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Abstract—Correct detection and identification of single-phase
to-ground faults not effectively grounded in distribution systems
is a major challenge for protection engineers. This paper proposes
a novel traveling wave based protection method to solve this
problem. The proposed method compares the polarities of current
and voltage traveling waves measured immediately after the fault
inception to determine the fault direction. Nuisance tripping
is avoided by using the power frequency voltages detected on
the busbar to inhibit operation. The power frequency voltages
ensure that the system does not mal-operate due to noise and also
provide discrimination for phase-to-phase and three-phase faults.
The wavelet transform and modulus maxima theories are used to
extract the polarity of traveling waves measured at the relaying
point. The simulation studies demonstrate correct operation of
protection, which is independent of fault distance, fault inception
angle, fault path resistance, and the method used for neutral
grounding.

Index Terms—Distribution systems, relay protection, single-
phase-to-ground fault, traveling wave, wavelet transform.

I. INTRODUCTION

OWER distribution systems, which are mostly either

isolated from ground or use high impedance grounding,
are widely encountered in many countries. In case of an
isolated system, when a single-phase-to-ground fault occurs,
the fault current, which flows from busbar through protection
point to the faulted line, has a very small magnitude, creating
significant challenges for detection and providing effective
protection against single-phase-to-ground faults.

Several schemes have been proposed to identify single-
phase-to-ground faults in non-effectively grounded power dis-
tribution systems. Some traditional methods [1]-[4] that focus
on power frequency currents include watt-metric method,
admittance method, negative sequence current method, and
harmonic-based method. However, all of these schemes are
not always successful, especially when the magnitude of an
actual fault current is relatively small. Field tests have proven
that these methods cannot provide the required dependability
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and sensitivity of operation. Therefore, they are not able to
fulfill the requirements of satisfactory operation [5], [6].

Injection methods have been also proposed [7], [8]. Howev-
er, these methods require extra hardware to be fitted into the
power system, which makes for difficulties in implementation.

Fault generated transient signals have been used to detect
faults on transmission systems for many years, but their appli-
cation to detect single-phase-to-ground faults on distribution
networks is relatively new. The detection system analyzes
the fault information by filtering the fault generated power
frequency currents [9], [10].

In order to highlight fault characteristics, faulted feeder
selection technology, which compares the characteristics of
the faulty feeder against healthy ones to identify the faulty
feeder, has been proposed [11]. A traveling wave based faulty
feeder selection method has shown to drastically improve the
accuracy of selecting the feeder with a single-phase-to-ground
fault [12]. However, the faulty feeder selection technique needs
to acquire fault-generated information in all feeders connected
to the same busbar. In this manner, it can provide network
protection rather than concentrating on an individual feeder.

The fault generated traveling wave is a transient signal with
clear physical meaning and is not dependent on the method of
neutral grounding. The first relays using fault-generated tran-
sients to detect faults were introduced in the mid-1930s [13].
However, it was not until the 1970s, that the traveling wave
relay RALDA [14] was largely employed. Unfortunately, this
relay was prone to nuisance operations, and was triggered by
lightning strokes and switching operations. Recently, several
algorithms for analyzing traveling waves have been proposed,
and new traveling wave and fault generated transient based
relays have been developed [15]-[17]. However, all of these
have been intended for the protection of transmission systems.

In this paper, a traveling wave based single-phase-to-ground
protection method for power distribution systems is proposed.
The protection utilizes the wavelet transform and modulus
maxima. It extracts the polarity of initial current and volt-
age traveling waves and identifies the fault by the polarity
comparison of modulus maxima. Busbar voltages are used to
distinguish single-phase-to-ground from phase-to-phase faults
and also to prevent nuisance tripping. The proposed protection
can be widely used in different power distribution systems and
works correctly in most fault conditions.

This paper is organized as follows. Section II includes
basic principles of the traveling wave based single-phase-to-
ground protection. Section III contains a discussion on power
distribution system. Section IV provides a protection distribu-
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tion system. Section IV provides a protection algorithm. Sec-
tion V provides simulation and evaluation using electromag-
netic transients analysis program (EMTP). Conclusions and
references close this paper.

II. PROTECTION PRINCIPLE
A. Basic Principle

When a single-phase-to-ground fault occurs in the power
distribution system, fault generated traveling waves will prop-
agate from the fault point to busbar along the faulty feeder.
At the busbar, where the value of wave impedance changes,
the traveling wave gets reflected and refracted.

According to the traveling wave transmission theory, the
voltage reflected and refracted traveling waves can be written
as

222
Uy = — Uy
it )
22 — 21
Uf = — Uy
21+ 29

where u,, uf and u, are the voltage incident, reflected and
refracted traveling waves, respectively. z; and zo are the surge
impedances of feeders with the incident and refracted traveling
waves, respectively.

To simplify calculations, the surge impedances of all the
feeders are assumed similar, which yields

1
n—1 @

where n is the number of feeders. Then, u¢ and u, in (1) can
be rewritten as

zZ9 = zZ1

2
Uy = —Uyp
n
2 _n 3)
us = Uy.
n

A current traveling wave propagating from busbar to feeder
is defined as positive, and propagating from feeder to busbar
as negative. As both the current and voltage incident traveling
waves propagate from feeder to busbar, then

“4)

Since the initial current traveling wave in a faulty feeder
results from the superposition of incident and reflected waves
while there is only the refracted one in the healthy feeder, then
combining (3) and (4) gives

Up = —210p.

, 2(n—1) u,
ip=—————
n Z1
= 2% )
n zy
2
Un = — Uy
n

where ¢p and iy are the initial current traveling waves mea-
sured in faulty and healthy feeders, respectively. uy; is the
initial voltage traveling wave measured at the busbar.

From (5), one can see that the initial voltage and current
traveling waves have opposite polarities in a faulty feeder,
while they are the same in a healthy feeder. By comparing
the polarities of the initial current and voltage traveling
waves, the occurrence of a single-phase-to-ground fault can
be determined.
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B. Principle in Three-Phase Distribution System

It can be proved that the phase-to-modal transformations
can still be used to decouple non-transposed electric lines
with acceptable accuracy. The demonstration is attached in
the appendix. The Karenbauer transformation has been used
in this research. The transformation matrices are given as

(%) 1 1 1 1 Uy io

Ug == 1 -1 0 Ul to
up 1 0 -1 Ue ig (6)

1 1 1 1 Ta

=-11 -1 0 b

3\1 0 1 o

where u,, up, Uc, %a, ib, and ¢, are the voltage and current of
the phases A, B, and C, respectively. u,, ug, q, and ig are the
line-modal components of a voltage and current, respectively.
uo and i are the zero-modal components of a voltage and
current, respectively.

If a phase A to ground fault occurs in a feeder, the faulted
power system can be divided into a normal operation load
system and a fault superimposed system [18]. In the fault
superimposed system, the boundary condition of single-phase-
to-ground fault can be written as

it = 0
tef =0 (7N
Uaf = —UaF

where i,¢ and i.¢ are the initial current traveling wave of phase
B and C, respectively. u,¢ is the initial voltage traveling wave
of phase A. u,r is the instantaneous voltage of phase A when
the fault has occurred.
Using the Karenbauer transformation to decouple the three
phase system, (7) can be rewritten as
tof — 20t +igr =0
ot +iar — 2igr =0 ®)
Uof + Uaf — UBF = —UaF-
Since the modal components are independent from each
other, the following equation is achieved

uot = —Zzolot
Uat = —Zalaf (9)
Upt = 7Z[3iﬁf.

Because the surge impedances of line-modal components
are equal to each other, by solving (8) and (9), the incident
traveling waves can be written as

20

Ut = —————UaF

20+ 220

Za
Ugf = UGF = ——————UaF
* A 20+ 220 (10)
. . . 1
Tof = laf = i1f = —————UaF-
@ A 20+ 220 ¢

Considering (5) and (10) for the zero-modal network, u, is
equal to ug¢, while for line-modal network, u, is equal to wuq¢
and upf-

The theoretical analyses above prove that both the zero-
modal and line-modal components of traveling waves can be
used to construct the protection criteria.
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C. Selection of Modal Component

When a solid fault with a fault inception angle of 90°
occurs in a 35 kV power distribution system, which is the
most sensitive situation for traveling wave based protection,
the instantaneous voltage in the faulty phase is 28.58 kV.
Assume the line-modal surge impedance is 350 and the zero-
modal surge impedance is 750 ). According to (10), the
initial current traveling wave of zero-modal and line-modal
components can be derived and their magnitudes will be both
19.7 A.

Assume that the magnitude of a normal load current is about
300 A; then the maximum fault current could be even larger.
The initial current traveling wave of the 19.7 A is much smaller
than the fault current, and it would be difficult to distinguish it
from the noise. However, under normal conditions, there would
be no zero-sequence power frequency load or fault current in
a non-effectively grounded system. Therefore, the sensitivity
of the zero-sequence measurement can be increased ensuring
that the zero-modal traveling wave can be resolved.

Based on the analysis above, the zero-modal component is
selected to implement the protection.

ITII. FURTHER DISCUSSION ON DISTRIBUTION SYSTEM

There are two further complications in the use of traveling
wave based protection in distribution systems. The first is the
usage of a voltage transformer and its operation in the fre-
quency range associated with traveling waves. The second one
is the reliability with which traveling wave based protection
can be distinguished from high frequency waves generated by
the breaker’s operations, lightning strokes, and other forms of
electromagnetic interference.

A. Transmission Character of Transformers

The electromagnetic potential transformer (PT) and elec-
tromagnetic current transformer (CT) are widely used in
power distribution systems. The theoretical analysis and the
successful applications of traveling wave based fault location
and faulted feeder selection technology in the field both
demonstrate that CT can effectively transfer high frequency
signals of traveling waves [19]. Moreover, as recent theoretical
studies and experiments have verified, a significant electrostat-
ic perceptual phenomenon occurs when high frequency signals
pass through PT. In this manner, the voltage traveling wave can
be transmitted via this electrostatic perceptual phenomenon
without delay [20]-[22].

Based on the above fact, both the initial voltage and current
traveling waves signals can be transduced through PT and CT,
respectively.

B. Further Improvements for the Reliability of Protection

Traveling waves are high-frequency transient signals, and
it is difficult to distinguish them from noise and other high
frequency waves that exist in power system, such as lightning
strokes and switching transients. This is the main reason why
traveling wave based protection is prone to nuisance tripping.
In order to improve the reliability and avoid mal-operation, the

power frequency zero-sequence voltage detected on the busbar
has been used to block the protection.

During a single-phase-to-ground fault, a power frequency
zero-sequence voltage can be detected on the busbar. This
voltage will remain until the fault has been isolated. When
high-frequency noise or other transient generated waves lead
to false diagnosis using the traveling wave based protection
criteria, the power frequency zero-sequence voltage will be
absent. Therefore, the protection uses the traveling wave prin-
ciple to determine the direction of fault and detecting power
frequency zero-sequence voltage to avoid mal-operation.

C. Identification of Single-Phase-to-Ground Fault

The polarity criteria of the initial current and voltage
traveling waves is also satisfied for two-phase-to-ground faults.
However, in a power distribution system, the traditional power
frequency parameter based protection devices has excellent
operational characteristics. In order to avoid the impact of
a traveling wave based protection on traditional protection,
the traveling wave based single-phase-to-ground protection
should be blocked for other faults. Of course, the blocking
criteria mentioned in Section III. B can block phase-to-phase
and three-phase faults. As for two-phase-to-ground fault, a
sequence voltage based phase selection method is adopted
[23].

IV. PROTECTION ALGORITHM

A. Wavelet Transform

The discrete dyadic wavelet transform has been widely used
in analyzing traveling wave signals. These can be decomposed
into wavelet components and approximation components un-
der different scales, which can reflect different frequency band-
s of signals [24]. Discrete sequence f(n) based on discrete
dyadic wavelet transform can be written as

AL S () = 37 A fn = 2 )
k

. a1
W f(n) = ngAgj—lf(n — 2071,
k

A4, f(n) and W f(n) are the approximation and wavelet
components at the scale 27. {h;};c and {g; }icz are wavelet
coefficients determined by wavelet function.

In this paper, the derivative function of the cubic B-spline
function is used as a wavelet function, as its numerical
realization is the simplest one among all the other spline
functions and can be easily approximated with Gauss func-
tion. For the aforementioned wavelets, the coefficients are
{ht} = (0.125,0.375,0.375,0.125) (k = —1,0,1,2) and
{or}=(-2,2) (k=0,1).

The modulus maxima of wavelet transforms are used to
represent the polarities of traveling waves, and its definition
is, Ve > 0, a neighborhood |t —t¢| < ¢ exists; for every ¢ # ¢,

(W (27, t0)| > W (27,1)]. (12)
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B. The Wavelet Representation of Traveling Waves

The wavelet representation of traveling waves was demon-
strated using the EMTP and the simplified radial power
distribution system shown in Fig. 1.

35kV
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110kV  Transformer Tapped-off

<: > <f ijg) — loads
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L

Fig. 1. A simplified 35 kV radial distribution system.

Eight feeders from L; to Lg are connected to the busbar.
The three phase lines are not transposed. The neutral is
ungrounded. The Jmarti line module is used with the line
structure shown in Fig. 2. The electric network data are

detailed in the appendix.
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Fig. 2. A typical power distribution line.
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A phase A to ground fault was applied to feeder Ly, 5 km
from the busbar with a fault arc resistance of 100 €.
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Fig. 3. Current traveling wave, its wavelet transformation and modulus
maximum measured in a faulty feeder.

The zero-modal current traveling wave, as well as its
wavelet transform and the modulus maxima are illustrated
in Fig. 3 in the case of a faulty feeder and in Fig. 4 for a
healthy one. Fig. 5 illustrates, in turn, the zero-modal voltage
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traveling wave as well as its wavelet transform and modulus
maxima, respectively. As can be seen from Fig. 3, 4, and 5, the
information of the amplitude and polarity of traveling waves is
concisely combined into modulus maxima. It can also be seen
that the initial polarities of the voltage and current modulus
maxima are opposite for faulty and healthy feeders, which can
be used to indicate fault conditions.
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Fig. 4. Current traveling wave, its wavelet transform and maximum modulus
measured in a healthy feeder.
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Fig. 5. Voltage fault traveling wave, its wavelet transform and maximum
modulus measured at a busbar.

C. Scale Selection

The challenge of using the zero-modal traveling wave is that
it is heavily attenuated on long feeders and that this situation
can be made even worse by a fault path’s resistance.

In order to assess the attenuation of zero-modal traveling
waves, the line constant program in EMTP is used to calculate
the line unit resistance for different frequencies. The line
structure is shown in Fig. 2.

From Table I, it is clear that the line’s unit resistance for
a zero sequence increases greatly as the signal’s frequency
increases, which results in higher attenuations of zero-modal
traveling waves in the higher frequency bands.
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TABLE 1
THE ZERO SEQUENCE LINE UNIT RESISTANCE IN DIFFERENT
FREQUENCIES

7.8125
19.3

15.625
35.5

3125 625 125 250
63.8 112 191 318

Frequency (kHz)
Resistance (Q/km)

This is demonstrated by multi-resolution analysis of wavelet
transform. Fig. 6 shows the original current traveling wave
with the sample rate of 1 MHz, and its wavelet modulus
maxima under the scales 22, 24, and 26. These reflect the
components of the traveling waves in sub-bands 250 kHz to
125 kHz, 62.5 kHz to 31.25 kHz, and 15.625 kHz to 7.8125
kHz.
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Fig. 6. Current fault traveling waves and its maximum modulus at different
scales.

From Fig. 6, it is seen that for the lower frequency bands,
the modulus maxima are higher. However, for larger scales,
where s > 26, which corresponds to lower frequency bands,
the exponent-decaying component and the power-frequency
components dominate. The modulus maxima in these large
scales should not be used. Considering these factors, using a
sampling frequency of 1 MHz, the wavelet modulus maxima
under the scale 2% (15.625 kHz to 7.8125 kHz) has been used
for the protection.

D. Detailed Algorithm
The protection algorithm can be divided as follows:

Step 1: The zero-modal current and voltage traveling waves
are acquired from current and voltage signals.
Dyadic wavelet transforms is performed against
zero-modal current and voltage traveling wave sig-
nals in order to extract the modulus maxima Iy
and Uy for scale 26.

The polarities of the modulus maxima of current
and voltage traveling waves are compared.

If the polarities of current and voltage traveling
waves are opposite, then the magnitude of a power-
frequency zero-sequence voltage Uy is compared
with a pre-set threshold Uget.

Step 2:

Step 3:

Step 4:

Step 5: If the magnitude of a power-frequency voltage U
is greater than U, then the sequence voltage
based phase selection method is performed to dis-
tinguish single-phase-to-ground faults from two-
phase-to ground faults.

If a single-phase-to-ground fault is determined, a
trip signal or alarm signal is issued.

Step 6:

Additionally, in order to avoid the procedure of the power
frequency zero-sequence voltage based criterion from being
frequently started up by noise, the protection is blocked when
modulus maxima of the initial voltage or current traveling
waves are less than a pre-set threshold Uyr,,, and Iy,,. The
thresholds values are determined by electromagnetic environ-
ment associated with the protection.:

In summary, operational logic of the protection is shown in
Fig. 7.

set *

ing faul
erounding BRIt [ single phase
rouneing
moYmo< Sequence fault

voltage based
phase selection

‘ UO>U5et

Fig. 7. Operation logic of the protection.

V. SIMULATION AND EVALUATION

The EMTP model of a power distribution system, used for
simulation research, is described in section Section IV. B. The
frequency-dependent parameters of a distribution line are taken
into account. The modulus maxima are calculated for the faulty
and healthy feeders Ly and L4, respectively, to demonstrate the
validity of the above principle and algorithm for any feeder in
the system.

A. Setting the Threshold Values of the Protection

As described above, there are two kinds of thresholds
adopted in the protection algorithm in order to avoid the
electromagnetic interference.

The noises caused by radiated or conducted interference are
widely exiting in the substations. Under normal conditions,
this kind of noise is much weaker than the traveling wave
signal, but as it has a random characteristic, it might be
misinterpreted as a traveling wave signal. In order to avoid
it, the first kind of thresholds, Uy, and Iy, for modulus
maxima are introduced. In this paper, the Uy, and Inp,
are set as 10,000 and 100, respectively. Both thresholds can
be adjusted allowing for the local electromagnetic conditions.
The bigger the values of Uy, and Iy, are, the higher the
reliability, but the lower the sensitivity of the protection.

In some situation, such as lightning strikes or switching
transients, the induced noise signal can be so powerful that
the value of its modulus maxima is higher than Uy, and
I, To prevent the mal-operation of the protection under
such conditions, the second threshold, U, associated with
the value of a busbars voltage, is introduced. Normally, the

set?
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rated value of a secondary phase voltage is 57.7 V. From the
field experience, the threshold Us. is set to 10 V. This value
of the threshold also allows for handling voltage unbalances.

B. Behavior Under Different System Network Structure

A variety of faults was examined to demonstrate that the
protection can be successfully used in any non-effectively
grounded distribution system.

Table II shows the simulation results of phase A to ground
faults modeled in test distribution systems. It can be concluded
that the system network structure does not affect the operation
of the protection, as the values of modulus maxima corre-
sponding to current and voltage initial traveling waves change
only a little. The column in Table II, titled Operation Result,
presents results achieved for the faulty feeder.

TABLE I
BEHAVIOR UNDER DIFFERENT SYSTEM NETWORK STRUCTURES

Ino Ino

Godne Tl vy Ry ey Qe
Feeder Feeder

Ungrounded Main -158,980 798 -182 Operating

Ungrounded Branch  -97,775 640 -162 Operating

Resonant Main -156,750 787 -180 Operating

Resonant Branch  -95,184 624 -158 Operating

The protection is also effective in meshed networks, as
the structure of electric networks will not affect the criteria.
As nearly all of the meshed electrical networks are usually
operated as open-loop ones, only radial system is discussed in
this paper.

It is necessary to point out that the protection criteria are
also satisfied in case of an effectively grounded distribution
system. However, as single-phase-to-ground faults can result
in very high fault currents, the extraction of the current
traveling waves might be difficult because of high levels of
noise in a current signal. For this reason, the traditional zero-
sequence over current protection, instead of the proposed one,
is recommended in this case.

C. Behavior Under Different Fault Distances

Two extreme kinds of fault distances are considered. The
first one is a fault close to the busbar and the second at the
remote end of a feeder.

For the close-up fault, the immediate reflection of traveling
waves between the busbar and the fault point could cause
confusion when a relatively low sampling rate is applied. All
performed simulations reported the correct operation of the
proposed protection under such conditions. This indicates that
the follow-up traveling waves have the same polarity as the
initial traveling wave, which additionally contributes to the
yield of even larger values of measured modulus maxima than
those for other fault distances.

For the fault at the remote end of a feeder, the zero-modal
traveling wave would be greatly attenuated at the relaying
point. The higher frequency bands of a traveling wave then
are also considerably attenuated for feeders longer than 20
km. The relatively lower frequency bands, however, are not
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affected so much and they are sufficient for analysis. In fact,
most of the examined distribution lines were shorter than 20
km.

Table III shows the simulation results for different values of
fault distances. The protection operates correctly in all cases.

TABLE III
BEHAVIOR UNDER DIFFERENT FAULT DISTANCES

Fault Into Ino

Distance Unmo Faulty Healthy gg::i tion
(km) Feeder Feeder

0.5 -365,670 2,532 -570 Operating
5 -158,980 798 -182 Operating
20 -77,026 532 -136 Operating

D. Behavior Under Different Fault Inception Angles

Different fault inception angles, specifically those close to
voltage zero-crossing, have been examined. Equation (10)
clearly shows that there is a close relationship between the
fault inception angle and amplitude of a traveling wave.
Theoretically, traveling waves will be generated by any fault
with non-zero inception angle. The results presented in Table
IV show that when fault inception angles equal 10° or -10°,
then all polarity criteria of the protection are well satisfied. But
in case of the angle 10°, the measured modulus maxima Iy
for the faulty feeder is smaller than Iy, and the protection
does not operate. The local electromagnetic conditions around
the protection should be considered better in order to specify
more reliable values of pre-set thresholds for the protection
blocking purposes.

TABLE IV
BEHAVIOR UNDER DIFFERENT FAULT VOLTAGE INCEPTION ANGLES

Into o

In ion ration
de©) e fey
-10 35,178 -184 40 Operating

10 -23,619 94 -23 Not-operating
90 -158,980 798 -182 Operating

E. Behavior Under Different Fault Path Resistances

Phase A to ground faults with various fault path resistances
have been examined in simulation research. The results are
collected in Table V. It was found that the magnitudes of fault
generated current and voltage traveling waves decreased when
the fault path resistance increased. All the traveling waves
are, however, still significant enough to make the protection
operate as required.

F. The Limitations of the Protection

Many simulations carried out to test the proposed protection
with overall consideration of a fault distance, fault inception
angle, and fault path resistance changing over a wide range
of values, 0.5 km to 20 km, 0° to 90° and 0.1 Q2 to 400 €,
respectively, as shown in Table VI, have offered insights into
protection reliability.
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TABLE V
BEHAVIOR UNDER DIFFERENT FAULT VOLTAGE INCEPTION ANGLES

Path Invio Inio .
Resistances Unio Faulty Healthy ggse;inon
() Feeder Feeder
0.1 -158,980 798 -182 Operating
100 -103,570 619 -118 Not-operating
200 -78,007 508 -91 Operating
400 -56,432 373 -66 Operating
TABLE VI
BEHAVIOR UNDER DIFFERENT FAULT PARAMETERS
Inception Fault Ino .
fzmigle gitslis tances(Q) Distance  Upig Healthy (R)gseéitlon
° (km) Feeder
10 0.1 0.5 -42,808 294 Operating
10 0.1 20 8802 60 Not-
operating
10 400 0.5 -7,697 53 Not- .
operating
10 400 20 -4,866 32 Not- .
operating
30 0.1 0.5 -164,590 1138 Operating
30 0.1 20 -34,485 238 Operating
30 400 0.5 -29,694 208 Operating
30 400 20 -18,999 127 Operating
90 0.1 0.5 -365,670 2532 Operating
90 0.1 20 -77,026 532 Operating
90 400 0.5 -66,042 464 Operating
90 400 20 -42,387 284 Operating

waves to identify a fault. The busbar voltage is additional-
ly applied to enhance the protection’s dependability and to
discriminate between single-phase-to-ground and two-phase-
to-ground faults.

Compared with existing methods, the proposed protection
only acquires information of the protected feeder. It, however,
does provide the required dependability and sensitivity of
operation where the protection scheme can be embedded into
one protective relay, and no extra hardware is required to be
fitted into the power system.

The protection can work correctly under most single phase-
to-ground faults in power distribution networks with different
types of grounding, though it is not recommended to be used
in the effective grounded power distribution system.

APPENDIX

A. Demonstration Using Karenbauer Matrix to Decouple
Three Unbalanced Lines

The line parameters of power distribution lines in Fig. 2
can be calculated by EMTP when the three phase lines are
unbalanced, yielding
0.2463
—0.0393
—0.0441

0.7557 0.3507 0.3636
0.3507 0.7560 0.3724
0.3636 0.3724 0.7557

—0.0393
0.2412
—0.0529

—0.0441
—0.0529
0.2515

wC = -107°(S/km)

wL = (Q/km)

(AD)

The simulations show that the most important factor af-
fecting the performance of the protection is a fault inception
angle. The protection operates effectively for all values of
fault resistance and fault distance when fault inception angle
is bigger than 30°. When the fault inception angle’s value is
in the range from 10° to 30°, the reliability of the protection
is lowered as it might refuse to act especially if bigger values
of both, a fault resistance and fault distance occur simultane-
ously. Fortunately, most faults happen when the phase voltage
approaches its maximum value. The protection can be said to
be effective and reliable.

Additionally, it is important to stress that the correct oper-
ation of the proposed protection is conditioned by measure-
ments of modulus maxima (associated with fault generated
traveling waves). As the values of modulus maxima can
be affected by many factors (like the fault distance, fault
inception angle, and fault path resistances), there might occur
some extreme conditions resulting in protection misoperation.
Especially as declared in Section V. A, when the modulus
maxima generated by weak traveling waves and powerful noise
signals cannot be discriminated.

VI. CONCLUSION

A new traveling wave based single-phase-to-ground fault
protection method applied in distribution feeders has been
proposed in this paper. The protection uses the polarity com-
parison of zero-modal initial current and voltage traveling

When Karenbauer matrix is used to decouple the three phase

lines, we get

[ 0.2302  0.0102 —0.0022 ]
WIST'LCS = | 0.0014 0.1146 0 -107°
0  —0.0002 0.115
0.2302  0.0014 0
WSLCS™' = | 0.0102 0.1146 —0.0002 | -107°
| —0.0022 0 0.115
(A2)

where § is the Karenbauer matrix.

From (A2), we can see that the off-diagonal elements are
only about one percent of diagonal elements. This error is
acceptable. Therefore, the phase-to-modal transformations can
still be used to decouple non-transposed electric lines with
acceptable accuracy.

B. Electric Network Data of Fig. 1

The system short circuit capacity is 106.2 MVA. The lengths
of feeders from L; to Lg, which are connected to the busbar,
are of 21.159, 26.371, 2.446, 17.959, 5.431, 7.959, 8.804, and
14.067 km, respectively. Two tapped loads are connected to
feeder L; at the 5" km. The feeder is made of an aluminum
wire and its unit resistance is 0.2422 /km. The maximum
sag of a feeder is 2 m. The earth’s resistivity is 100 2/km.
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