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Abstract
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the load demands and pre-fault conditions. Numerical examples are given to demonstrate the
effectiveness of the proposed method.
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Abstract—This paper proposes a new method for determining
the location of single-phase-to-ground faults of ungrounded
distribution systems based on residual voltage distribution. The
possible faulted line segment and fault location are determined
by comparing the phase angles of faulted phase voltages against
a faulted phase reference angle, and the faulted phase voltages
are determined as the difference between the fault caused
residual voltage of all phases and the shunt caused residual
voltage of un-faulted phases. The method determines the fault
location solely based on the voltages and currents measured
during the fault, and associated series impedance and shunt
impedances of line segments. It does not require any
measurements or information for the load demands and pre-
fault conditions. Numerical examples are given to demonstrate
the effectiveness of the proposed method.

L INTRODUCTION

Ungrounded distribution systems are widely used,
especially at medium voltage levels. Compared with the
grounded distribution systems, the ungrounded systems do not
have neural wires to connect with the ground, and they are
connected to ground through phase-to-ground capacitances of
power lines. When a single-phase-to-ground fault occurs, the
fault currents of ungrounded distribution systems are usually
less than normal load currents, thus the system can continue to
operate until the fault is corrected. However, as a result of the
fault, the distribution systems experience over-voltages, which
can cause equipment damages when the fault is not corrected
in a timely manner. Thus, fault location analysis is important
for the safe and stable operation of ungrounded distribution
systems.

Several fault location analysis algorithms have been
proposed for distribution systems, including impedance-based
methods [1-2], direct circuit analysis methods [3], transient
based methods [4], signal injection methods [5], and
knowledge-based approaches [6]. Those methods have their
own limitations when applied to real time analysis of
ungrounded distribution systems. Impedance based methods
and direct circuit analysis methods are more generic, and
much easier for implementation than other methods, but most
of existing methods are designed for grounded distribution
systems. Transient based approaches may get prediction
results before the fault currents get into steady states, but
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usually require much higher sampling rate, and might not be
cost effective. Signal injection methods use additional
frequency signals and measures to locate the fault, and are
only suitable for off-line applications. Knowledge based
methods may get more accurate results if pre-training sets are
closely matching with new fault events, but requires more
computation efforts that other ones.

This paper proposes a new method to determine the
location of a single-phase-to-ground fault in an ungrounded
distribution system based on the fundamental frequency
measurements collected from the feeder breakers at the
substation and the intelligent switches along the feeders. The
proposed method firstly determines the faulted phase, faulted
feeder and faulted feeder section based on the voltage and
current measurements collected during the fault, and then
determines the possible faulted line segment and fault location
by detailed analysis of residual voltage distribution in the
faulted feeder section. The fault location analysis is solely
based on the voltage and current measurements during the
fault, and associated series impedance and shunt admittances
of line segments in the feeder sections. It does not need any
information or measurements for the load demands of the
system or the pre-fault conditions in the system.

The method is proposed based on an observation that a
faulted line segment can be determined by comparing the
phase angle of the phase-to-ground voltage of the faulted
phase against a reference angle of the faulted phase if
assuming that the fault current flows across the line segment
instead of entering into ground through a location within the
line segment. If the value of the reference angle of the faulted
phase is between the phase angles of the voltages on the bus
terminals forming the line segment, then this line segment is
faulty. However, in order to determine the voltage on the
buses, the loads of the buses should be determined, which can
be a difficult task. Thus, it is desired to avoid the
determination of the loads. In the proposed method, the
voltage on the faulted phase is approximated with a difference
between the fault caused residual voltage of all phases and the
shunt caused residual voltage of un-faulted phases. The shunt
caused residual voltages are used to describe the residual
voltage distribution of the feeder section under an un-faulted
condition with given measured voltages at the boundaries of



the feeder section, and the fault caused residual voltages are
used to describe the residual voltage distribution under a
faulted condition that occurred downstream to the location
under consideration. The faulted line segment is identified
when the faulted phase reference angle is between the phase
angles of voltages on the faulted phase determined at two
terminal buses of a line segment. The fault point is determined
by finding a location along the faulted line that the phase angle
of voltage on the faulted phase is in phase with the faulted
phase reference angle. Numerical examples are given to
demonstrate the effectiveness of the proposed method.

II.  PROPOSED METHOD
A. Ungrounded Distribution System and Measurements

Fig. 1 shows an example of ungrounded distribution
system with a single-phase-to-ground fault. It includes a
distribution substation in which a three-phase transformer with
ungrounded winding connections is connected with
downstream feeders, and each feeder has one feeder breaker
and several intelligent switches.
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Figure 1. Example of an ungropunded distribution system
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According to the location of switches along the feeder, a
feeder can be partitioned into several sections. Each feeder
section has one feeder breaker or intelligent switch at its root
as an importing measuring device, and may have one or
multiple intelligent switches at its downstream boundaries as
exporting measuring devices. The feeder section is defined as
all buses and devices between the importing and exporting
measuring devices. In Fig. 1, the system has three feeders,
each feeder has one breaker and two switches, and each feeder
includes three feeder sections.

The buses of a feeder section can be grouped into several
layers according to the number of devices connected between
each bus and the importing measuring device. The higher the
layer number is, and the farther the buses of the layer are from
the importing device.

The measurements collected from feeder breakers and
intelligent switches include the currents flowing through the
device downstream on phase a, b and c, Ly 4, Ipsp and Ly,
and the phase-to-ground voltages on phase @, b and

¢, Va5 Vpp and V, o, where bus p and s are the terminal buses

of the breaker or switch, and bus p is upstream to bus s.

Based on the measured phase-to-ground voltages and
phase currents, the residual voltage and residual current for a
device between bus p and bus s can be determined according
to:

.vges =WatVop+ Ve (1
1555 = Ips,a + Ips,b + Ips,c (2)

where, v;® is the residual voltage at bus p, i, is the residual

current flowing from bus p to bus s and measured at bus p.

B. Determination of faulted phase , faulted feeder, and
faulted feeder section

The faulted phase is determined using the phase-to-ground
voltages measured at the secondary side of the substation
transformer, i.e. the upstream bus of feeder breakers.

When a bolted single-phase-to-ground fault occurs at a
feeder, the phase-to-ground voltage of the faulted phase on the
faulted feeder, and adjacent feeders that connected to the same
substation transformer with the faulted feeder instantaneously
drops to a small value close to zero. On the other hand, due to
the ungrounded winding connection of the transformer, the
substation maintains the phase-to-phase voltage close to
unchanged, and then the phase-to-ground voltages of the other
two un-faulted phase instantaneously rise to values close to
1.73 times of its normal operation ones.

The phase x is determined as faulted phase, if the
following conditions are met:

Vsunx| SV x €{a,b,c} (3)
|Vsub,y| >V yefabcly+x @)
where, Vupxand Vg, are the phase-to-ground voltage
measured at the secondary side of the substation transformer
on the phase x and y respectively, and V and Vare the lower
and upper thresholds of voltage magnitude used for abnormal
voltage determination. For examples, the lower and upper
thresholds can be set as 0.30, and 1.40 per unit respectively.
The faulted feeder and faulted feeder section are
determined based on the phase angle difference between
residual voltage and residual currents at the measuring devices
along the feeders.

If ignoring the asymmetry of power lines, the residual
currents of ungrounded distribution systems are majorly
contributed by the phase-to-ground capacities of un-faulted
phases of the faulted feeder and un-faulted feeders. When a
bolted single-phase-to-ground fault occurs at a location within
a feeder, the residual voltage at the location will rise to a value
close to 3 times of normal phase-to-ground voltage of faulted
phase. The direction of residual currents at a location
downstream to the faulted location is flowing toward the
substation, so the residual voltage is leading residual current
around 90 degree. On the other hand, the direction of residual
current at a location upstream to the fault is flowing toward
the faulted location and away from the substation, so the
residual voltage is lagging the residual current around 90
degree.



A feeder is determined as a faulted one if the phase angle
difference between the residual voltage and residual current
measured at the feeder breaker are close to 90 degree as
described in Eq. (5):

|2vfgs — 2ifss —90°| < AG )
where, 2vzg; is the phase angle of residual voltage measured
at the upstream terminal bus of the feeder breaker, Zizg; is the
phase angle of residual current flowing into the feeder breaker
through its upstream terminal bus, Af is a pre-determined
upper threshold of angle difference according to the ratio of
shunt sucesptance components over total shunt admittances of
typical conductors used in the distribution systems. For
example, A is set to be 20 degree.

The faulted feeder section is determined by checking the
angle difference between the residual voltage and residual
current of the measuring devices at the boundaries of the
feeder section. A feeder section is determined to be a faulted
one when the angle difference between residual voltage v[2°
and residual current i.2° at its importing measuring device im

is close to 90 degree as described in Eq. (6):

|2vles — £iTeS — 90°| < A 6)
and the angle difference between residual voltage v7¢® and

residual current iJ2° at one of its exporting measuring device

ex is close to -90 degree as described in Eq. (7):
|2v7es — 2i7%° +90°| < AB

(7

If the magnitude of residual current at the importing
measuring device is close to be zero, only Eq. (7) is used to
determine whether there is a fault within the section based on
the measurements at the exporting measuring devices. If a
feeder section does not have any exporting measuring device,
only Eq. (6) is used to determine whether it is a faulted section
using the measurements at the importing device.

C. Determining of shunt caused residual voltage distribution

The shunt caused residual voltages are used to describe the
residual voltage distribution of a feeder section with given
measured voltages at the boundaries of the section if no fault
occurs in the section.

The shunt caused residual voltage of all phases at bus p,
D% can be determined based on the estimated phase-to-
ground voltages at bus p, according to:

sres

Up—™ = ZxE{a,b,c} V;J,x (¥
where, 17,),,( is the estimated phase-to-ground voltages of phase
x at bus p. If phase x is the faulted phase, the shunt caused
residual voltage of un-faulted phases at bus p is determined as:

)

sres — 74
vp,unfaulted - Zy¢x.yE{a.b,c} Vp,y

where, y is the un-faulted phase.

For a feeder section, the estimated voltage distribution
within the section can be determined based on the phase-to-
ground voltage measurements at the importing and exporting
measuring devices of the section and its topology
connectivity.

The voltages at buses connected to the measuring devices
are directly set as the measured values.

For any bus residing in the connectivity path between each
pair of the importing measuring device and one of the
exporting measuring devices, its estimated phase-to-ground
voltages are determined based its distances to two measuring
devices and measured voltages at two measuring devices. If
there are multiple exporting measuring devices existing, and
common buses between different paths, the voltages of those
common buses are set as the average of estimated voltages for
all paths.

The estimated phase-to-ground voltage of bus p is
determined according to:

v _ 1 m

G = 2l (Vi Vo) (10)
where, 17,, is the vector of estimated phase-to-ground voltages
of bus p, m is the total number of paths that pass through bus
D> Vim and Vg, are the phase-to-ground voltages measured at
the importing measuring device im and i-th exporting
measuring device ex;, din_p and d,_y, are the sum of length
of line segments residing at the path between the importing
device im and bus p, and between bus p and the i-th exporting
measuring device ex; respectively.

For any bus not residing on any paths between the
measuring devices, but fed from one of buses in the paths, its
estimated voltage is set as the estimated voltage of the feeding
bus on the paths. If a feeder section does not have any
exporting measuring device, the estimated voltages of buses
within the section are set as the measured voltages at the
importing measuring device.

dp—exi dim—p

dim—p+dp—exi

D. Determining of shunt caused residual current distribution

If there is no fault in the feeder section, the residual
currents on each line segment are solely contributed by the
shunt currents of line segments downstream to the importing
measuring device of the feeder section. The shunt currents can
be determined based on the estimated voltages of terminal
buses of associated line segments and shunt admittance of
those segments, when the asymmetry of power lines is
ignored. This type of residual currents is called shunt caused
residual currents.

The contributions of residual currents from each phase are
modeled and solved separately. For example, the residual
current entering a line segment between bus p and bus s

through bus p, i},¢° can be determined according to:

i;? = er{a,b,c} I;sfx (11)
where, I5¢% is the residual current component of line segment
between bus p and bus s contributed from phase x. The
residual currents contributed from all phases can be described
using a vector 3¢5, and ¢S = [Ingu  Ipey  Ipsel”

A backward sweep procedure is used to determine the
shunt caused residual current distribution in the feeder section.
The procedure starts at the line segments connected with the
last layer of the feeder section, then moves backward to next
upstream layer, and ends at the line segments connected to the
first layer of the section.

For any device between an upstream bus p and a
downstream bus s, two residual currents need to be
determined, one is the ones entering the device through the



upstream bus p, and the other is the ones leaving the device
through the downstream bus s. Taken a line segment as
example, the residual currents leaving through the downstream
bus of the line segment is determined first according to the
residual currents on the line segments downstream. Then the
residual currents entering the line segment through the
upstream bus is determined based on the residual currents
leaving through the downstream bus, and the shunt currents
contributed from the shunt admittances of the line segment.

Fig.2 shows an example of a line segment between an
upstream bus p and a downstream bus s. The line segment is
modeled by a series phase impedance matrix Z%, and a shunt
admittance matrix Ypssh partitioned into two terminal buses.
The phase-to-ground voltages at bus p and bus s are
represented by the vectors V, and V;, and the residual voltages
at bus p and bus s are represented by the variables v,*° and
v3¢°. The phase residual currents flowing on the line
segments are represented by the vectors I7¢° and I;:}S LS s
the vector of residual currents entering into the line segment

through bus p, and )7 is the vector of residual currents
leaving from the line segment through bus s.
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Figure 2. Example of a line segment

For a line segment between an upstream bus p and a
downstream bus s, the vector of shunt caused residual currents
leaving the segment through the downstream bus s, IZ?? is

determined as:

i;ﬁ's = ZtEDDS L° (12)
where, DD is the set of downstream buses that directly
connected with bus s through a line segment or switch. 75 is
the vector of residual currents entering a line segment or
switch between bus s and bus ¢ through bus s. The vector of
shunt caused residual currents entering the segment between

bus p and s through the upstream bus p, f;ﬁs is determined as:
Ires = % + v, + ;) (13)

where, V, is the vector of estimated phase-to-ground voltages

of bus s. Eq. (12) and (13) can be also applied to a switch

between bus p and bus s, by setting the shunt admittance
matrix as zero.

If the downstream bus s of the line segment between bus p
and s is an upstream bus of an exporting measuring device, the
residual currents leaving through bus s are determined based
on the measurements at the exporting device, and shunt
currents downstream to the exporting device according to:

i;:’s,x = gy — Zy#c,yE{a,b,c} i;:’s,y (14)
N 1 ~ ~
I;_:’S‘y = ZmneDNexEerL}rll,y(Vm + Vn) (15)

where, I;ﬁfxand IZ?S , are the shunt caused residual currents

leaving the line segment between bus p and bus s through bus
s on the faulted phase x, and one of un-faulted phase y, i}2° is
the measured residual current at the exporting measuring
device, DN,, is the set of all line segments downstream to the
exporting measuring device, Y,fl’,ll_y is the vector of shunt
admittance elements of line segment between bus m and bus n
at the row corresponding to the un-faulted phase y, ¥,
and 7, are the vectors of estimated voltages of bus m and bus
n.

E. Determining of fault caused residual current distribution

For a line segment, if a fault is occurring downstream to its
downstream terminal bus, its residual current of the faulted
phase is mainly contributed from the shunt currents on the un-
faulted phases of the faulted feeder and adjacent feeders
connected to the same substation transformer with the faulted
feeder. This type of residual currents is called fault caused
residual currents. The fault caused residual currents are
determined for each line segment in the faulted section, and
used to determine a corresponding fault caused voltage for
determining the possible faulted line segments.

The distribution of fault caused residual currents are
determined based on the residual current measurements at the
root of the faulted section, the estimated phase-to-ground
voltages and shunt admittances of line segments through a
forward sweep procedure. The fault current of a line segment
is calculated by sequentially assuming a fault located
downstream to its downstream terminal bus, starting from the
devices connected to the root of the feeder section and towards
the ends of the feeder section.

For any line segment connected an upstream bus p to a
downstream bus s, the fault caused residual current entering
the segment through the upstream bus p is determined
according to:

1565 = I7% = Sueny ees 1E° (16)
i;ﬁs is the vector of fault caused residual currents

where,
entering the segment through bus p, Z;s, is the vector of fault

caused residual currents leaving an upstream line segment
between bus d and bus p through bus p, DD, is the set of buses
downstream to bus p and having direct connection with bus p
through a line segment or switch, [¢*is the vector of shunt
caused residual current entering the device between bus p and
bus ¢ through bus p. The fault caused residual current leaving
the line segment through the downstream bus is determined
as:

Do =T = Vst (G, + ) (17)
where, [ ;:,s is the vector of fault caused residual currents
leaving the line segment through bus s. Eq. (16) and (17) can
also be applied to a switch between bus p and bus s, by setting
the shunt admittance matrix Ypssh as zero.

If the upstream bus of a device between bus p and s is an
upstream bus of an importing measuring device, the residual
currents entering the device through the upstream bus are
determined based on the measurements at the importing
device, and shunt currents downstream to the importing device
according to:



i;;s; = l{rsls - Zy#x,ye{a,b,c} i;?;/ (18)
- 1 ~ N
1;.?3/ = ZmneDNimEerl,;l,y(Vm + Vn) (19)

jres jres : :
where, I5&% and I5g) are the residual currents entering the

device between bus p and bus s through bus p on the faulted
phase x, and one of un-faulted phase y, i.2° is the measured
residual current at the importing measuring device im,
DNy, is the set of all line segments downstream to the
importing measuring device im.

F. Determining of fault caused residual voltage distribution

The fault caused residual voltages of terminal buses are
determined based on the residual voltages and residual
currents measured at the root of the faulted section, fault
caused residual currents, and line series impedances and shunt
admittances of line segments.

Similar as the procedure used for fault caused residual
current determination, a forward sweep procedure is used to
determine the fault caused residual voltages for each line
segment starting from the root of the feeder section towards to
the end of the feeder section. The forward sweep procedure is
starting from the buses of importing measuring device at the
root of the feeder section, and the fault caused voltages at
those buses are set to be the same as the corresponding
measured residual voltages.

For any line segment between an upstream bus p and a
downstream bus s, the fault caused residual voltage at the
downstream bus s is determined based on the one at the
upstream bus and fault caused residual currents entering the
line segment through the upstream bus according to:

o7es = o3¢ — 17235 (Ir° — 2vghy,) (20)
where, 77 and 7;°° are the fault caused residual voltages at
bus s and bus p, Tis a vector of unity defined as T =
[1 1 1]7. For a switch between bus p and bus s, the fault
caused residual voltage at the downstream bus s is set as the
same as one of the upstream bus p.

G. Determination of faulted line segments

The faulted cause residual voltage for each bus is
contributed from both the faulted phase and the un-faulted
phases. The contribution from the faulted phase, i.e. the
voltage at the faulted phase can be determined if the
contributions of un-faulted phases to the faulted caused
residual voltages are known. In this paper, the shunt caused
residual voltages of un-faulted phases are used to approximate
the faulted caused residual voltage of un-faulted phases. Thus,
the faulted phase voltages on the terminal buses of a line
segment between bus p and bus s can be determined according
to:

sres

(7 — nres
Vo = Up

~ Upunfaulted (21)

R R st = vsres - vsr,itsnfaulted (22)
where, 1, , and V; , are the faulted phase voltages at bus p, and
bus s, Dpoinrauitea ad  Dgymrauirea are the shunt caused
residual voltages of un-faulted phases at bus p and bus s

respectively.

The possible faulted line segments are determined by
comparing the phase angle changes for the faulted phase

voltages between two terminal buses of each line segment. As
shown in Fig. 3, if the angles at two terminal buses are located
at different sides of a reference axis defined by a reference
angle according to the faulted phase, the line segment is
determined to be a possible faulted one. In Fig. 3, p and s are
the terminal buses of the line segment, and B;Ef is the
reference angle determined by the faulted phase.
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Figure 3. Terminal Residual Volatge Phasors

A line segment is determined to be a faulted one if the
following condition is met:

sin(27,, — 01 ) sin(2V,, — 6;) <0 (23)
where, L%‘x and £V}, are the phase angles of the fault phase
voltages at bus p, and bus s respectively.

is set as the phase angle of internal voltage of
equivalent infinite source for transmission systems fed to the
substation. For example, the reference angle can be set as 0, -
120 or 120 degree if the faulted phase is phase a, phase b, or
phase ¢ respectively.

oref

H. Determination of fault location on the faulted line
segment
Knowing the possible faulted line segments, the possible
fault location along each line segment can be determined
according the phase angle changes between the fault and shunt
caused residual voltages.
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Figure 4. Model of a line segment with a fault
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Assumed a single-phase-to-ground fault occurs on a line
segment between an upstream bus p and a downstream bus s,
and the fault is located at point f'as shown in Fig. 4. The line
segment can be divided into two sub-segments according to
the location of the fault, one is between bus p and the location
of fault £, and the other is between location of the fault f and
bus s. Assumed d is the ratio of distance between the fault
location f/* and the upstream bus p over total length of the line
segment between bus p and bus s, the sub-segment between
bus p and fault location f can be modeled with a series
impedance dZ,¢, and a shunt admittance deSSh split into two
terminal buses p, and f, and the sub-segment between fault
location f and bus s can be modeled with a series impedance



(1 —d)Zz¢, and a shunt admittance (1 — d)YpSSh split into two

terminal buses, fand s.

Based on the series impedance and shunt impedance
model for the sub-segment between bus p and fault location f,
the fault caused residual voltage at location f can be calculated
as:

~res

ope = o5e —dT7Z3¢ (I = Svshg,) (4
where, 7% is the fault caused residual voltage at the location

f- The shunt caused residual voltage of un-faulted phases at

location f'can be calculated as:

sres — sres sres
1'7f,unfaulted - (1 - d)vp,unfaulted + dvs,unfaulted (25)

where, Df%) rauireqls the shunt caused residual voltage of un-
faulted phases at fault location f.

Accordingily, the voltage of the faulted phase at the
location f, Vf,x can be determined as:

Vf,x - ﬁ}:es - ﬁ]tﬁtsnfaulted (26)

The angle of the faulted phase voltage is comparing with the
reference angle corresponding to the fault phase. If they are
close enough, the fault is located at the location f.

The location f is determined as the faulted point if the
following condition is met:

|sin(2V;, — 01| < &
where, ¢ is a small threshold, such as 0.00001.
III. NUMERICAL EXAMPLES

@7

The proposed method has been tested with several sample
ungrounded systems, and satisfactory results are obtained.

Fig. 5 gives an example of sample distribution systems.
The system includes 1 three-phase transformer, and 3 feeders.
Each feeder has 1 feeder breaker, 2 intelligent switches, 18
three-phase line segments, and 22 three-phase buses. Each line
segment is 1.25 miles long, and the maximum length of a
single feeder is 15 miles. Both the feeder breakers and
intelligent switches are equipped with measuring units for
voltages and currents.
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Figure 5. A sample ungrounded distribution system

Table I gives the test results on six different fault cases,
and each case represents a bolted single-phase-to-ground fault

at a specific location. As shown in the table, the maximum
estimation error of the proposed method is 0.57675 miles.
Considering the feeder length is 15 miles long, the maximum
estimation error is 3.85 % of feeder length.

TABLE 1. TEST RESULTS ON A SAMPLE SYSTEM

Fault Location Estimation Error Estimation Error

(miles) (%)
2720 0.57675 3.845
2726 0.51350 3423
2745 0.04637 0.309
2750 0.09975 0.665
2775 0.00858 0.057
2780 0.11125 0.742

IV. CONCLUSIONS

This paper has proposed a new method for locating the
single-phase-to-ground faults of ungrounded distribution
systems using the during-fault measurements at the feeder
breakers and intelligent switches along the feeders. It does not
need any information or measurements regarding the load
demands of the system or the pre-fault conditions in the
system.

The fault location analysis is based on comparing the
phase angle of the faulted phase voltage against a faulted
phase reference angle. The faulted phase voltage is determined
as the difference between fault caused residual voltages of all
phases and shunt caused residual voltages of un-faulted
phases. The faulted line segment is identified when the faulted
phase reference angle is between the phase angles of the
faulted phase voltages determined at two terminal buses of the
line segment. The faulted point is determined by finding a
location along the faulted line segment that the phase angle of
faulted phase voltage is in phase with the faulted phase
reference angle.

The preliminary test results have proven the effectiveness
of the proposed method.
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