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Abstract

Continuous operation of a power system during a ground fault can be achieved by employing either a High Resistance Grounded
(HRG) power source or a floating power source. However, if a second ground fault occurs in the system it can cause significant
problems and therefore the presence of the First Ground Fault (FGF) must be detected, located, and repaired quickly. In this
study, an active impedance based fault location method is proposed to locate the FGF in a HRG power system. The study
presented shows that the magnitude of the fault resistance has only a small influence on the proposed technique. However, for
unbalanced faults, the impedance of the healthy phases can distort the impedance measured and impair the accuracy of the fault
location method. Therefore, a new compensated method is proposed to compensate for this distortion. The results show that a
high accuracy can be achieved with the compensation, with a location error lower than 5%.

1. Introduction

The use of High-Resistance Ground (HRG) or ungrounded
supplies in Marine power systems has shown many benefits
compared to the use of low-resistance or solidly grounded
systems. The most important benefit is the ability for
continuous power flow even in the presence of a single (first)
fault to ground [1]. This is from the perspective of power
quality and management. Moreover, this grounding technique
also helps in minimising possible arc events (that may lead to
damage of electrical apparatus) [1,2,3] reducing outage time,
production losses and equipment damage [4].

The major issue with this type of grounding is that if the first
ground fault has is not been cleared, a second ground fault
leads to a phase-to-phase fault condition with a high fault
current or an arcing hazard. Consequently, the time to detect
and locate the first ground fault (FGF) is highly important.
However, locating the FGF is challenging for traditional fault
location techniques that use the fault current and voltage to
estimate the impedance to the fault location [4].

Recent research on fault location in HRG or ungrounded
power systems has been published in [4 — 13]. The authors in
[5] used the voltage measurement at source end to locate the
fault. The Wavelet Transform (WT) with multi-resolution
analysis (MRA) is utilised to extract specific patterns for each
fault location from system fundamental and the background
noise. However, the technique requires a zonal system
configuration as the fault location strategy is based on a zonal
pattern. Experimental validation of the technique is presented
in [6], where the inherent high-frequency signals associated
with the switching events of converters is used to locate the
fault. Another drawback of this method is the requirement of
measurements in a relatively high frequency range (over 100

kHz). The influence of the converter’s coupling capacitance on
the accuracy of the background noise pattern is assessed in
[7,8]. The study showed that the coupling capacitance has a
potential influence on the scheme that requires the used pattern
to be changed for different coupling capacitance values. The
study also showed that the WT requires a high-frequency
decomposition band. A different technique is suggested in [9].
In this research, the authors used the midpoint voltage
measurement on the DC side of an AC-DC-AC converter to
identify and locate a line-to-ground fault. The algorithm is
based on comparing the measured DC Voltage (Vng) to three
possible voltages in the system (line side, dc side and drive
side). If the measured voltage is similar to one of these
voltages, the fault is at that location in the system [9].
However, this technique is not tested on a distribution system
with different configurations. The same author presented a
self-diagnosis algorithm for multiple converters in a HRG
system. The disadvantage of proposed technique is the
complex hardware and high-level hardware/software required
[10]. Single-ended and two ended approaches are proposed to
locate faults on multi-phase systems which include laterals in
[11]. The faulted section is firstly detected, and then the fault
position is located through detailed circuit and topology
analysis of the faulty section. However, the technique requires
measurements from several different terminals.

Active fault location methods have been proposed by other
researchers in order to improve the signal to noise ratio of
measurements made when trying to identify and locate a FGF.
Active impedance estimation is used to locate the fault in the
HRG integrated power system presented in [12]. Although the
technique showed reliable outcomes, the study did not
consider a proper resolution for high load powers. The authors
suggested switching off the high load during the fault location
process. Moreover, this study suggested a method based on



impedance measurements but not influenced by the system
load [13]. However, the method requires multiple
measurements throughout the system to increase the accuracy,
and a communication channel is essential between the
measurement units and the central processing unit. The authors
used an injected (5A to 10 A) current pulse operating at the
tenth harmonic (600 Hz) to locate the FGF in a HRG system
in [4]. The fault is located by monitoring and sensing the
injected pulse. However, the accuracy of the scheme requires
a high number of sensing devices throughout the system which
increases the installation cost. Another study suggested the
utilisation of a two-ended impedance based method [14].
Though this method offers a good accuracy, it required two
sets of synchronised voltage and current measurements for
each protected line.

This paper presents a direct and precise method for first ground
fault location in HRG integrated power systems which uses
measurement of the ground voltage and current i.e. itisasingle
ended impedance based method. The work also suggests a new
technique to overcome the influences of high load levels and
the non-faulted phases on the accuracy of the estimated fault
location. The single-ended estimation method operates at non-
fundamental frequencies and are shown to locate the first
ground fault with errors of less than 6%.

2. The Proposed FGF Location Technique

The non-compensated and compensated active first ground
fault location techniques applied to a HRG power system will
be introduced in this section.

2.1. The non-compensated approach

A simplified integrated power system such as the type found
in a naval power system with a HRG power source and floating
load is shown in Fig. 1 and is used to describe the algorithm.
Zground 1S approximately 100kQ for this study. The source
supplies a floating three-phase load through a three-phase
distribution line and a has a source impedance. If a FGF is
applied on phase c at the midline as shown in Fig. 1, it can be
detected by continuously monitoring the voltage measurement
at the HRG source terminals. When the FGF occurs, one of the
measured line to ground voltages reduces significantly (but the
current is limited to small values by Zeann), and this change can
be used to detect the presence of the FGF. When the fault is
detected, a small resistance Rswitcn is Switched in parallel to the
HRG after 10ms for a period of 30us in order to create a
current and voltage transient: this provides information for
fault location over a wide frequency range. The equivalent
circuit during this period, at non-fundamental frequencies is
shown in Fig. 2 [12].

where Z,_,, Z,_,and Z,_. are the source impedances per
phase, Z,_,, Zy_p, Z._care the impedance to the fault
location for each phase, while  Z;_,,, Z_xp, Z;_x are the
remaining line impedances. Zioua-ar Zioad—p a9 Zioqd—c
are the load impedance for each phase. The transient voltage
Vswitch IN Fig. 2 is the voltage generated due to the switching of
the small parallel resistance in the ground path. Both Iswitch and
Vsuitch are measured during the 30us transient.
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Fig. 2 The system at non-fundamental frequencies during the
switching of the parallel resistance

The switched transient current flows through both the faulted
(Zs-c and Z,_.) and healthy cable (Z,,,_f) to the fault point.
Znon—g is calculated as following:

Znon—f = Zr+ Zipaa—c t Zi—xc 1)

where Z; is the equivalent impedance of the healthy phases
and described as

Zr = Zseat Zya+ Zix ) |(Zsop + Znop + Z1— 1) )

The majority of the switched transient current will flow
through the faulted phase if Z,,,_(is significantly larger than
(Zs_c and Z,_.). Hence, the part that flows through Z,,,,,_f is
usually negligible. The distance between the fault location and
the source end is calculated as:

- Zs-c)

FFT(szitch)
FFT(Iswitch)

Xper—metre

imag (

Xyc = 3)
Z,_. can be estimated using measurements made immediately
before the fault occurs at the source terminals. Consequently,
removing the FGF as quickly as possible will prevent the
possibility of a high fault current that could be created due to
a second ground fault.

2.2.  The compensated approach

A significant part of the transient current will pass through
Znon—r Whenever Z,,,_, is comparable to the impedance of
the faulted branch — this is particularly true when the FGF
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Fig. 3 Simulated three phase system with a HRG source

impedance is high. As a result of this condition, (3) will lead
to a high estimation error. To solve this issue, a new
compensation technique is proposed to compensate for the
error present due to the current passing through Z,,,,_s. A
derivation of the method is presented below using the
equivalent circuit of Fig. 2.

Vewitch = Zs—c ¥ Is + Zy_c * I + R x If (4)

But, IS = ISWitCh - Inon_f, then

szitch = Zs—c * (Iswitch - Inon—f) + Zx—c * (Iswitch -
Inon—f) + Rf * Lswitch (5)

Dividing (5) by I i:cn Yields,

Vswitch _ ZS_C*(l—I""—""f)+ Zx*(l—m)-FRf (6)

Iswitch switch switch

Rearrange (6) for X,,_., gives (7),

FFT(Vswitch) _ P ( _ Inon—f)
FFT(Igyi s—¢ Towi
Xy_c = Imag (SW‘”(”l) Imm_f> switeh @)
Iswitch
1 — Zg_ct Zy—
Where, non—f __ s—cT Lx—c (8)

Iswitch ~ Zs—ctZx—ct Znon-f

Finally, an iterative approach is required to apply (7) and (8)
as follows:

1) In the beginning, pre-fault measurement is used to estimate
the source impedance and the load.

. . 1 _
2) Zy.c is assumed to equal Zero, and an initial value for (I""—"f)

switch

using (8) is calculated.

3) Then, (7) is used to estimate a new value for X,_. and a
new fault location.

4) X,_. calculated in step (3) is used to update (;""ﬂ) using
switch

(8).

5) Again, X,._. is updated using (7).

6) This iteration is continued until the distance between two

successive iterations converges to a pre-set tolerance such as
0.5m.

3. Verification Through Simulation

A three-phase integrated power system has been simulated in
Matlab/Simulink as shown in Figure 3. The system consists of
the primary source grounded with high resistance (Zground), @
three-phase transmission line, and a floating three-phase load.
The transmission line is divided into five equal sections of 10
metres. Further details are presented in Table 1. The measured
line to ground voltage is used to detect the presence of the
FGF, and after 10ms, Rsuwitch iS Switched into the ground circuit
for 30 ps. An example of the measured voltage and current are
shown in Fig. 4 with two different Rswicn Values. The lower
impedance creates a higher magnitude transient injection. Fig.
5 shows another measurement but with two different fault
resistances. This Figure shows that the fault resistance has a
very small influence on the location technique for these low
values of Rgwitch.
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Fig. 4 Vswitch and lswiteh With Rs = 0.1Q and different switching
resistances (a) Switching voltage, (b) Switching current

Different simulation scenarios were performed to verify both
the original simple approach and then the compensated
approach with high system loads. Ground faults in three
locations were applied to phase A of the simulated system of
Fig. 3. The switching resistance used in this scenario was
200Q (to limit the injection current), and the load was 10 kW.



Table 1 The parameter values for the simulated system

Parameter Value
Voltage 440V, 50Hz

Zs 0.0011+j0.0096 Q
Riine/m 30 uQ/m
Liine/m 0.24 uH/m
Load 10-100 kw
Zearth 100 kQ

400

——Rf=0.10hm
-280 y ——Rf=1.0 0hm
200 :
< -290 &
(=2
£
5 0
=
2 0.0669 0.06710.0677
-200
%
-400 : : :
0.06 0.065 0.07 0.075 0.08
Time (s)
a
1.5
—Rf=0.1
—Rf=1.0
<
o
£
=
S
=
%05F
0 . .
0.06 0.065 0.07 0.075 0.08
Time (s)

Fig. 5 Vswitch and lswiteh With Rewiten = 200Q2, for different fault
resistances (a) Switching voltage, (b) Switching current

Fig. 6 presents the estimated reactance for three locations,
0.0m (S-end), 30m and 50m compared to the actual reactance
of the line to these fault locations. A third line is included for
each location which shows a curve fit of the estimated
reactance using a first order least square curve fitting
technique. It is clear that the technique offers a high accuracy
for which the highest error was 4.6%, occurring when the fault
is located at the end of the line. The accuracy could be
increased if a lower switching resistance is used which will
create higher magnitude voltage and current transients and
therefore a better SNR. For example, the error reduced to
1.45% when Rswitcn is reduced to 20Q. Note that the estimated
distance is the average of all the possible distances over the
frequency range used (between 250Hz and 3kHz) [15]. The
error is calculated based on the curve fitted line using (9):

Estimated distance—Actual distance

error = * 100 (%) 9)

Line length

The second scenario was to study the algorithm robustness
against load change. Hence with the same system conditions,
the load is increased to 100kW. The reactance estimation
presented in Fig. 7(a) shows that the accuracy reduces
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significantly with a maximum error of 22% for the same fault
conditions initiated in the previously described scenarios. To
further examine the reason behind this divergence in accuracy,
the switched current pulse was examined and it had been found
that the majority of the transient pulse flowed through the
healthy phases. This is because, when the load power
increases, the load resistance decreases and hence, the
equivalent impedance of the non-faulted phases reduced and
becomes comparable to the faulted phase total impedance. A
simulation was carried out to verify this theory. The healthy
phase powers were reduced to 10kW and 1kW while the faulty
phase power was kept the same at 100 kW. Fig. 7(b) shows the



influence of the load resistance for a fault at 50m. This
significant outcome shows that the error was due to the
equivalent impedance of the non-faulty phases and loads and
the neglected part of the transient flowing through them when
(3) is used to calculate fault location.

A third set of simulations was performed to demonstrate the
compensation algorithm developed in Section 2.2. The same
fault and system conditions were utilised to verify the
proposed technique. The results obtained from applying the
iterative method of equations (7) and (8) are shown in Fig. 8.
These three estimated reactances indicate that the proposed
algorithm can reliably compensate the influence of the
equivalent impedance of the non-fault phases. The error is
potentially reduced for a fault at the end of line from 22% to
almost 5%. A similar enhancement is achieved for the other
two faults. The algorithm mostly needs three iterations to
converge to the pre-set tolerance which in this case is 0.5m.
Note the calculated error is presented on the figure legend for
the curve fitted using a first-order least square method while
the fluctuating line is the actual estimated reactance.
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4. Conclusion

The location of a FGF in a HRG power system such as a
marine power system is very important to prevent damage
which may occur in the event of a second ground fault. In this
work, the voltage measured on the grounding resistance is used
to detect the FGF. Then after 10ms, a small resistance of 200Q
is connected in parallel to the HRG for 30us in order to create
a voltage and current transient which can be used to locate the
FGF. Although these voltage and current transients were kept
small in order to protect the system, the algorithm showed a
reliable accuracy with a maximum error of 5%. Moreover, the
fault resistance has a very small influence on the proposed
algorithm. However, the method is influenced by the
equivalent impedance of the healthy phases which is
dominated by the load impedance. The error increased
significantly to 22% when the load increased from 10kW to
100kW. A new solution was derived and used to compensate

the effect of the non-fault phases. The simulation results
showed that the algorithm is reliable and capable of
compensating for the influence of the transient current passing
through the non-fault phases.
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