Ninitial @
Figure 3.Model of expulsion fuse. Ncycle

The model meets the basic requirements of an expulsionThe start and end points of the disturbance were determined
fuse. These requirements are: using a segmentation tool developed in [13]. The tool:
identifies changes in the magnitude and frequency of the
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signal and estimates segments according to the detected HMross,

variations in these parameters. Its operation is formed with the +NZC = ﬁ

use of tensor analysis and wavelet transforms (decomposition i (3)
with family Bior 3.9). The proposed algorithm combines the Neycte—(Hngrossy +1)
advantages of both techniques and has become a highly —NZC =

. . . . n
efficient tool for signal segmentation. i ' cycte

A.2 Ratios of voltage and currents (RVI)

The expected behavior for the waveforms of the voltage and /
current signals when operating a fuse is a relative increase an 5| i \
decrease in the effective signals during a disturbance. During
the disturbance, it can be seen that the current always
increases while the voltage tends to decrease. Rk
descriptor quantified this characteristic behavior, identifying -1000} 1
the phases involved in network fawrl’] is a descriptor of the Ao
binary type, which defines whether a perturbation of this type  -2000¢ 1
of behavior in the voltage and current signals results in the
operating of a fuse. This descriptor, unlike others, is calculated = -3000f 1
using the RMS sequences of voltage and current of one phase

Voltage [V]
o
D ——
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and the expected result is the vallilewhich indicates the Samples
increasing of the current while the voltage decreases during Figure 4. The Nearest Zero-Crossing
the event and the value zero for otherwise. The calculation
method is presented below. A.4 Rectangular shapmefficient (RSC)
V%uTe = —rmsFault 10 The RMS voltage sequences of voltage sags show
VRms_Prefault rectangular waveforms generally. The shape coefficient is
) usedto quantify whether the sequence of the effective values
%vCe = M* 100 of stress during evolution follows a rectangular hole. If the
Crms_prefault disturbance corresponds to the operation of an expulsion fuse,
then RSCwill have values close to unity, and values close to
RVI = {1, if %vTe <100 and %vCe > 100 zero in the opposite case.
0, other cases x10*
15 T T T T T T T T T
Where the values%uTe y %vCe correspond to the ]
percentages of variation of rms sequence voltage and curren 141 .
respectively. The set of RMS values taken into account are Reglarea
those that correspond to the values located between 15% o 13l |

the measurements following the start point of the disturbance
and 15% of the measurements before the end of the event. It i
calculated by comparing the voltage and current signals with a
replica signal RMS, built from an analysis of pre-faults
waveforms.

Voltage [V]
o
L

A.3 Nearest Zero-Crossing (NZC) 1t f— Ideal area 1

When a disturbance occurs, it is important to identify the 09
time at which the disturbance is cleared. For this, the zero
crossing before the opening of fault is taken as a reference

point.

The NZC descriptor is formulated in order to estimate the The gescriptor is quantified by comparing the areas, i.e. the
proximity between the point of fault clearing and the nearegfes ynder the curve of the perturbation is calculated and is
zero crossing. Consequently, it is determined that themnpared with the area under the curve of a perfect rectangle,
interruption was presented in a different value of current thajng equation 4. The ideal rectangle consists of the start and
the wave normal crossing zero (distinguishing feature betweghy points of the disturbance and the lowest value of RMS

L L L L L L L L L
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Samples

Figure 5. Rectangular shameefficient

a current-limiting fuse and fuse expulsion). voltage during this period of time, as illustrated in Figure 5.

In summary, NZC descriptor computes the number of |
samples between the end point of the disturbance and the zero ATea;geqi—ATeareql |
crossing closest to this point, as shown in Figure 4. RSC = ATed;00] 4) -
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electromagnetic disturbance characterization by expulsio

i
A.5 Current Rise and Fall Time fuses. §L_é
=B
3.5
ePl" and ePI descriptors measure the speed at which tt@ Selection of Decision Thresholds o
RMS current grows and decays during the duration of the §§
disturbance. The selection of thresholds and decision rules seeks to find 8

appropriate values for the descriptors. These values allow tHeS
dl Ipeak—Istart/end classification of the disturbance cause and avoid overlap in
- = (5) disturbances groups. Data mining was used to obtain these
thresholds, being a pattern and regularity recognitiw
Schnique used with large databases. —

These descriptors extract important information about tﬁ . .
transient state of the disturbance and identify the fua%rhe CN2 algorithm was used, being an automated learnigg™y

dt tpeak_tstart/end

operation among other disturbances of long duration. T cgrll:qule balsfd Eon an_t 'te:‘?‘“"? a||(gofr|thm stea][cdhlng _fotr ”:E
slopes of the rise and fall of the electrical current estimate t rules [11]. Every iteration looks for a set of descriptors §

behavior during casting times the fuse element and bow on fRrering a large number of examples in a sp(_ecmc class, ang
operation only some from another classes. Therefore, this could be used

to make a reliable prediction of the class containing the
covered examples.
Consequently, and also in order to avoid fake data from

According to the descriptors mentioned above, ﬁT]Z the heuristic of Laplacian mean error estimate was used

multivariate statistical analysis is performed to establish the
level of effectiveness of the descriptors and the degree of TABLE Il

relevance of each of in the identification of events caused by EXTRACTED RULE SETUSING CN2INDUCTION ALGORITHM.
the fuse operation. A total of 80 electrical signals from voltage

B.Multivariate Analysis of Variance-MANOVA

and current (obtained by simulation and of real records) are EVI=T AE%ZETP 0643 CAUSEASSIGNATION

analyzed. These waveforms have been previously identified AND '

and classified into three classes of causes: current limiting NZ(C<0,036 CAUSE=EXPULSION FUSE
. . . . AND

fuse operation, expulsion fuse operation and capacitor bank 0,76<RSG3.02

energization.

Multivariable analysis verified the existence of groups or
classes in the data, i.e. the degree of influence of each feaﬁ
event, allowing for the knowledge of the importance of each

descriptor to the origin of the event (limiting fuse, expulsiolccording the results obtained and presented in Table II, an
fuse, energizing capacitor banks). Thus, the expulsion fusgqithm is proposed for identifying disturbance caused by
operation is considered as an independent variable, while mg expulsion fuse operation, which is shown in Figure 5
forlgnulatec![ de%crlptors ?rg the de_lpel;\ldelnt%gr(ljablels. Additionally, in order to obtain a complete analysis tool, these
arameter: K -corrected (see Table 1, thir co umn) as Pesults together with those obtained in [1], are consolidate to
result of this analysis indicated the degree of influence of the

cause of the event on each one of the exposed descrip:fors?ﬁsate a methodology that allows for the identification of the

values (corrected close to the unit) indicated greater relevargégturbances caused by the operation of current-limiting ang

regarding the origin of a disturbance. Descriptors wetPe?(pUISion fuses.

selected which had the greatest degree of influence, being' "€ Process of automatic identification and analysis is

.rF/Iethodology Design

those having Rcorrected> 0.5values presented in Figure 6, where the input signals are the rms
voltage and current (per phase). These signals are acquired
TABLE | from power quality monitors. From these signals, the
PROPOSED DESCRIPTORS AND THEIR RELEVANCE ACCORDING TO A descriptors are calculated as priorities, where their values are
STAUSTICA ARALYSIS evaluated in the rules decision. The results may be: Expulsion
Descriptor Definition R . ) y b€ EXp
ATP Disturbance time delta 0,800 fuse or no fuse operation.
NZC The nearest zero-crossing 0,643
ePl Up slope of effective 0,054
overcurrent
ePr Slope down of effective 0,052
overcurrent
RVI Ratios of voltage and currents 0,873
RSC Rectangular shape coefficient 0,581

According to this parameteATP, NZG RVI and RSC 2
descriptors were selected as relevant descriptors for

C

Noviembre 27,28y29

Colombia



L O
5.2
TABLE Ill. CONFUSIONMATRIX WITH THE RESULTSOBTAINED FROM 23
Voltage and Current 2
Database E TEISTCASEN E ISio 3 %
Xpulsion o Expulsion g3
CAUSE i P Total 52
| Fuse Fuse ==
= 2w
True Positives 11 15 23 g5
Rms Sequences Segmentation False negatives 235
4 0 9 =0
(FN)
| False positives R 9 9 _I
(FP)
Descriptors True negatves .. .
_’l (TN) 15 6 \J
True Positive _—
0,73 1 0,865

Rate (TPR) ' ' a)

False Positive m

Rate (FPR) 0 06 08 E

The true positives rateTPR) is the efficiency with which
the algorithm correctly classifies the disturbance, according to
the cause (expulsion fuse, the current limiting fuse or no fuse)
For example, as shown in Table Il with the disturbances
expulsion fuse, theRTP indicates that correctly classified
disturbances make up 86,5 % of the entire set of events.
The false positives rateFPR) indicates the degree of
confusion of the methodology for assessing the cause of a
disturbance. Thus, in the case of disturbances caused when the
limiting fuses is zero, and it is interpreted that the algorithm is
not assigning this cause to different events that are not.

Fuse Operatign

F. Results analysis

Some results and operational details regarding the
methodology are presented. Three different types of
disturbance are presented: those that caused by current-
limiting fuse operation (simulated record), those caused by
expulsion fuse operation (real record) and those caused by
capacitor bank energizing (simulated record).

Yes
Expulsion Fusg F.1 Expulsion fuse operation
Operation The next record was taken from a real substation’s database,
regarding a disturbance caused by expulsion fuse operation.
According to Table IV, it was concluded that the disturbance
Figure 6. Methodology.for identifying Qisturbances related to  was caused by expulsion fuse operation because @&\its
expulsion fuse operation. descriptor value was 1, which means that there are voltage
E Test case increases _and current decreases during the distL_erance.
) Moreover, its duration was 11,6 cycl@sTP=11,6 and its
. I fault time was close to a zero-cro$$Z(C~0). Also, effective
The evaluation and validation of the methodology a:%gnal disturbance  waveforms wecr:e) rectangular-shaped
(o]
g

performed on a set of 45 electrical registers, formed by ltage) becausRSCwere close to the uniRSCG:1,4)
disturbances caused by expulsion fuse, 15 current-limiti e
fuses and 15 disturbances by other causes. These registers
comprised of real data, as well as disturbances obtained by s
simulation, which are used only in the validation stages
differing from those used in the analysis MANOVA stage.jo'sgf

The results are shown in the Table Ill.

-

Voltage i
(=)

o
o
o
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Figure 7. Disturbance caused by expulsion fuse operation.
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TABLE IV
DESCRIPTOR FOR A DISTURBANCE CAUSED BY EXPULSION FUSE OPERATION
DESCRIPTOR VALUE
RVI 1
ATP 11,6
NzZC 0,07
RSC 1,4

F.2 Capacitor energizing
The methodology was tested using a simulated record of

capacitor bank energizing [15]. The methodology ruled out . ) .

that an expulsion fuse operation was the cause, due to a valu&he authors thank the Universidad Industrial de Santander

zero forRVIand also foRSC(see Table V).

a)

(5

1.66

Currentin p.u

-1.66)
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|
|

333 --------- ’ ———————————— qmmmm - -1
|
|
| !

TABLE V
DESCRIPTOR FOR A DISTURBANCE CAUSED BY CAPACITOR BANK ENERGIZING
DESCRIPTOR VALUE
RVI 0
ATP 9,3125
NzC 0,2813
RSC 0,032

L VIl Simposio Internacional sobre
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V. CONCLUSIONS

The proposed methodology is a useful and reliable optiﬁ
for electrical utilities that want to improve the power qualitf_/")
optimization of their resources. The methodology proposeg-
has descriptors which were selected as relevant on the
characterization of electrical disturbances caused by expulsion
and current limiting fuses operation.

The combination of multivariate statistical analysis and
machine learning technigues are presented as support for other
studies in different areas, in order to generate methodologies
for the formulation of features (descriptors) of a certain event
or a failure state.

This study presents an innovative tool that can be integrated
with other automatic methodologies and also to realize the
characterization, assessment, and mitigation of electrical
disturbances that affect the power quality.
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