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PROTECTION SYSTEM FOR AN
ELECTRICAL POWER NETWORK

The present invention relates to a protection system for an
electrical power network.

It is important to protect electrical power networks from
faults, such as short circuits, in order to safeguard users and to
prevent or reduce damage to components of the network. One
approach to network protection is known as non-unit protec-
tion. This approach looks at the network from a single point to
detect a fault on a line. There are a number of known tech-
nologies which perform non-unit protection, three of which
are discussed below.

Overcurrent protection is commonly implemented in com-
pact DC systems, such as marine and aerospace electrical
networks, and operates on the principle that when a fault
occurs on a network, the resulting current is usually signifi-
cantly higher than that experienced under normal operating
conditions. This allows an upper current threshold to be set
(above the normal operating current) and when the current
rises above this threshold, it indicates that there is a fault on
the system. The fault current can be of a varying magnitude
depending on the location of the fault, which can lead to
different fault levels at different parts of the network. FIG. 1
shows circuit breaker relays 1 at different distances from a
generator 2 along a radial current distribution line 3. The
upper current thresholds at different parts of the network are
indicated. A main aim of any protection scheme is to locate
and isolate faults with minimum disruption to the rest of the
network. and this can be achieved here by co-ordinating the
relay settings, so only the relay closest to the fault will oper-
ate. To provide backup, upstream relays may also operate
after a time delay for downstream faults beyond other relays.

In many implementations, overcurrent protection is imple-
mented using overcurrent relays with an inverse time-current
characteristic. Thus if the current reaches a certain range a
relay will operate the circuit breaker after a time depending on
the value of the current; the higher the current, the shorter the
operating time. The circuit breaker can also be set to operate
instantaneously if the current exceeds a certain value. These
values can be manually adjusted, either changing the delay
times or changing the current thresholds.

Another technology, commonly used in DC traction appli-
cations, is rate of current rise (ROCR) fault protection.

ROCR fault protection operates on the principle that under
fault conditions current will rise more rapidly than under
normal operating conditions. The approach is quite similar to
overcurrent protection, but a significant advantage is that
faults can be detected earlier as the fault is detected while
current is rising rather than at its peak. Thus the full fault
current does not need to develop to allow detection and dis-
crimination. Harly fault detection and isolation is generally
advantageous as it can help minimise disruption to the rest of
the network and to reduce stress on circuit breaking equip-
ment. FIG. 2 illustrates various levels of ROCR which a
network may expetience.

There are two distinct regions where load transients and
fault transients would normally lie in terms of ROCR. How-
ever there is also a region of overlap where distinguishing
between large load transients and high resistance faults
becomes difficult. Partly for this reason ROCR is not usually
used in isolation, and is normally accompanied by a current
magnitude measurement to avoid spurious tripping.

The third technology is distance protection. This is com-
monly employed on long lengths of line (such as transmission
lines). However, it is not as common in compact systems as
the desired levels of discrimination are difficult to achieve.
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Distance protection operates on the principle that the
impedance of a transmission line is proportional to the length
of the line, and so by measuring the impedance, the length of
a line can be derived. Distance protection is implemented by
measuring voltage and current at a point on the network and
from that the impedance of the line downstream of that point
can be calculated. If a fault occurs on the network it effec-
tively shortens the length of the line from the point of mea-
surement to the point of fault and so will change the measured
impedance. The impedance characteristic is illustrated in
FIG. 3 which shows three overlapping zones of protection
covered by arelay physically located at the crossing between
the X and R axis. Due to the uncertainties in both measure-
ment and line parameters, which make it difficult to protect an
exact length of line, the overlapping zones are used so that
each part of the line can be protected. Faults in Zone 1 operate
protection instantaneously, and in Zones 2 and 3 with respec-
tively increasing time delays.

In physically compact power systems with short lengths of
cable, such as those found in aerospace and marine applica-
tions, the impedances separating the load and generation sys-
tems are typically very small. This creates two fundamental
problems for fault detection and isolation.

The first of these 1s that, due to the limited impedance of the
line, if a fault has any resistance of its own (such is the case
with arc faults) it can be difficult to discriminate between
faults at different locations. This is because the fault resis-
tance may dominate the overall fault path impedance, and
hence the fault response. This can result in the system
response being very similar for faults at different locations,
making detection and discrimination challenging. Also, given
that this resistance is an unknown variable, it can be difficult
to set protection to operate for all range of faults that may be
experienced.

Each of the three known technologies discussed above are
sensitive to fault resistance in varying degrees. In respect of
overcurrent protection, a high fault resistance suppresses the
fault current and so overcurrent detection becomes less effec-
tive. In most cases, fault resistance is likely to be lower than
load resistance, allowing faults to be detected (as fault cur-
rents will still be higher than the load current), but speed of
operation will be reduced such that a fault can remain on the
network for longer. Similarly to overcurrent protection, aver-
age ROCR over a period of time will be suppressed by any
fault resistance, making the difference between faulted opera-
tion and normal operation less distinct. Thus, under ROCR
fault protection, faults may not being detected or reduced
speeds of operation may result. Under distance protection, in
compact networks the impedance measurement can be easily
offset by the fault resistance given the difference between
cable impedance and fault resistance. This effectively rules
out distance protection as a viable solution in such networks.

A second issue to consider is that electrical faults in physi-
cally compact networks are likely to develop very rapidly, in
comparison to larger systems, and can be very severe in nature
if high fault level sources (such as capacitors) are present.
This fast fault development poses a significant challenge in
terms of isolating of the fault in sufficient time in order to limit
damage to equipment as well as minimising the risk to per-
sonnel. In addition, fast fault development can cause coordi-
nation issues between network protection and internal con-
verter protection on the network. Therefore, within compact
networks, fast acting protection (which implies rapid fault
detection) is desirable, but can be problematic to achieve.

Rapid fault detection and discrimination can be difficult to
achieve with conventional non-unit protection approaches for
a number of reasons, including:
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The high fault current from capacitors can cause instanta-
neous tripping of circuit breakers.

For resistive faults, fault levels generally do not change
much when moving away from the source of the fault.

Capacitive discharge currents can cause partial circuit
breaker operation, where the breaker begins to operate
on the high current but when that dissipates the fault is
not fully cleared.

Graded overcurrent protection can take a relatively long
timeto achieve proper discrimination, which can present
problems in the coordination of converter internal pro-
tection and network protection.

A further issue is the size of the contactor/circuit breaking
equipment required to break fault currents, especially in DC
systems where circuit breakers are significantly larger than
for the equivalently current rated AC devices. This is particu-
larly a problem for compact systems where space and weight
are major constraints on electrical system design. For
example, if such a system utilises overcurrent protection, then
the peak fault currents required to be interrupted can be very
high and so require large circuit breaking equipment to isolate
the fault. A more desirable solution would be to isolate the
fault before the full fault current develops, allowing the cir-
cuit breaker ratings (including size and weight) to be lowered
accordingly.

An aim of the present invention is to provide a protection
system for an electrical power network that addresses the
issues discussed above.

Accordingly, a first aspect of the present invention provides
a protection system for an electrical power network, the sys-
tem having:

one or more circuit breaker arrangements which on activa-
tion isolate electrical faults within the network, and

one or more fault detectors;

wherein the or each fault detector measures an inductance
of a respective section of the network, the system being
configured to activate one or more of the circuit breaker
arrangements in response to measured inductances
which are indicative of a fault.

Advantageously, by basing fault protection on inductance
measurement, the system enables rapid fault detection and
isolation. The system can be particularly useful when applied
to the protection of compact networks.

The protection system may have any one or, to the extent
that they are compatible, any combination of the following
optional features.

The or each fault detector can measure the inductance of a
respective section of the network containing a corresponding
circuit breaker arrangement. This circuit breaker arrangement
can then be configured to activate when the measured induc-
tance falls beneath a predetermined inductance which is
indicative of a fault in the section. In this way, the system can
implement a distributed and autonomous form of protection.
Conveniently, the predetermined inductance for the section
can be the inductance for that section in the absence of a fault.

Alternatively, the system may have:

a plurality of the circuit breaker arrangements,

a plurality of the fault detectors, and

a control unit which operatively connects the fault detec-
tors to the circuit breaker arrangements;

wherein:

the fault detectors measure the inductances of respective
sections of the network, and

the control unit is configured to receive the measured
inductances from the fault detectors, to determine there-
from the likely location of an electrical fault, and to send
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an activation signal to one or more of the circuit breaker
arrangements to isolate the fault.

Thus rather than distributed and autonomous protection,
such a system can provide a more sophisticated form of
protection. Advantageously, the use of a plurality of measured
inductances to determine the likely location of an electrical
fault allows faults which are located on parts of the network
more distal from the fault detectors to be detected and iso-
lated. For example, such faults may be busbar faults.

Preferably, the or each fault detector includes:

a capacitance on the respective section of the network, and

a sensor for measuring the voltage drop, V-, across the

capacitance and the rate of change of current, di/dt, at the
capacitance output;

the inductance of the respective section being determined

from V /(di/dt).

The protection system may further have a fault type iden-
tification arrangement which receives from the fault detectors
the measured rates of change of current, di/dt, determines
therefrom the second derivatives of current, d*i/dt>, across the
capacitances, and identifies fault types from the second
derivatives. The second derivative of current is generally pro-
portional to fault resistance, which in turn can be character-
istic of the fault type.

A second aspect of the invention provides an electrical
power network having the protection system according to the
first aspect. For example, the network can be a non land-
based, (e.g. marine or aerospace) network. Typically, the net-
work is a DC network, although applications to AC networks
are not excluded.

The or each respective section of the network can interface
to a corresponding power electronic converter for connection
of a power supply or load to the network, the respective fault
detector for the section conveniently measuring the induc-
tance from a position at the interface of the converter with the
section. Such a position is usually convenient due to the
output capacitance at the converter interface. However, sepa-
rate capacitances can also be provided in the network for
inductance measurement at other positions, e.g. on network
sections without power electronic converters.

A third aspect of the invention provides a method of pro-
tecting an electrical power network, the method including the
steps of:

providing one or more circuit breaker arrangements which

on activation isolate electrical faults within the network
measuring inductances of one or more respective sections
of the network, and

activating one or more of the circuit breaker arrangements

in response to measured inductances which are indica-
tive of a fault.

Thus the method can be performed using the system of the
first aspect. Optional features of the system thus provide
corresponding optional features of the method.

For example, in the measuring step, the or each respective
section of the network may contain a corresponding circuit
breaker arrangement, and in the activating step, a correspond-
ing circuit breaker arrangement may be activated when the
measured inductance for the respective section falls beneath a
predetermined inductance which is indicative of a fault in the
section. In this way, the method can implement distributed
and autonomous fault protection. The predetermined induc-
tance for the section can conveniently be the inductance for
that section in the absence of a fault.

Preferably, in the measuring step, the inductance of the or
each respective section is determined from V /(di/dt), where
V o is the voltage drop measured across a capacitance on the
section, and di/dt is the rate of change of current measured at
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the capacitance output. However, the method may include the
further steps of: determining from the measured rates of
change of current, di/dt, the second derivatives of current,
d?/dt, at the capacitance outputs; and identifying fault types
from the second derivatives.

Embodiments of the invention will now be described by
way of example with reference to the accompanying draw-
ings in which:

FIG. 1 shows a radial current distribution line;

FIG. 2 shows levels of ROCR which a network may expe-
rience;

FIG. 3 shows the impedance characteristics of three over-
lapping zones of protection;

FIG. 4 shows an equivalent RLC circuit diagram for a
section of a distribution network containing a fault; and

FIG. 5 shows a schematic diagram of a power network for
an unmanned aerial vehicle.

The protection system of the present invention is suitable
for DC distribution networks where e.g. generators, energy
storage devices and loads (both AC and DC) are interfaced
through power electronic converters to the network.

Typically such a converter has a capacitance on the DC
side. The protection system can monitor the initial rate of
change of current discharge from the capacitance after the
occurrence of a fault and use this to determine the fault
location. This information can be used by the system to ensure
coordinated operation of circuit breakers.

When a fault occurs on the DC network, each capacitor at
a converter output begins to discharge and contribute to the
fault. The initial rate of change of current at which these
sources discharge is dependent on the initial voltage between
the capacitance and the fault and the fault path inductance.
When this initial rate of change is measured within an appro-
priate time frame, then fault location can be estimated
through the calculation of line inductance.

More particularly, FIG. 4 shows an equivalent RLC circuit
diagram for a section of the network containing a fault 4.
When a switching event occurs (i.e. the fault), the voltage at
the point of the fault initially decreases, creating a difference
between the capacitor voltage V. and the fault voltage. To
balance these voltages, the capacitor discharges current i.

Using the Laplace transform method, the current i can be
expressed as:

Ve (0)

+5-1.00)

R 1
S =5+ ——
L L-Cr

i(s) =

where V. (0) is the initial voltage across the capacitor, 1;(0)
is the initial current in the line, L is the inductance between the
capacitor and fault, R is the resistance between the capacitor
and the fault and C. is the capacitance of the capacitor. The
derivative of this current is:

di 1(0)[ s+ Wg }
2 —a- g +
ds 1 S+2-5-+ 0+ 0y d 24205 @402 + W)
Ve, (0)-1
2-1I;(0)-R Wy s+a
- > tlg 2 2
Ly SE+2-s-a+ 0t +wh 225 o+t +w)

where o is the damping factor (or Neper frequency) and is
defined as:
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and the term w,,1s the resonant radian frequency and is defined
as:

o1

We = .
VL Cr

Using initial value theorem (as t tends to zero, s tends to
infinity) this results in:

x(t—>0)=5-X(s > 00)

5- dl(sd? ) oo Qo
di(s = c0) . Vep (0= -10)-R
ds L
OR

dit—0) Ve (0)—-1.0)-R
-
dr L

The equation for di/dt (as t approaches zero) shows that
immediately after the switching event, the derivative current
response will depend mainly on inductance, with the resistive
contribution being dependent on initial (load) current where it
creates an opposing voltage. If it is assumed that I;(0).R is
negligible, then the measurement of di/dt and V(0) allow L to
be determined. Rearranging the above equation for induc-
tance (and ignoring the I, (0).R term) gives:

Vep (@)
T dit-0)
dt

Thus the inductance L, of the section of the network con-
taining the fault can be determined by measuring the voltage
drop across the capacitor and the initial rate of change of
current at the capacitor output, with the inductance being
more accurately determined the closer the measurement is
made to time zero. Then, with knowledge of the inductance
per unit length (H/m) of the unfaulted line, the distance from
the capacitor to the fault can be calculated. However, the rate
at which the magnitude of di/dt decays from the time zero
value is proportional to the damping factor, a, and so the
greater the fault resistance the quicker di/dt decays, making
measurement more difficult.

The above analysis is valid for short circuit faults (which by
definition have zero impedance) and purely resistive faults.
However, for arc faults at least, studies show that voltage and
current are in phase and so an assumption of purely resistive
faults is valid.

In a similar manner to the measurement of impedance in
distance protection, preferably the protection system of the
present invention makes the inductance measurement with
sufficient accuracy to place a fault in a certain protection
zone. This can then help to inform the protection system of an
appropriate response to the fault.

As an example, FIG. 5 shows a schematic diagram of a
power network for an unmanned aerial vehicle (UAV). Within
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the network there are two converter interfaced generators, one
converter interfaced active load group (representative of avi-
onics loads for example) and one passive load group (repre-
sentative of wing de-icing systems for example). A busbar
connects the parts of the network. The three converter inter-
face parts of the network provide three potential measurement
points from whichto locate network faults. If a fault occurs on
a branch of the network it should be isolated from the busbar
while non-faulted branches should remain connected.

To achieve the desired discrimination for branch faults, the
initial di/dt can be measured by a sensor on each of the
converter output capacitors. Operating in isolation from each
other, each sensor then sends a signal tripping circuit breakers
for the respective branch if the measured initial di/dt exceeds
a certain threshold. For example, for protection to operate for
faults on a branch up to the busbar, the threshold would be
exceeded when the measured inductance is less than the
inductance of the conductor connecting the capacitor to the
busbar, i.e. less than the inductance for that branch in the
absence of a fault. The process of operation in this case would
be:

1. Determine loop inductance up to the busbar (L;,,.)

2. Set relay to trip when V. /(di/dt)<L,,,

3. Continuously measure V -_and di/dt and send trip signal

to circuit breakers when threshold is exceeded.

As abackup, breakers beyond the protected branches could
operate after a short time delay.

For faults beyond the protected branches, protection else-
where in the network may be needed to isolate the faults. In
the example network of FIG. 5, there is no means of isolating
faults on the DC busbar, and these faults can only be cleared
through the disconnection of all sources of fault current.

Advantageously, the use of inductance measurement for
fault location rather than impedance facilitates faster detec-
tion of and thereby protection against faults. In particular, the
inductance measurement only requires a few measurements
for fault detection, unlike known derivative current schemes
where current is measured over much longer periods.

However, there are further advantages of the present inven-
tion such as:

The detection of faults within a short time frame and prior
to full capacitor discharge can prevent damage to net-
work components and operation of internal fuse links.
Protection coordination issues caused by capacitors dis-
charging can also be avoided.

Improvement of coordination between network protection
and converter internal protection, as fault detection can
be performed prior to converter protection operation.

The operation of protection at lower current levels can
reduce stress on the circuit breaking components, espe-
cially for DC networks where there is no zero crossing
point. This can help improve long term component reli-
ability. It can also reduce post fault transients, and poten-
tially reduce breaker size requirements due to operation
at lower fault levels.

Quicker fault isolation reduces the impact of faults on the
rest of the network.

The voltage recovery time of the network can be improved
if capacitors do not fully discharge their stored energy.

In the network of FIG. 5, the fault protection is distributed
with autonomous decision-making elements (i.e. respective
capacitor, sensor, and circuit breakers) for the protected
branches. However, in an alternative system, a central control
unit could combine inductance measurements from a plural-
ity of positions in the network and then make a more informed
decision about the correct protective action to take in the case
of a fault.
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For example, the centralised processing of a number of
measurements could be used to locate a fault. In the network
of FIG. 5 each inductance measurement can provide a respec-
tive approximate distance to the fault. However, if parallel
paths exist between a capacitor and the fault (such as a busbar
fault) then a single inductance measurement could be sugges-
tive of a number of possible locations for the fault. Thus to
allow the precise fault location to be derived, a number of
inductance measurements can be compared. The location
information can then be used to isolate the faulted area. For
example, consider a case where a fault occurs at the passive
load terminals, as illustrated in FIG. 5. An inductance mea-
surement from either of the converter interfaces at the gen-
erators would be unable to accurately determine fault loca-
tion, as a fault at the active load would present a very similar
response (provided the inductance of the cables connecting is
similar). However by also monitoring the active load capaci-
tor output, measurements can be combined to determine that:
first the fault does not exist on any of the branches where
measurements are being taken, and second, the fault’s dis-
tance from each of the measurement points and hence its
approximate location.

Rather than using the output capacitance of converters for
fault location, separate protection capacitors, used purely for
fault detection and location, could be integrated into the net-
work. These could consist of a single centralised capacitor or
a number of small capacitors connected at key points in the
network. The capacitors could be connected through a resis-
tance to ensure fault level is not significantly increased. Use
of such protection capacitors could provide protection for
additional areas of a network e.g. non-converter interfaced
loads.

Another option is to calculate the initial second current
derivative from the current measurements. As the initial sec-
ond current derivative is proportional to resistance, the cal-
culation can provide an indication of fault resistance and
hence help to identify the type of fault (e.g. as part of a
post-fault diagnosis tool). Such information can be used to
protect against or prevent the fault in the future.

The inductance measurement and associated circuit break-
er(s) could be adopted as part of a converter’s own protection.
Converter protection and network protection may then
respond to faults in a more coordinated way. This could help
prevent the unnecessary and undesirable tripping of convert-
ers.

Although described above in relation to the power network
of FIG. 5, the protection system may also have application in
transmission and distribution networks (both AC and DC)
where significant capacitance is present in the network, such
as for filtering at the converter output of wind turbines, tidal or
wave generators, or photovoltaic systems. Application could
also be extended to network sections with reactive power
compensation capacitors or high-voltage DC links. Monitor-
ing of the initial derivative current can indicate fault path
inductance, from which fault location can be derived. For AC
systems, the frequency of any fault transient from the capaci-
tive discharge is likely to be far higher than the system fre-
quency and so the measured fault current derivative should be
easily distinguishable from any current waveform. However,
in AC systems there will be a variable voltage across the
capacitance. As the magnitude of di/dt is proportional to this
voltage, a fault occurring around a voltage zero will cause
di/dt to be much reduced relative to peak levels. This may lead
to difficulties detecting the fault from the inductance mea-
surement.

Although the protection system typically performs best
when applied to compact networks, it can also be applied to
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all converter interfaced systems with substantial output
capacitance. Potential application areas include aerospace,
marine, microgrid, space and power station DC auxiliary
supply applications.

While the invention has been described in conjunction with
the exemplary embodiments described above, many equiva-
lent modifications and variations will be apparent to those
skilled in the art when given this disclosure. Accordingly, the
exemplary embodiments of the invention set forth above are
considered to be illustrative and not limiting. Various changes
to the described embodiments may be made without depart-
ing from the spirit and scope of the invention.

The invention claimed is:

1. A protection system for a DC electrical power network,
the system having:

at least one convertor for connection of a power supply or

load to the network, the convertor having an output
capacitor;

one or more circuit breaker arrangements which on activa-

tion isolate electrical faults within the network;

one or more fault detectors including a sensor for measur-

ing the voltage drop, V -z, across the output capacitor
and the rate of change of current, di/dt, at the output
capacitor; and

afaulttype identification arrangement which receives from

the fault detectors the measured rates of change of cur-
rent, di/dt, determines therefrom second derivatives of
current, d2i/dt2, across the capacitances, and identifies
fault types from the second derivatives,

wherein the or each fault detector measures an inductance

of a respective section of the network, the system being
configured to activate one or more of the circuit breaker
arrangements in response to measured inductances
which are indicative of a fault, and

the inductance of the respective section is determined from

V o#/(di/dt).

2. A protection system for an electrical power network
according to claim 1, wherein the or each fault detector mea-
sures the inductance of a respective section of the network
containing a corresponding circuit breaker arrangement,
which circuit breaker arrangement is configured to activate
when the measured inductance falls beneath a predetermined
inductance which is indicative of a fault in the section.

3. A protection system according to claim 2, wherein the
predetermined inductance for the section 1s the inductance for
that section in the absence of a fault.

4. A protection system for an electrical power distribution
network according to claim 1, the system having:

a plurality of the circuit breaker arrangements,

a plurality of the fault detectors, and
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a control unit which operatively connects the fault detec-

tors to the circuit breaker arrangements;

wherein:

the fault detectors measure the inductances of respective

sections of the network, and

the control unit is configured to receive the measured

inductances from the fault detectors, to determine there-
from the likely location of an electrical fault, and to send
an activation signal to one or more of the circuit breaker
arrangements to isolate the fault.

5. An electrical power network having the protection sys-
tem according to claim 1.

6. An electrical power network according to claim 5,
wherein the or each respective section of the network inter-
faces to a corresponding power electronic converter for con-
nection of a power supply or load to the network, the respec-
tive fault detector for the section measuring the inductance
from a position at the interface of the converter with the
section.

7. A method of protecting a DC electrical power network,
the method including the steps of:

providing at least one convertor for connection of a power

supply or load to the network, the convertor having an
output capacitor;
providing one or more circuit breaker arrangements which
on activation isolate electrical faults within the network;

measuring inductances by measuring the voltage drop,
V op» across the output capacitor and the rate of change
of current, di/dt, at the output capacitor of one or more
respective sections of the network;

determining from measured rates of change of current,

di/dt, second deriatives of current, d2i/dt2, at the capaci-
tance outputs:

identifying fault types from the second derivatives; and

activating one or more of the circuit breaker arrangements

in response to measured inductances which are indica-
tive of a fault, wherein
in the measuring step, the inductance is determined from
V o/(di/dt).

8. A method according to claim 7, wherein:

in the measuring step, the or each respective section of the
network contains a corresponding circuit breaker
arrangement, and

in the activating step, a corresponding circuit breaker

arrangement is activated when the measured inductance
for the respective section falls beneath a predetermined
inductance which 1s indicative of a fault in the section.

9. A method according to claim 8, wherein the predeter-
mined inductance for the section is the inductance for that
section in the absence of a fault.
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