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Abstract: The demands for ‘more electric aircraft’ will increase the power distribution requirements of future aircraft electrical
distribution systems. To increase safety and reduce aircraft maintenance times on the ground, there is also a need for system
condition monitoring to quickly identify and locate any electrical faults which may develop. The work presented in this study
forms an initial study into the use of power system harmonic impedance measurement for identifying and locating faults
within power cables. The method is passive — that is, it does not require the injection of any test signals — and can be
embedded into a centralised equipment controller to provide intelligent, real-time diagnostics. The method estimates the
harmonic line—line self-impedance at strategic points in the distribution system by measuring load voltage and current at
different load distribution points within the network. By combining the harmonic line—line self-impedance estimates the
faults can be identified and located within a few cycles. This can, therefore, provide a ‘backup protection’ system, which does
not require bus current measurement. It can also provide a measure of the fault location and could therefore be a significant
aid to aircraft maintenance. The study derives the theoretical basis of the scheme and provides experimental results from a

laboratory prototype to demonstrate the validity of this approach to detect and locate faults within the system.

1 Introduction

For conventional aircraft, fuel is converted into propulsive
power to move the aircraft, and four main forms of non-
propulsive power: pneumatic power, mechanical power,
hydraulic power and electrical power [1-5] are generated.
The concept of ‘all electric aircraft’ or ‘more electric
aircraft’ (MEA) has been introduced to reduce the use of
hydraulic and pneumatic power, thereby bringing
advantages such as improved fuel consumption and lower
maintenance and operation costs [1].

The increased reliance on electrical energy in an MEA
puts increased stress on the protection and control
systems, increasing the electrical energy distributed from a
few hundred kW to over a MW for a 737 sized aircraft
[6]. Improved fault identification and location is important
to enable the electrical power systems to meet the
increased load demand and functionality. The protection
mechanisms are indispensable for any power system and
are well established for distribution/transmission systems.
The protection techniques for distribution lines can be
generally classified into two categories: the non-unit-type
(such as distance protection and over-current relays) and
unit-type protection [7]. Owing to the short length of the
cable in an aircraft power system, distance fault detection
schemes or time graded over-current relays are unsuitable.
The current differential protection scheme, one of the unit
protection schemes, have been successfully applied to
protect distribution lines [8] as they can be set to operate
rapidly, if low-current internal faults occur and they
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provide the capability of discriminating between faults
internal and external to the protected zones [9]. However,
the extra communication channel or pilot wires required
make them too cumbersome for many aircraft applications.
Most protection on aircraft systems will therefore comprise
simple over-current relays without any fault location
capability. In recent years, there has been an increased
research focus on developing reflectometry methods for
locating faults on aircraft wiring [10]. The reflectometry
methods are techniques usually used for testing ageing
wires and identifying wiring faults. There are several
types of reflectometry-based algorithms used for this
application, such as time domain reflectometry [11],
frequency domain reflectometry [12, 13], sequence time
domain reflectometry [14, 15] and spread spectrum time
domain reflectometry (SSTDR) [14, 16—18]. Hard faults
(open and short-circuit) can be detected by these
reflectometry techniques, but soft faults, such as damaged
insulation, are not generally observable. S/SSTDR
methods can be applied for locating intermittent faults or
running real-time testing of live wiring systems [10].
However, these methods have mainly been applied to
communication wiring looms.

Intelligent electronic devices (IED) that can be applied
for data acquisition, protection and control, are primarily
applied to the digital monitoring and protection of power
system equipment such as transmission/distribution lines,
switchgear, buses and transformers [19-21]. The IED
relays designed for protecting distribution lines have to
meet different requirements for providing both primary
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and backup protection [20]. Many different associated fault
detection functions, such as distance protection [9]
and directional protection [9] have been developed and can
be integrated into the IEDs to provide backup protection
schemes. In this paper, a novel fault detection and location
scheme using the THLSI is proposed. It can potentially
be integrated into an IED relay to provide information
in addition to that provided by the primary protection
system to assist with the accurate determination of the fault
location.

Impedance measurement is one of the common techniques
used in relay protection [9], and therefore its principle is
considered here. The new method monitors the third
harmonic line—line self-impedance (THLSI) at strategic
points in the distribution system; this is obtained by
measuring voltage and current at the load distribution
centres. The THLSI has been chosen specifically as it is a
function of the lowest (largest) triplen harmonics and
changes significantly in the presence of asymmetry,
especially a fault condition. If a fault occurs, the new method
can provide accurate fault identification and location,
without direct measurement of the main bus currents. It
therefore could provide a backup protection signal, as
well as information on fault location for maintenance.
However, it is important to note that the THLSI at load
distribution centres can be calculated relatively easily.
This can potentially be achieved by enabling simple
software modification to the remote electronic units (REUs)
already deployed at the load distribution centres, and
therefore this additional information can be obtained at a
relatively small extra cost. This information would help a
centralised controller to quickly reconfigure the distribution
system, and maintain supply to essential loads in the
presence of cabling faults, and also reduce the maintenance
time on the ground by providing an accurate indication of
fault location.

This paper describes the use of the THLSI for fault
location. The parameter is derived in Section 2 and shown
to be related to both fault location and fault severity.
Section 3 introduces an experimental rig based on the
simplified aircraft electric distribution system described in
[5]. Two sets of fault scenario are tested, and a fault
location algorithm based on the THLSI measured at the
load distribution centres is demonstrated, followed by a
discussion of the proposed method in Section 4 and the
conclusions in Section 5. Simulation work has verified the
validity of this new algorithm [22, 23]. This paper provides
a more extensive theoretical background to the new method,
together with experimental validation.

2 Principle of line-line self-impedance
for fault location

2.1 Overview

In a practical distribution system, the grid voltages will
become polluted with harmonics and inter-harmonics
because of the effects of non-linear loads. Therefore the
phase—ground or phase—phase voltage and the line currents
in a three-phase system are the sum of sinusoidal
functions at the fundamental, harmonic and inter-harmonic
frequencies. For the three-phase three-wire topology
proposed for MEA systems, the instantanecous phase—phase
voltages at the load distribution centres are related to the
instantaneous line currents flowing to the loads by (1), if
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the loads are star connected.

Vap = iaZa - inb

Vpe = inb - ich (l)

Vea = ich - iaZa
where Z,, Z;, and Z, are the per phase load impedance and i,,,
i, and i. are the load currents. Equation (2) presents the
frequency domain representation of (1), where F(-) denotes
the Fourier transform

F(Vab)a) = Za(w)F(ia)a) - Zb(w)F(lb)a)
F(Vbc)w = Zb(w)F(lb)w - Zc(w)F(lc)m (2)
Fve)o = Zo)F (i), — Z(0)F (i),

Dividing (2) by the Fourier coefficients of the related line-
currents yields (3).

_ F(Vab)w _ _ F(lb)w
Zap(@) = FG,), = Z,(0) — Z)(w) FG,),

_ F(vbc)w _ _ F(lc)w
Zy) = S = 2y(0) = 24 S )
_ F(vca)w _ o F(ia)w

an(w) - F(lc)w - Zc(w) Za(w) F(ZE)w

The left-hand terms of (3) are defined as the ‘line—line self-
impedance’ at the load terminal in the frequency domain.
The ‘line—line self-impedance’ at the third harmonic
frequency has been chosen to indicate unbalance and fault
levels within the system for the reasons detailed as follows:

If a three-phase non-linear load is connected to the system,
for example, an inductively or capacitively smoothed rectifier,
then under normal operation, harmonic currents will be
produced by the non-linear load at harmonic frequencies of
6n + 1, where n is an integer [24]. The magnitude of the
harmonic current component reduces with frequency [25].
When an asymmetric fault occurs, other harmonic currents
(especially the non-even triplen harmonics) are introduced.
This is because, the voltage applied to the input terminal of
the non-linear load is now unbalanced. A full description of
how these non-even triplen harmonics currents are produced
is provided in [25]. The current distortion at these
harmonics is dependent on the degree of unbalance. The
magnitude of the third harmonic current is large compared
with the other triplen harmonics, and therefore the third
harmonic is selected to maximise the signal-to-noise ratio
(SNR) of any measurements made.

2.2 Fault location using self-impedance

In order to illustrate how the concept of ‘line—line self-
impedance’ can be applied to detect and locate faults within
the system, an example network has been analysed. When a
phase—phase short-circuit fault occurs within the system,
the diode rectifier will create triplen harmonics currents that
are injected onto the network. Fig. 1 depicts the equivalent
circuit of the example network at harmonic frequencies. In
the example network, the internal impedance of the supply
source is Zy(Rs, X;) and its admittance is Y (Y5 = 1/Z;).
The impedance of the passive load connected at Node 1
is Zy(Ry, X;) and its admittance is Y(Y; = 1/Z;). The
impedance and admittance of the power bus cable for
the length from the fault location back to the supply
source terminal are denoted as Zr, and Y1, (Y. = 1/Z1)),
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Fig. 1 Equivalent topological circuit of the example network viewed at the harmonic frequencies

respectively. The impedance of the power bus cable for
the length from the fault location to the non-linear load
terminal is denoted as Zpand its admittance is Yo
(Y12 = 1/Z1,) The non-linear load is connected at Node 2
(a2, by, c2).

Equation (4) describes the relationship between the phase
voltages at the fault location (v, v,) and the phase
voltages at the passive load (Node 1 — v,;, v;;) using the
relevant admittances.

{ (vax - val)YTx = al(Ys + Yl)
(va

4
=) = v+ 1) @

From (4), the phase voltages at the fault location can be
expressed by

Y.+ Yl)v 1
(5)

The harmonic currents at the non-linear load can also be
related to the phase voltages at the fault location and the
passive load terminal by the relevant admittances, as shown
in (6), where Ry is the fault resistance.

ianll = (vax - Val)YTx + (vwc - va)R_
sc
(6)

1
vax) R_

sC

Ipnit = (Vpye = Vo) Y1 + (Ve —

substituting (5) into (6), the voltage at the passive load
terminal (Node 1) can be expressed by

Va1 =

1
(Aigny + Bipny)
2 p2 \“Wan nl

Vp1 = A2 — (Blanll + Albnll)

where the variables 4 and B in (7) are defined in (8). Both
A and B are the function of the fault location and fault
resistance, which are represented by the admittance of the
transmission line from the fault location back to the
network source terminal Y, and the short-circuit fault
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resistance Ry, respectively.

A=Y5+Y1+<1+Y+Y‘>L
YT)C RSC (8)
( Ys—i—Yl)l
B=1[1+ —
Tx Rsc

The phase-phase voltage at the passive load (Node 1 in this
case) and the line-current flowing to this load can be
calculated by the following equations

) nll — ibnll
Vab1 = Va1 — Vo1 = GAT
. 1 1 . ©)
i (A - iy + B - i)

al Zl A2 2

The aim of the proposed algorithm is to measure the ‘line—
line self-impedance’ at each load distribution centre (Nodes
1 and 2 in this case) at the third harmonic frequency.
According to (3), the ‘line—line self-impedance’ at the
passive load (Node 1) at the third harmonic frequency (3w)
can be defined by (10). It is clear that (10) is a function of
A and B that is, the fault resistance and its location.

F
a0 = 5
_ { 1+ Z (3w)} ) Fligni)zo = Flipnn)se
ZBw)] (AGw)+ BGw)) - Flizm)so

(10)

A similar expression for the ‘line—line self-impedance’
measured at the non-linear load can be derived. At the non-
linear load terminals, the harmonic currents created by the
non-linear load can be related to the phase voltage at the
non-linear load terminals using the relevant transmission
line admittance and the phase voltage at the fault location.

{ ianll = (va2 - Vax)YTZ
Ipnit = (V2 — Vi) Y12

(11

Substituting (7) into (5), the phase voltages at the fault
location are described in terms of the harmonic currents
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flowing to the relevant phases.

- <1+YS+YI>Aianll+Bibnll
Yr

ax A2 _ 32
! . . (12)
— (14 Yo+ Y1\ Bl + Al
- Yr, A2 —

The phase voltage at the non-linear load terminal v, v;, can
be expressed by substituting (12) into (11)

Y.+ Y\ i Bi
Vo = (1 + s;_ 1)( 102121 i‘B;bnll) Y Zpi
Tx (13)
Y+ Y\ (Biyy + A4i )
Vpy = <1 + Y 1) ( A121 — o) + Zryipy
Tx

then the phase—phase voltage at the non-linear load terminal
is derived and given as

Y+ 1\ 1
Vab2 = {(1 + ‘YTx I)A +B+ZT2}(lunll —dpy)  (14)

In the frequency domain, the ‘line—line self-impedance’ at the
non-linear load terminal at the third harmonic frequency can
then be calculated using

F(vin)se
Zyp(Bw) = ﬁ

:...[<1+

1
X 16w + BBw) 10 “’)}

F (ianll)3w)
o] = RenllBe 15
( Fipse (1)

It can be seen from (10), (15) and the variables A4, B, that the
‘line—line self-impedances’ at the load terminals (including
the passive load and the non-linear load) are a function of

Y Bw)+ Y,Bw)
YTx(3w) )

fault resistance and fault location. The characteristic
indicates that these parameters can be used for identifying
fault location if a fault occurs. If the line currents flowing to
the loads via the load distribution centres are continuously
monitored together with the line voltage, and the frequency
spectra is analysed (for example by the REU), the triplen
harmonics frequencies will increase, when a fault is present,
providing a measurement which can be used to detect, and
possibly locate faults.

3 Experimental validation

Simulation results presented in [22, 23] showed the
effectiveness of line—line self-impedance at the third
harmonic frequency for fault identification and detection. In
this section, experimental results are presented to verify the
new algorithm.

3.1 Experimental distribution system

The simplified laboratory representation of the aircraft
distribution system described in [5] and simulated in [23,
24] was constructed as shown in Fig. 2. The experimental
system circuit contains a programmable supply source, —
the Chroma Programmable alternating current (AC) power
source [26]—, which has a wide output frequency range
(15—1 200 Hz) and the ability to generate a very clean AC
output. There are also two passive resistive loads (6.8 and
8.0 Q) per phase) and a non-linear load — a three-phase
capacitor-smoothed rectifier which supplies a resistive load
of 6.0 Q. The capacitor used for smoothing the output of
the rectifier has a capacitance of 4.7 mF. The transmission
cables are modelled by a lumped m-type circuit. The
characteristic parameters used for the cables here are, a
resistance of 0.02 {}/m, an inductance of 0.8 wH/m and a
capacitance of 0.12 nF/m with each section representing a
cable of length 5.5m. The parameters are typical of
unshielded twisted tierce cables.

Faults are imposed between phase 4 and phase B, at any
of the five node locations in the experimental circuit
(denoted by the numbers 1-5) using the fault-control

- FPGA controlled relay

/ ¢ :n|_nﬁlrv\ i R=0.11£2
Fault Fault resistor L=3.5pH
L ’ ks = :R|_{WY‘\ FC C=330pF
circuit brangl R = L =<
Cable e
section
Phase a =y 2 3 e, 4 =y S
Phase b u e A I p.a o Py ff‘-I
Phase ¢ Pt M . vt N 7
Ls I" L l Las
R 6.8C/phase 8Q/phase Bt
1.0 O Q.
’ -, es
% 50 V phase-phase r.m.s
400Hz

Fig. 2 Experimental circuit
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Equivalent THLSI (resistance, (2) measured at each load terminal (Nodes 1, 3 and 5) for faults imposed at locations 1-5

Rsc, Q1 Fault location 1 Fault location 2 Fault location 3 Fault location 4 Fault location 5
Node 1 Node 3 Node 5 Node 1 Node 3 Node5 Node 1 Node3 Node5 Node 1 Node 3 Node5 Node 1 Node 2 Node5
2 8.16 11.10 -0.83 959 1252 -096 10.27 13.15 —-096 10.64 13.48 —-0.88 10.05 13.01 -0.72
3 8.42 11.10 -0.80 9.74 1272 -096 10.81 13.49 -098 10.79 1410 -095 11.14 1424 -0.87
4 8.565 11.10 -0.80 10.12 1284 -095 1081 1353 -0.99 11.22 1411 -097 1158 1464 —-0.92
5 8.61 11.10 -0.79 10.14 1284 —-094 1095 1372 -099 1146 1411 -0.99 11.70 1479 -0.94

circuit shown. The fault is triggered by the user from a
bespoke FPGA-based data acquisition system, which also
coordinates data capture and processing [27, 28]. All of the
phase—phase node voltages and phase load currents are
recorded. The system can be configured to impose a
variety of different fault resistances. The test is initiated by
the user and a trigger signal is sent to the analogue-to-
digital converters to start recording data. After a scheduled
duration d;, in which the voltages and currents are
recorded when the experimental circuit is in normal (pre-
fault) operation, a trigger signal is sent to close the fault
branch. The fault is imposed for a duration d,, so that a
sufficient post-fault data can be captured. The data
recorded in the time duration d; is used to remove the
effects of the ‘background’ harmonic distortion present
during normal system operation from the post-fault data
(d;) to improve the impedance estimate at harmonic
frequencies if required [23, 24]. The data recorded in the
time duration d, are then used to calculate the equivalent
‘line—line self-impedance’ at each load centre at the third
harmonic frequency for post-fault conditions. This is
achieved by taking the Fourier transform of the measured
voltage and load current at each node, and calculating (3)
at the third harmonic frequency.

The fundamental frequency used in these experiments is
400 Hz and the line—line voltage is 50V RMS. In
successive experiments, faults are imposed at the five
potential fault locations numbered as shown in Fig. 2. At
each fault location, faults are imposed using different fault
resistors and the resulting voltages and currents are
recorded using a sampling frequency of 500 kHz. The value
of the fault resistor can vary between 2 and 5 ().

3.2 Calibration of the system

This section presents the calibration of the experimental
system. The aim of this section is to determine the third
harmonic impedance as measured at each of the load nodes,
for the known fault conditions. The fault condition is
characterised by fault resistance and fault location. Once the
system has been characterised, then unknown faults at
unknown locations can be identified and located by
coordinating the real-time measurements of third harmonic
impedance at different load nodes.

The calibration was achieved by a series of tests, whereby,
the third harmonic impedance was measured at different load
nodes for different fault resistances (2, 3, 4 and 5 ()) placed at
different fault locations. The voltages and load phase currents
at each load terminal were recorded for each test, so that the
equivalent third harmonic impedances could be calculated
offline. With this calibration data, listed in Tables 1 and 2,
equivalent third harmonic impedance curves of fault
resistance against fault locations measured at each load
node (Nodes 1, 3 and 5) can be produced.

IET Electr. Syst. Transp., 2012, Vol. 2, Iss. 3, pp. 119-129
doi: 10.1049/iet-est.2011.0051

Table 2 Equivalent THLSI (reactance, () measured at the non-
linear load terminal (node 5) for faults imposed at locations 1-5
consecutively with a known short-circuit resistance from 2 to 5 ()

Rsc, Fault Fault Fault Fault Fault

location 1 location 2 location 3 location 4 location 5
2 —0.69 -0.72 —0.69 —0.60 —0.50
3 -0.74 —0.80 -0.79 -0.72 —0.64
4 -0.78 —0.86 —0.86 —0.81 —-0.74
5 —0.80 —0.89 -0.90 —0.86 —0.81

The experimental system introduces measurement noise
and rounding error; hence the experiments were repeated
several times. The equivalent third harmonic impedances
measured at each load node for a specific fault location are
calculated by averaging the impedances estimated for five
repeated experiments under the same fault condition. The
averaged impedance values are taken as the mean values.
The variations around the mean values are calculated using

(16)

max(abs(zmax,i)a abS(Zmin,i)) - Za
Z,

av,i

v, i %

(16)

o, =T

where, o; is the variation around the impedance mean value
calibrated at the load Node i, Z,,; is the averaged
impedance value calibrated at load Node i; Zy.x, is the
maximum impedance value measured at load Node i during
calibration, while Z,; is the minimum impedance value
measured at load Node i. The maximum standard variation
around the mean impedance values at the load nodes was
found to be +2.5%. This value was used to obtain error
bars as shown in the graphs presented with the case studies.
These variations make the decision-making procedure more
complicated.

In the following subsections, different groups of unknown
faults are imposed and identified using the calibrated third
harmonic impedance curves of fault resistance against fault
locations. A rheostat with a variable resistance up to 2.2 ()
was connected in series with one of the four known fault
resistors, so that a fault with an intermediate resistance
value can be imposed on the experimental network. This
was considered to be an unknown fault.

3.3 Case studies

In this section, two groups of unknown faults were imposed
and analysed. For the first group of unknown faults, six
faults were imposed successively at location 5, but with
different short-circuit resistances. These six resistances were
2.3, 2.7, 3.3, 3.7, 43 and 4.7 (), respectively. For the
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Table 3 Equivalent THLSI measured at each load terminal for faults imposed at location 5 with six different short-circuit resistances

Rsc, Q 2.3 2.7 33 3.7 4.3 4.7
Node 1 (resistance) 10.293 11.125 11.417 11.655 11.835 11.864
Node 3 (resistance) 13.128 14.121 14.241 14.559 14.608 14.645
Node 5 resistance -0.751 —0.795 -0.877 —0.896 —0.925 —-0.931
reactance —0.539 -0.625 -0.668 -0.716 -0.763 -0.799
Equivalent Third Harmonic Resistance for Node 5
-0.724
-u.m\
Fault 1, 2.3Q
-0.764
I H -+
- { Fault location 5 |
froooee
- i
: I
o=
e
8
s Fault 3, 3.3Q
- ]
!
14 b
T Fault location 3 1
-1.02 — =5
2 22 24 26 28 3 32 34 36 38 4 42 44 46 48 5
Rsc (Ohms)

Fig. 3 Equivalent third harmonic resistance curves measured at the rectifier (Location 5) for six different faults occurring at location 5

second group of unknown faults, five faults were successively
imposed at the five potential fault locations from locations 1
to 5 with the same fault resistance, 2.3 (). In this study,
note that for Nodes 1 and 3, the reactance values were
negligible.

3.3.1 Case 1 - different fault resistances: The
equivalent third harmonic impedances measured at each
load node are listed in Table 3 when the six faults occur
successively at location 5. The decision making process
uses calibrated curves for the third harmonic resistance and
reactance measured at Node 5.

To illustrate the decision making process, the following
description refers to Fig. 3. The solid lines denote the
different calibration curves — the values from Table 3 —
with estimated error range measured at Node 5 for different
known faults and fault locations. The horizontal axis is the
fault resistance varying from 2 to 5 (), denoted as Ry ({2).
The different style horizontal lines (such as dotted, dash-
dot, dash and solid) correspond to the third harmonic
resistance measured at Node 5 when the unknown faults
occur, as shown in Table 3.

The intersection of each dotted line with each solid line
provides a potential solution for the identification of each
unknown fault. For example, a measured resistance of
—0.795 Q) (Fault 2) could indicate a fault resistance in the
range of 2.6—5 () at fault location 1, or a fault resistance in
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the range of 2.2—2.8 () at fault location 5. The intersections
for each measured third harmonic resistance for the
unknown faults (Faults 1-6) with the calibrated third
harmonic resistance curves for the different calibrated
locations (FL1—FL5) are listed in Table 4. In Table 4, it
can be seen that the first fault (Fault 1) has only one
solution, which indicates that this fault occurs at location 5
with a fault resistance in the range 2—2.4 (). For the other
faults, further information is required to identify each fault
explicitly. The equivalent third harmonic reactance curves
against fault locations measured at location 5 are plotted in
Fig. 4 and use the same representation as in Fig. 3. The
measured third harmonic reactances for the six unknown
faults are also depicted by dotted lines in Fig. 4.

Table 4 Solutions for six faults using the equivalent third
harmonic resistance curves against fault locations for the rectifier

Fault Curve

FL1 FL2 FL3 FL4 FL5
Fault 1 - - - - 2-2.4
Fault 2 2.6-5 - - - 2.2-2.8
Fault 3 - - - 2-2.4 2.8-3.6
Fault 4 - - - 2-2.6 3-4.2
Fault 5 - 3.8-5 - 2.2-3 3.6-5
Fault 6 - 3.4-5 - 2.2-3.4 3.6-5
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Equivalent Third Harmonic Reactance for Node 5

-0.48 T T T T T T

T T T T T T

-0.564 :
-0.584 Fault location 5

Reactance (Ohms)

Fault 1, 2.3Q

Fault2, 2.7Q
—a=]

Fault 3, 3.3Q

Fault 4, 3.7Q

Fault location 2

I Fault 5, 4.3Q
] Fault 6, 4.70

Fault location 4 1

2 22 24 26 28 3 32 34

38 4 42 44 46 48 5

Rsc (Ohms)

Fig. 4 Equivalent third harmonic reactance curves measured at the rectifier (Location 5) for six different faults occurring at location 5

The solutions for each fault, that is, the intersections
between the dotted and solid curves of Fig. 4 are listed in
Table 5. From Table 5, it is clear that the first and second
faults (Faults 1 and 2) have a unique solution. Fault 1
occurred at location 5 with a fault resistance in the range of
2-2.4 Q, which is consistent with the actual measured fault
resistance. Fault 2 occurred at location 5 with a fault
resistance in the range of 2.6—3 (). In combination with the
solution given in Table 4, the range of the possible fault
resistance values for Fault 2 was narrowed down to (2.6,
2.8 ()), consistent with the actual fault resistance used
(2.7 Q). For Faults 3—6, further information is still needed
to identify them explicitly. This is achieved by using the
third harmonic impedance measured at the other load
nodes. In an analogous way, the calibrated third harmonic
resistance curves against fault location as measured at the
passive loads (Node 1 and 3) can be presented with the
equivalent third harmonic resistances for the four remaining
unknown faults (Faults 3—6) which can be plotted as
horizontal lines. Owing to space limitation, these figures are
not presented here.

In Table 6 the solutions — the curve intersections — for the
four unidentified faults are listed (Faults 3—6) using the

Table 5 Solutions for six faults using the equivalent third
harmonic reactance curves against fault location for the rectifier

Fault Curve

FL1 FL2 FL4 FL5
Fault 1 - - - 2-2.4
Fault 2 - - - 2.6-3
Fault 3 - - 2.4-2.8 3-3.6
Fault 4 - 2-2.2 2.8-3.2 3.6-4
Fault 5 - 2.2-2.8 3.2-3.8 4-4.6
Fault 6 - 2.6-3.4 3.6-4.4 4.6-5

calibrated third harmonic resistance curves measured at the
passive load at Node 3. It is clear that Faults 4 — achieve
unique solutions. It indicates that these three faults occur
at location 5. Fault 4 occurs at location 5 with a fault
resistance in the range of 2.8—5(), Fault 5 occurs at
location 5 with a fault resistance in the range of 3—5 () and
Fault 6 occurs at location 5 with a fault resistance in the
range of 4-5 (). The calibrated third harmonic resistance
curves measured at the passive load at Node 1 are then used
to identify the remaining unidentified faults. The solutions for
Fault 3 are tabulated in Table 7.

For Fault 3, Tables 4—7 indicate that there are two
solutions to the fault location, that is, location 4 and
location 5. If this fault occurs at location 4, the solutions for

Table 6 Solutions for the four unidentified faults (Faults 3 to 6)
using the equivalent third harmonic resistance curves against fault
locations for the passive load at Node 3

Fault Curve

FL4 FL5
Fault 3 2.6-5 2.6-4
Fault 4 - 2.8-5
Fault 5 - 3-5
Fault 6 - 3-5

Table 7 Solution for the one unidentified fault (Fault 3) using the
equivalent third harmonic reactance curves against fault locations
for the passive load at Node 1

Fault Curve

FL4 FL5

Fault 3 3.4-5 3-5

IET Electr. Syst. Transp., 2012, Vol. 2, Iss. 3, pp. 119-129
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Table 8 Equivalent third harmonic impedances measured at each load terminal for five faults imposed at five potential fault locations

with the same fault resistance, 2.3 ()

Fault conditions Fault 1 Fault 2 Fault 3 Fault 4 Fault 5
Node 1 (resistance) 8.327 9.860 10.456 10.583 10.293
Node 3 (resistance) 11.073 12.610 13.323 13.483 13.128
Node 5 resistance -0.827 —0.955 -0.951 —0.881 —0.751

reactance —-0.713 —0.748 —0.715 —0.633 —0.539

Table 9 Solutions for five faults using the equivalent third
harmonic resistance curves against fault locations for the rectifier

Fault Curve

FL1 FL2 FL3 FL4 FL5
Fault 1 2-3 - - 2.4-3
Fault 2 - 2-5 2-3 2.6-4.6 4.4-5
Fault 3 - 2-5 2-2.8 2.6-4.4 4.4-5
Fault 4 - - 2-2.4 2.8-3.8
Fault 5 - - - - 2-2.4

the fault resistance in each of the tables are (2, 2.4), (2.4, 2.8),
(2.6, 5) and (3.4, 5) Q) for Tables 69, respectively. There is
no common fault resistance for this set indicating that the fault
did not occur at location 4. If this fault occurs at location 5,
the solutions for fault resistance specified in each table are
(2.8, 3.6), (3, 3.6), (2.6, 4) and (3, 5) Q for Tables 6-9,
respectively. The common fault resistance for these sets is
(3, 3.6) Q). This logical process indicates that this fault
occurred at location 5 with a fault resistance range of (3,
3.6) Q). By combining all the solutions tabulated in
Table 4—7, all the six unknown faults were detected and
correctly located at Node 5.

3.3.2 Case 2 - faults at different locations: In the
second case study, five faults are successively imposed at
the five potential fault locations from locations 1 to 5. Each
time a fault resistance of 2.3 () was used. The equivalent
third harmonic impedances measured for the 5 unknown
faults at each load terminal are listed in Table 8.

The procedure to identify these five faults is implemented
in an analogous way to Case 1. The calibrated third
harmonic resistance curves against fault locations measured
at Node 5 are shown again in Fig. 5, together with the
measured third harmonic resistance for the five unknown
faults (as measured at Node 5).

The intersections for each third harmonic fault resistance
measured with the calibrated third harmonic resistance
curves for each fault location are listed in Table 9. Only
Fault 5 is identified unambiguously. The calibrated third
harmonic reactance curves for each fault location as
measured at Node 5 and the calibrated resistance curves as
measured at Nodes 1 and 3 are required to identify clearly,
the four unknown faults (Faults 1-4).

The calibrated third harmonic reactance curves at Node 5
are shown in Fig. 6 with the five faults of Case 2. The
curve intersections are specified in Table 10.

By combining Tables 9 and 10, Fault 1 achieved a unique
solution. Fault 1 occurred at location 1 with a fault resistance

Equivalent Third Harmonic Resistance for Node 5
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Fig.5 FEquivalent third harmonic resistance curves against fault locations measured for rectifier’s terminals (Location 5) with five faults
occurring at the five potential fault locations with the same fault resistance 2.3 (2
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Equivalent Third Harmonic Reactance for Node 5
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Fig. 6 Equivalent third harmonic reactance curves against fault locations measured for rectifier’s terminals (Location 5) with five faults
occurring at the five potential fault locations with the same fault resistance 2.3 ()

Table 10 Solutions for five faults using the equivalent third
harmonic reactance curves against fault locations for the rectifier

Fault Curve

FL1 FL2 FL3 FL4 FL5
Fault 1 2-2.8 - - - 3.4-4
Fault 2 - 2-2.6 2.2-2.8 3-3.6 3.8-4.4
Fault 3 - 2-2.2 2-2.6 2.8-3.2 3.6-4
Fault 4 - - - 2-2.4 2.8-3.2

in the range of 2—2.8 ). The remaining three unidentified
faults (Faults 2-4) need more information to
unambiguously identify the fault locations. Similarly, the
calibrated third harmonic resistance curves measured for
the passive load at Node 3 can be easily reproduced with
the three unidentified faults.

In an analogous way, the remaining unidentified faults can
be analysed in combination with the calibrated third harmonic
impedance curves (including resistance and reactance)
measured for passive loads. The final solutions for these
five unknown faults are listed in Table 11.

Table 11 Solutions for five unknown faults
Fault Solution
Fault location Fault resistance,()

Fault 1 location 1 2-2.8

Fault 2 location 2 2-2.6

Fault 3 location 3 2-2.6

Fault 4 location 4 2-2.4

Fault 5 location 5 2-2.4

IET Electr. Syst. Transp., 2012, Vol. 2, Iss. 3, pp. 119-129
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The actual value of the fault resistance 2.3 (), is within the
fault resistance range identified for each fault.

4 Discussion

The experimental results for the simplified system of the
previous section demonstrated that by combining the
information measured from different load distribution
centres, a logical decision process can be executed which
can determine the correct fault location and fault resistance
for the experimental conditions. The method employed
here calculates the ‘line—line self-impedances’ from the
measured current and voltage by using a discrete Fourier
transform algorithm. Data are captured for 20 cycles after
the fault is imposed and the system reaches the steady state
again and the impedances are at present calculated offline.
In the experiments, a resistor and an inductor connected in
series represent cables with a length of 5.5 m. The solutions
for different unknown experimental faults indicate that the
proposed approach can correctly distinguish faults occurring
on cable sections. It can also be concluded that the fault
location resolution is to be about 5.5 m in this experimental
system. This approach demonstrates the viability of the
line—line self-impedances as a parameter which can be used
for cable condition monitoring, and that monitoring can be
achieved by using current measurements normally available
at load distribution centres, and by additional decision
making logic within a central controller with little
additional hardware cost. Although, this experimental rig is
somewhat simplified compared with an actual aircraft
distribution system, the studies of [23, 24] have shown that
the principle can be applied if only the major load
distribution centres are considered in a more complicated
system, although a good knowledge of system layout is
required. In this algorithm, the equivalent third harmonic
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resistance curves depend on the load condition as well, but
this should be known as the loads are continuously
monitored in this system. Once the load condition changed
and was known, the equivalent third harmonic impedance
curves can be reproduced accordingly and the same
identification procedure can be applied if any fault happens
afterwards.

The actual implementation of the algorithm in a practical
application needs further investigation. There is a trade-off
between the speed of response and accuracy (and also false
trips) which needs further consideration if this is to be
applied directly for backup protection. Other algorithms
may be better suited to fast, real-time decision making, for
example, digital synchronous filters which can be used with
a variable central frequency or a multi-rate filter bank [18],
wavelets (although their real-time processing requirements
are still large even if they reduce data capture times). These
are currently under investigation. It has been noted already
that the impedance measurements are small and can be
corrupted by measurement and other noise, resulting in a
low SNR. Error bounds can be incorporated into the
calibration and decision making processes as appropriate.
Moreover, if the data is used for fault location rather than
fault detection, advanced signal processing algorithms as
discussed could be used to improve the effective SNR and
provide a more robust decision. Further work is required
here to determine whether, statistical or probability based
algorithms would enhance the decisions made for a
hierarchical approach to condition monitoring and in-service
maintenance.

The commissioning phase described in Section 3.2 outlines
a complicated experimental approach to determine the third
harmonic self-impedance curves used for fault detection.
An alternative mathematical approach based on system
configuration, and cable parameters has been derived and
will be presented in a future publication. The basis of this
approach extends from (9) and (14) exploiting the
parameters 4 and B. The required information should be
readily available for a particular aircraft distribution system,
and the curves can potentially be recalculated online as
the distribution is reconfigured for different loading
arrangements.

5 Conclusions

A new fault location scheme has been proposed, which uses
impedance estimation at the third harmonic frequency. The
newly defined line—line impedance, as viewed from the
load distribution points, does not have a direct physical
meaning, although, it is dependent on the physical phase
impedances of the system to some extent. They are also
dependent on the ratios of the line currents involved in the
calculation of the line—line impedance. In normal service,
the system will contain low levels of triplen currents. When
faults occur, the change of conduction mode of the rectifiers
will result in the generation of triplen harmonics. Therefore
the impedance at third harmonic frequency is used to detect
and identify the fault location. The fault location is found
by comparing the measured values during a fault with data
obtained via a calibration process. This calibration needs to
be performed with equipment in situ and is performed as
part of the commissioning of the equipment or after the
distribution system has been renovated. This may add
complexity and time for aircraft construction, but the
resultant benefits for system condition monitoring have the
potential to be more than a compensation. This approach
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has advantages over artificial intelligence-based methods,
such as neural networks, as the decisive process is
transparent and verifiable.

The method has been validated by the experimental
results. This proposed fault detection scheme using the
THLSI can be applied to provide additional information to
the primary protection system for accurately determining
fault locations in order to take corresponding action. By
using the measured load currents rather than the actual
bus currents, it provides an independent approach to
bus protection, which does not rely on bus current
measurement.
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