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Abstract

Modern spectral and harmonic analysis is based ourfer transforms. However, these techniques are décient in
tracking the signal dynamics for transient distunbas. Consequently, the wavelet transform has beeoduted as an
adaptable technique for non-stationary signal asay Although the application of wavelets in theaanf power system
engineering is still relatively new, it is evolvirgry rapidly. In this paper wavelet based methoddetection of faults in an
ungrounded integrated power system (IPS) of Navysshiproposed. However the “Virtual ground” exisestiveen the modules
of IPS and ship hull, because of insulation caagie of the cable and the EMI filters between thdutes of the IPS. The fault
current is very low for a single line to ground fairl this ungrounded system allowing continuous afien but also making
fault detection difficult. The proposed method useselets for detection of ground fault in ungrowhg®wer system. The
ground fault conditions are simulated using MATLBBAULINK and fault detection implemented with Daubeshiavelets. It
is shown that transient ground faults can be detebtewavelet analysis of the line to line voltagegnvkhip load is balanced
and unbalanced. Verification of the proposed methad been done by simulating fault between a ling stmp hull and
analyzing the results.
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1. Introduction

The integrated power system (IPS) of Navy ship thasungrounded to allow operation during faultst y
cable capacitance and filters provide stray paihtfié ship’s hull, resulting in very low current fa single line to
ground fault in an ungrounded system. Under sudtugistances, line to line and phase voltage and@guare
unchanged. This ensures a high continuity of serwvitiich is the Navy's motivation for installing uegnded
systems in ships. These systems are however setbjerhigh transient over voltages to ground antsequently
are a potential hazard to equipment and operatérgopnel. These faults also cause insulation steagsing to
insulation failure and more severe faults [1-2].

Fault detection in Power system is the issue akiasing concern both to the utilities and theitaouers.
For detecting fault, data is often available in fitnen of a sampled time function that is represemtg a time series
of amplitudes. When dealing with such data, theci2ie Fourier Transform (DFT) based approach ist rafisn
used. The implementation of the DFT by various atgms has been constructed as the basis of magberctral
and harmonic analysis. The DFT yields frequencyffaents of a signal, which represents the praogctof
orthogonal Sine and Cosine basic functions. Sumhsforms have been successfully applied to statjosignals
where the frequencies of the signals do not vati tifne. However, for non-stationary signals, abyugt change
may spread all over the frequency axis. Under ghisation, the Fourier techniques are less efficienracking the
signal dynamics, therefore, an analysis adaptableon- stationary signals is required instead afirieo based
methods. Consequently, the Short Time Fourier Toams(STFT) uses a (time-frequency) window to laal- in
time - sharp transitions for non- stationary signalhe STFT uses a fixed time frequency window,cihis
inadequate for the practical power system fault®entering change in frequencies.

The Wavelet Transform (WT) technique, recently msga in literature as a new tool for monitoring pow
quality problems [3-7], has received considerabterests in field of power system signal procesgsg]. The WT
is well suited to wide band signals that may notpkeiodic and may contain both sinusoidal and riooseidal
components. This is due to the ability of wavetetdocus on short time intervals for high frequermomponents
and long time intervals for low frequency compoent

In this paper the output line voltages at load teats are used as the medium for fault detectiofinéto
ground fault is defined as a single connection betwa phase and the ship’s hull. MATLAB-SIMULINKused to
generate the line to line voltage data for the awagifaulted conditions. A Wavelet analysis usinguiichies
Wavelets is then applied to line voltages. The ficiehts of the detailed scales are examined terdgnhe the line
on which ground fault has occurred in balanced lmadnbalanced load conditions.

This paper is organized as follows. Section-2 pressgVavelet transform and Multi-resolution analySgction-3
concerns with the proposed Wavelet based faultcietemethod for balanced and unbalanced ungroupdeckr
system. Section-4 deals with MATLAB-SIMULINK modesed for generation of line to line voltage dataféult

conditions in Naval typical integrated power syst@ma implementation of the developed algorithmdmdnstrate
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the efficiency and effectiveness of the proposethow Numerical findings are presented in the fofrgraphs and
tables.

2. Wavelet Transform and M ulti- Resolution Analysis

The wavelet transform is a recently developed nmattieal tool that provides a decomposition of data
signal, into different frequency components, andkesait possible to study each component with aluéso
matched to its scale [10]. It is often used indhalysis of transient signals because of its ghiitextract both time
and frequency information simultaneously, from swgignals. The comparison of the WT with the Fourier
transforms (FT) and why it is preferred to the BE been documented in [11].

Multi-Resolution Analysis (MRA) is an alternativ@@oach used to analyze signals to overcome the tim
and frequency resolution problems, since these Ipnub persist regardless of the transform employéBA
analyses the signal at different frequencies witfer@nt resolutions. It does not resolve everycsfa component
of the signal equally. It is designed to producexdydgime resolution and poor frequency resolutionhigh
frequencies and vice versa. The rationale behiisdigithat the signals that are encountered intige@pplications
have high frequency components for short duratéamkslow frequency components for long durations.

In Discrete wavelet transform (DWT), a time scedpresentation of a digital signal is obtained gsin
digital filtering techniques [12]. DWT uses filteod different cut-off frequencies to analyze thgrsil at different
scales. The signal is passed through a seriesgbfpass filters to analyze the high frequenciesd, iais equally
passed through a series of low pass filters to @eathe low frequencies. Filtering a signal is syyroous with the
mathematical operation of convolution of the sigwith the impulse response of the filter [13] apresented in
equation (1).

x[n] * h[n] = ¥i-_ x[n] - h[n — k] 1)

Where x[n] is a discrete time function, n is numioérsignal samples and h[n] is the low pass fiimpulse
response. The most important part of many sigisalbd low frequency content; it gives the sigmalidientity. The
high frequency content, on the other hand, onlyadotp flavor. This is what brings into wavelet as#y
approximationsaanddetails

Approximationsare the high-scale, low frequency components ofttpeal, whiledetailsare the low-scale,
high frequency componentdpproximations(also known as the scaling coefficients) are cambiy taking the
inner products of the functiox (t), the signal, with the scaling bass, (t), achieved with equation (2Petails
(also known as the wavelet coefficients) are comgpubathematically by taking the inner productshef functionx
(t) with the wavelet basig; . (t) , as in equation (3).

e

@ = (x(), ;) = [ x() ;. () (2)
G = (x(t), Y (®)) = [ x(t) (D) 3)

As mentioned earlier, DWT analyzes the signalsifégrént frequency bands with different resolutidns
decomposing the signal into coarse approximatiahdetail information. DWT usescaling functionsandwavelet
functionsin achieving this. These two sets of functions associated with low pass and high pass filters,
respectively. The original signal x[n] is first pasl through a half band high pass filter g[n] arldva pass filter
h[n]. As said previously, after filtering, half ¢fie samples would be eliminated. The signal carefbse be sub
sampled by two. This constitutes one level of dgoasition and can be expressed, mathematicallylmsvig

aj[n]=Yyx[n] - h[2n — K] (4)
¢i[n]=Xx[n] - g[2n — K] ()

wherec; is the output from the high-pass filter calldetail coefficientand a; is the output from the low-pass filter
calledapproximation coefficient

Where, i =1, 2... | is resolution level foundhie 1 =22

log (2)
andK is the length of the filter vector, after down gdimg by two [14]. The signal decomposition proceas be
done iteratively with successive approximationsagalecomposed in turn, so that one signal is bralem into
many to get required resolution components. FigurEs] illustrates a multiple level decompositiormpedure for a
signal x[n].

, N is number of samples in signal to be analyzed
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Fig. 1 A three level multiresolution decompositio

In this paper we have used Daubechies wavelets,)(Dih following four low pass and high-pass filter
coefficients.

Low pass filter coefficients:
h_1+v3 h_3+v3 h_3—\/3 1-+3
T2 T a2 T a2

High pass filter coefficients:

9o = h3, g1=—hy, g=hy, gz3=-hg

Thea; andc; are calculated by taking Forward Wavelet Transfofrthe signal,
Forward transform using DB

D= WX
For a signal of eight sample length:

X1

o "hog hy hy hs; 0 0 0 0 0 0] X,

‘o 90919293 0 0 0 000 X2

a 0 0 hg hy h h 0 0 0 0 X3

D=C1 — 0 0 gog1 929 0 0 0 0 . |

a 0 0 0 0 hg hy ha h3 0 0 X5

C2 0 00 0gog1929300 X6

az 00 0 0 0 0 hghyhy hs X7

FC3-lgx1 0 0 0 0 0 0 9o 91 92 9zlgyy Xo
“X1d10x1

The use of DB “accurate”, since change in the input data seefiected in the high pass filter results at
each transform step. The cost of using the Daubsdailgorithm is higher computation overhead (tvieenumber
of operations, compared to Haar) and a more coatglicalgorithm (the algorithm must properly haritlie edge
condition where i = 0). The higher accuracy of thaubechies algorithm is worth and the cost is aptibn
dependent [16-20].

2.1 Wavelet based fault detection method for ungrounded power system

The proposed wavelet prototype function, the anatyzvavelet or the mother wavelet temporal analissis
performed by shifting a contracted high frequeneysions of the mother wavelet, while frequency ysial is
performed with dilated, low frequency versions loé same wavelet. Any signal can be representeerinst of a
wavelet expansion or series (similar to Fourieies@rusing coefficients in a linear combinationtbé wavelet
function at different scales. The selection of thether wavelet depends on the signal under analpsiferent
mother wavelets exist with various characteristics.

In the following proposed method R considered. The line voltagé&y, Vg & V4 at load terminals in
figure 4.1(f) are represented as sigial of order nx 1. Applying wavelet transform t&§ we get decomposition
matrix of order x1, i.e.
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1% level decompositio” D; = [W,lnxm+2) [X]mezxa = [’;—i]ml
nd " _ _ |42
2" level decompositiop D, = [W4]§X(§+2) [Cl](§+z)x1 = Cz]§x1
e i
I level decompositior D; = [W,],xa[Cy—1)lax1 = [—]
P
where, £1, 2 . . . [LAiis an approximation coefficient matrix a@gis a detailed coefficient matrix.

The approximates and detailed coefficients of thee |voltages Vg, Ve & V-4 are denoted by
Aup, Apc, Aca & Cag, Cse, Cca  Yespectively. For fault detection & classificatiome consider only detailed
coefficients.

Let, Cap = YICagl, Coe = X|Cscl @andCpy = Y|Cucl. If Cap, Czc and C., are zeros then there is no fault
on a balanced or unbalanced system. If any oig0fCz. and C., is zero then fault is on a system with balanced
load. IfC,5, Cz. and C, are non zeros then fault will have occurred onsdesy with unbalanced load. Truth table
for detecting whether load is balanced or notvegiin Table 1.

Table 1.
Absolute sum of coefficients during fault System load
If C45=0 OR Cye=0 OR Ccy =0 Balanced
If Cag#0 OR Cge#0 OR Cy #0 Unbalanced

To identify faulty line we find minimum o, Cz. and C., . Faulty line will be a line that is not in
minimum. Fault detection truth table for a balanketl and unbalanced load condition is given inl@ &b

Table 2.
Absolute sum of coefficients Fault detection
Line A Line B Line C
MIN(Cyp, Cger Cea) = 0 NF NF NF
MIN(CAB'CAC' C(:‘A) = C.A;B NF NF F
MIN(C.;XB' CI;’C' C(:'A) = Céc F NF NF
MIN(C/;BvCéc: C(:‘A) = C/;c NF F NF

N Absence of fault. F Presence of fault

3 Implementation
3.1 Integrated Power System (IPS) MATLAB SIMULINK M odéel

The typical Integrated Power System [1, 21-22],sists of an ungrounded 3-phase generator, ungradunde
3-phase transformer, 3-phase rectifier, buck cdeveB-phase inverter and ungrounded load as shoviigure
2(a).

In this paper typical integrated power system ofynships is modeled in MATLAB SIMULINK whose detsibre
as shown in figures 3.1(b-f).

Testing
For testing the proposed method, in the above nfaddt is created between line and ship hull atllterminals as
shown in figure 3.1(f). The line voltagds;, Vs and V., at load terminals are used to detect the faults.

Example 1. Balanced load

For balanced load®s, Rz and R are set equal to 0.48in load model of figure 3.1(f) . System withouufiais
considered in case — | and system with fault betmiee-A and ship hull at 0.2101 s with a duratafr0.1 ms, near
load terminals is considered in case — Il.
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Fig. 2 (a). A integrated power system. (b). Getwmt transformer and line to ship hull capacitawié internal
resistance. (c). Bridge rectifier, LC-filter andd to ship hull capacitance. (d). One quadranppkoand line to

ship hull capacitance. (e). PWM inverter, LC-dfit and line impedance. (f). Line to ship halpacitance and
ship load resistances,RRz and R.
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Fig. 3 ( a) Line voltages with no fault and bakathdoad. (b) Wavelet decomposition of line AB vgkaV/ag).
(c) Wavelet decomposition of line BC voltagéf). (d)Wavelet decomposition of line CA voltagé-f).
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Casel. Without fault

Here our aim is to detect the absence of faulptmposed method for ungrounded power system with
balanced load. In this method line voltaifgs, Vec andVc, at load terminals shown in figure 3 (a) are usedHte
purpose.

The order of signal x[nMag, Vec and V¢,) is 4096x1 and Daubachies wavelet coefficient imatf order
4098x4096 are used to get the detailed coeffici@)s, Csc and Cea of Vag, Vee andVea respectively ,at fourth
level of resolution shown as in figure 4.2.1(b-d).

By observation of figure 3.2.1(b-d) all the coefficts are zeros. Also by calculatiof,z = 0, Cze = 0
and C., =0, therefore the fault does not exist betweenddrifie lines and ship hull.

Casell. With fault

The line voltage¥ s, VecandVc,, at load terminals with fault are shown in figur@y Comparing these
voltages with voltages in figure 3(a), it is diffit to detect the presence of fault. Applying thevelet transform for
the signal in figure 4(a), we g€hs, Csc and Cca as shown in figure 4(b-d). By calculatipf,z = 19.58, Cye =
0.00 and C;4 = 19.57. Since, Cp. is minimum, the fault exists between line A angpstull.

= 10
WmWmWJEW:LT&WH&T:LWMM
=0 0.15 0.25 035 0.4
T|mef5j
20 . @ , ,
5 2 2 : — : :
< 100 200 300 a0 a0
samples[n]
(b)
g = : : : : :
= 100 200 300 400 200
samples[n]
s —F—71—
0 100 200 300 400 500
samples[n]
(d)

Fig. 4(a) Line voltages with fault between line Adaship hull when load is balanced. (b) Wavelebdguosition of
Vae. (€) Wavelet decomposition ¥c. (d) Wavelet decomposition &%,

Example 2. Unbalanced load

To make the system unbaldnskip load resistances are setRas, 0.482, Rg= 0.2 andR:-=0.7Q
in the simulation model. For testing the proposesthmd, system without fault is considered in cadeand a
fault is created between line-A and ship hull 2101 s with a duration of 0.1 ms, near load teafsiin case -IV .

Caselll. Without fault

The line voltage¥g, Vec andVc,, at load terminals, shown in figure 5(a) are usedetect the absence of
fault. TheCag, Cac andCcx for this case are shown in figure 5(b-d). It isetved that all the coefficients are zeros .
By calculation it is found thaf,; = 0, Czc = 0 and C;, =0. Therefore, in this case fault does not exittvben
any of the lines and ship hull.

Case V. With fault
The line voltage¥ g, VecandVe,, at load terminals with fault are shown in fig@@). Comparing figure
6(a) with figure 5(a), it is difficult to detetiie presence of fault. By application of wavelahsform
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Fig. 5(a)Line voltages without fault and unbalaht@ad. (b) Wavelet decomposition\éfs. () Wavelet
decomposition o¥/gc. (d) Wavelet decomposition 9.
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Fig. 6(a) Line voltages with fault between line Adaship hull when load is unbalanced. (b) Wavegsioanposition
of Vg. (€) Wavelet decomposition ¥c. (d)Wavelet decomposition da.

To signal in figure 6(a), we g&ag Csc and Ceca as shown in figure 6(b-d). By calculatiofi,z = 17.36, Cpe =
0.7648 and C., = 18.0921 are non zeros which indicate integrated poweresysis unbalanced. AlsoCy. is

minimum therefore fault exists between line A ahgpsull. The truth tables formulated based on &bawalysis is
given below.

6. Conclusions

Wavelet transform is a powerful tool for non-statioy signals analysis. It provides time localizatas the
signal that will have a resolution that dependshenlevel in which they appear. Therefore, it goad candidate for
detection and localization of short time disturbeEsidn this paper the Daubechies wavelets,jRiscrete wavelet
transform based method is applied to the shipboaedrated power system for the detection of famlta balanced
and unbalanced ungrounded power system. It has flemmn that wavelet analysis can be used to détecto

Title of manuscript is short and clear, implies research results (First Author)



16

ISSN: 2088-8708

B

ground (ship hull) faults. A proposed method oflfaliscrimination that determines the fault locatis presented
and applied to the identification of single linegmund fault scenarios.

Appendix
System parameters
Generator 14160V, 25MVA, 60Hz
Transformer : 4160/430V,25MVA,R2(PU)=0.001,R2(PU)-40Rm(PU)=200,Xm(PU)=200.
Chopper : Switching frequency of 4 KHz, duty cycfe30%.
Inverter : Sinusoidal PWM with a M.I. of 0.9 andighing frequency of 4 KHz.
LC-filter : 50mH, 100QF.
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