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I. Background

[0001] The invention relates generally to the field of detecting electrical currents and more

specifically to detecting faults in electrical circuits.

(]
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II. Summary

[0002] In one respect, disclosed is a method for detecting current changes, the method
comprising dividing a main current into two or more subcurrents, combining a first
magnetic flux of a first subcurrent of the two or more of the subcurrents with another
magnetic flux of another current to generate a combined magnetic flux, and sensing the
combined magnetic flux to determine relative changes between the first subcurrent and

the other current.

[0003] In another respect, disclosed s a system for detecting current changes, the system
comprising: a system for detecting current changes, the system comprising a main wire
configured to carry a main current, two or more subwires coupled to the main wire, the
subwires configured to carry two or more subcurrents, the subcurrents dividing the main
current, a magnetic core configured to combine a flux of a first subcurrent from the two
or more subcurrents with another magnetic flux from another current to generate a
combined magnetic flux, a sensing wire configured to conduct a sensing current in
response to a change in the combined magnetic flux, and a current sensor configured to
detect changes in the sensing current, the changes in the sensing current being indicative

of relative changes between the first subcurrent and the other current.

[0004] In yet another respect, disclosed is a vehicle comprising a system for detecting current
changes, the system comprising a main wire configured to carry a main current, two or
more subwires coupled to the main wire, the subwires configured to carry two or more
subcurrents, the subcurrents dividing the main current, a magnetic core configured to
combine a flux of a first subcurrent from the two or more subcurrents with another
magnetic flux from another current to generate a combined magnetic flux, a sensing wire
configured to conduct a sensing current in response to a change in the combined magnetic
flux, and a current sensor configured to detect changes in the sensing current, the changes
in the sensing current being indicative of relative changes between the first subcurrent

and the other current.,

[0005] Numerous additional embodiments are also possible.
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I11. Brief Description of the Drawings
[0006] Other objects and advantages of the invention may become apparent upon reading the

detailed description and upon reference to the accompanying drawings.

[0007] Figure 1 1s a block diagram illustrating a system for detecting electrical line faults in two

electrical lines, in accordance with some embodiments.

[0008] Figure 2 is a block diagram illustrating a system for detecting electrical line faults in four

clectrical lines, in accordance with some embodiments.

[0009] Figure 3 is a block diagram illustrating an alternative system for detecting electrical line

faults in four electrical lines, in accordance with some embodiments.

[0010] Figure 4 1s a flow diagram illustrating a method for detecting current changes in ¢lectrical

lines, in accordance with some embodiments.

[0011] Figure 5 1s a flow diagram illustrating an alternative method for detecting electrical line

faults in electrical lines, in accordance with some embodiments.

[0012] While the invention is subject to various modifications and alternative forms, specific
embodiments thereof are shown by way of example in the drawings and the
accompanying detailed description. It should be understood, however, that the drawings
and detailed description are not intended to limit the invention to the particular
embodiments. This disclosure is instead intended to cover all modifications, equivalents,
and alternatives falling within the scope of the present invention as defined by the

appended claims.
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IV. Detailed Description

[0013] One or more embodiments of the invention are described below. It should be noted that
these and any other embodiments are exemplary and are intended to be illustrative of the
invention rather than limiting. While the invention is widely applicable to different types
of systems, it is impossible to include all of the possible embodiments and contexts of the
invention in this disclosure. Upon reading this disclosure, many alternative embodiments

of the present mvention will be apparent to persons of ordinary skill in the art.

[0014] Methods and systems for detecting current changes are disclosed. A flux from a current
is combined with the flux from another current and the combined flux is monitored in
order to detect in the current or the other current. In some embodiments, a first magnetic
flux 1s generated from a first current and a second magnetic flux is generated from a
second current. Changes in the first current and the second current may then be
monitored by monitoring changes in either the first magnetic flux or the second magnetic
flux. In alternative embodiments, the first magnetic flux and the second magnetic flux
may be combined (added or subtracted or weighted and added) and the combination of
the two magnetic fluxes may then be monitored. In some embodiments, the first and
second currents may be initially substantially equal and may be monitored in order to

determine whether the two currents become substantially unequal.

[0015] In some embodiments, monitoring the currents comprises sensing the first magnetic flux
and the second magnetic flux to determine changes in the first current or in the second
current. The magnetic fluxes may be sensed by generating the first and second magnetic
fluxes over a magnetic core such that the two magnetic fluxes oppose each other. In an
embodiment where substantially equal direct currents are used, the opposing fluxes
cancel each other under normal operation. As a result, under normal on and off switching
operation of the direct currents or while the currents are both changing in a substantially
equal manner, the combined flux is substantially equal to zero and no additional
impedance is generated. When the currents change relative to each other (when one of
the currents is zero because of an open circuit, for example), a net flux is generated in the

magnetic core that can be detected.
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[0016] In some embodiments, a sensing coil around the magnetic core may be used to sense
changes in the magnetic flux around the core. Current generated in the sensing coil may
be detected by different methods in order to determine that a change occurred in the first

of second currents.

[0017] In some embodiments, additional magnetic fluxes may be generated from additional
currents that are to be monitored. The additional magnetic fluxes may be generated using
additional coils (around the magnetic core, for example). The additional magnetic fluxes
may then be combined with the first and second magnetic fluxes over the magnetic core.
The combined magnetic flux may then be monitored (using a sensing coil, for example)
to determine changes in the first, second, or additional currents. In some embodiments,
the currents and additional currents may be divisions of main currents to and from a load.
A group of wires, for example, may be used to carry current to and from a load instead of
one large wire. In such cases, it would be useful to know when one or more of these
subwires fail. One or more of the subwires carrying current to and from a load may be
wound a core in order to detect changes in the flux of one or more of the wires and thus

determine whether one or more of the wires has failed.

[0018] In some embodiments, the first and second currents may be currents in two wires
carrying currents from a power source to a load or from the load back to the power
source. In such embodiments, for example, the current requirements may be more than
the individual current ratings of each individual wire, and thus, more than one wire may
need to be used. In that case, the current to or from the load may be divided into two or
wires. Such may be the case, for example, in vehicles where wire harnesses connect
loads to the battery and, depending on the load requirements, more than one wire in the
harness may be used to carry current to the load or back to the battery. The sensing coil
may then be used to determine if one or more of the wires that are being used becomes an
open circuit or develops a partial short, for example. In such cases, the operation of the
load may not immediately change since one or more of the additional wires may take the

additional current.
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[0019] Figure 1 1s a block diagram illustrating a system for detecting electrical line faults in two

electrical lines, in accordance with some embodiments.

[0020] In some embodiments, electrical line (or wire) 115 and electrical line 120 carry currents
that are to be monitored in order to detect changes in one or both of the currents.
Electrical line 115 and electrical line 120 may be both wound one or more times to form
coils in order for each of the currents to generate a magnetic flux. In some embodiments,
the currents may then be monitored by measuring the combined flux generated by the

currents.

[0021] In some embodiments, the magnetic fluxes may be generated over magnetic core 110 in
order to enhance the combining of the magnetic fluxes. The combined magnetic flux
may then be detected, for example, using sensing electrical line 125. Sensing electrical
line 125 may be wound one or more times into a coil around magnetic core 110.
Changing magnetic flux through the windings of electrical line 125 causes a current to be
generated in electrical line 125 that may be detected. The magnetic fluxes may also be

combined in other alternative ways.

[0022] In some embodiments, the generated current in electrical line 125 may be detected using
one of several methods using well known circuits. The circuit may be as simple as an
LED that lights when sufficient current is driven through it. Current may also be
converted to voltage for monitoring with a simple shunt resistor. In other embodiments, a
peak detection diode and a resistor (half bridge) could be used to convert alternating
current into a strictly positive voltage. In yet other embodiments, a full bridge may be
used to extract more energy from the sense winding. Sense current could, in some
embodiments, be gated and stored in capacitive charge storage for direct conversion to
digital data. The configuration of the sense circuit and its filter characteristics may be
tuned to respond most actively to faults or conditions specific to the system or
application. Once the current is sensed, the current may be analyzed using additional

hardware or software schemes.
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[0023] In some embodiments where direct currents (DC) are used, changes in the magnetic
fluxes generated by the current in electrical line 115 and the current in electrical line 120
generate changing magnetic fluxes when the currents are switched on or off. As a result,
changing magnetic flux and thus current are generated in sensing electrical line 125. The
current may then be detected. In such embodiments, when the currents are initially
substantially equal, no substantial overall magnetic flux will be generated through the
windings of sensing electrical line 125. However, if cither one of the currents changes
(for example, one of the two lines is shorted and its current is substantially equal to zero),
at least momentarily during switching of the currents on and off, an overall changing
magnetic flux will be generated through the windings of sensing electrical line 125 and

thus a current will be generated (and detected) through electrical line 125.

[0024] It should be noted that in embodiments, where the two currents are substantially equal,
the combined flux may be substantially zero (with appropriate winding of the coils) such

that, under normal operation, there is no additional impedance generated by the coils.

[0025] In alternative embodiments, the two currents may not be equal. In such embodiments,
changes in the currents may be detected by comparing the original value of the combined

flux to a changed value of the combined flux.

[0026] Figure 2 1s a block diagram illustrating a system for detecting electrical line faults in four

clectrical lines, in accordance with some embodiments.

[0027] In some embodiments, ¢lectrical lines 215-230 carry currents that are to be monitored in
order to detect changes in the currents. Electrical lines 215-230 may be wound one or
more times to form coils in order for each of the currents to generate a magnetic flux.
Accordingly, the currents may be monitored by monitoring/measuring a combined flux

generated by the currents.

[0028] In some embodiments, the magnetic fluxes may be generated over magnetic core 210 in
order to facilitate the combining of the magnetic fluxes. The combined magnetic flux

may then be detected, for example, using sensing electrical line 235. Sensing electrical
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line 235 may be wound one or more times into a coil around magnetic core 210.
Changing magnetic flux through the windings of electrical line 235 causes a current to be

generated in electrical line 235.

[0029] In some embodiments, the generated current in electrical line 235 may be detected using

one of several methods as described above.

[0030] In some embodiments where direct currents (DC) are used, changes in the magnetic
fluxes generated by the current in electrical lines 215-230 generate changing magnetic
fluxes in sensing electrical line 235 when the currents are switched on or off. As a result,
of the changing magnetic flux, current is generated in sensing electrical line 235 that may
then be detected. In such embodiments, if the currents are initially substantially equal, no
substantial overall magnetic flux will be generated through the windings of sensing
electrical line 235. However, when cither one of the currents changes (for example, one
of the lines is open and thus the current through the line is substantially equal to zero),
during switching of the currents on and off, an overall changing magnetic flux is
generated through the windings of sensing electrical line 235 generating a current through

electrical line 235.

[0031] In some embodiments, the electrical lines may be carrying current from a power source to
a load and back from the load to the power source. For example, electrical lines 215 and
220 may be carrying current from the power source to the load and electrical lines and
electrical lines 225 and 230 may be carrying current from the load back to the power
source. Two (or more) lings may be used to carry current in ¢ach direction in cases
where one line’s current capacity is not sufficient for the demands of the application (for
example, the load’s current demands). In cases where of harnesses having multiple wires
are used, for example, one or more of the wires in the harness may be used to carry

current in each direction.

[0032] In some embodiments, electrical lines 215-230 may be carrying direct current, in which
case, changing magnetic flux may be generated during the switching of the currents on or

off or when a change occurs in one of the currents. In some embodiments, under normal
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operation, all four currents may be substantially equal, and therefore, the combined
magnetic flux generated through magnetic core 210 is substantially equal to zero when
the coils are wound such that two of the currents generate flux that is opposite to the
other two currents. Accordingly, no substantial impedance is contributed by the coils.
When any of the currents changes, magnetic flux is generated through sensing electrical

line 235 and thus a current that can then be detected.

[0033] In some embodiments, the circuit may also be used in order to eliminate common mode
noise. Common mode noise may be created, for example, when noise propagates from
the noise source though both the positive and negative lines from the power source
towards the load, and then returns to the noise source by propagating back through the
ground. In some embodiments, such noise may be suppressed by combining fluxes from
the positive load line and the negative load line in such a way as to not interfere with the
regular flow of current (in opposite directions for the two lines) but to suppress noise

(which flows in the same direction in the two lines).

[0034] Such an arrangement may be accomplished, for example, by connecting the inputs of
electrical line 220 and electrical line 225 to the positive terminal of the power source, the
outputs of electrical line 215 and electrical line 230 to the negative terminal of the power
source, the inputs of electrical line 220 and electrical line 225 to the positive terminal of
the load, and the outputs of electrical line 215 and electrical line 230 to the negative
terminal of the load. Accordingly, the example circuit shown in this figure may be used
for sensing changes in any of the currents as well as for eliminating or reducing common

mode noise.

[0035] Figure 3 is a block diagram illustrating an alternative system for detecting electrical line

faults in four electrical lines, in accordance with some embodiments.

[0036] In some embodiments, electrical lines 315-330 carry currents that are to be monitored to
detect changes in the currents. Electrical lines 315-330 may be wound one or more times
to form coils in order for each of the currents to generate a magnetic flux. The currents

may thus be monitored by measuring a combined flux generated by the currents.

10
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[0037] In some embodiments, the magnetic fluxes may be generated over magnetic core 310
(shown here in a figure-8 shape) to facilitate the combining of the magnetic fluxes. The
combined magnetic flux may then be detected, for example, using sensing electrical line
335. Sensing electrical line 335 may be wound one or more times into a coil around the
middle portion of magnetic core 310. Changing magnetic flux through the windings of
electrical line 335 (due to a change in any of the currents) causes a current to be
generated in electrical line 335. In some embodiments, the generated current in electrical

line 335 may be detected using one of several methods as described above.

[0038] In some embodiments where direct currents (DC) are used, changes in the magnetic
fluxes generated by the currents in electrical lines 315-330 generate changing magnetic
fluxes when the currents are switched on or off. As a result, changing magnetic flux and
thus current is generated in sensing electrical line 335 that can then be detected. In such
embodiments, when the currents are initially substantially equal, no overall magnetic flux
will be generated through the windings of sensing electrical line 325. However, when
either one of the currents changes (for example, one of the lines is open and the current
through the line is substantially equal to zero), at least momentarily during the switching
of the currents, an overall changing magnetic flux will be generated through the windings
of sensing electrical line 335 and thus a current will be generated (and detected) through

clectrical line 335.

[0039] In some embodiments, the electrical lines may be carrying current from a power source to
a load and back from the load to the power source. For example, electrical lines 315 and
320 may be carrying current from the power source to the load and electrical lines and
electrical lines 325 and 330 may be carrying current from the load back to the power
source. Two (or more) electrical lines may be used in each direction in cases where
harnesses with multiple electrical lines are used, for example. In those cases, the number

of lines being used in each application depends on the demands of each load.

[0040] In some embodiments, electrical lines 315-330 may be carrying direct currents, in which
case, changing magnetic flux may be generated during the switching of the currents on or

off or when a change occurs in one of the currents. Under normal operation, the four

11
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currents may be substantially equal, and therefore, the combined magnetic flux generated
through magnetic core 310 may be substantially equal to zero when the coils are wound
such that two of the currents generate flux that is opposite to the other two currents.
When any of the currents changes, magnetic flux is generated through sensing electrical

line 335 and thus a current that can be detected.

[0041] In some embodiments, the circuit may also be used in order to eliminate common mode
noise. Common mode noise may be created, for example, when noise propagates from
the noise source though both the positive and negative lines of the power source towards
the load, and then returns to the noise source by propagating back through ground. In
some embodiments, such noise may be suppressed by combining fluxes from the positive
load line and the negative load line in such a way as to not interfere with the regular flow
of current (in opposite directions for the two lines) but to suppress noise (which flows in

the same direction in the two lines).

[0042] Such an arrangement may be accomplished, for example, by connecting the inputs of
electrical line 315 and electrical line 325 to the positive terminal of the power source, the
outputs of electrical line 320 and electrical line 330 to the negative terminal of the power
source, the outputs of electrical line 315 and electrical line 325 to the positive terminal of
the load, and the inputs of electrical line 320 and electrical line 330 to the negative
terminal of the load. Accordingly, the example circuit shown in this figure may be used
for sensing changes in any of the currents as well as for reducing or eliminating common

mode noise.

[0043] Figure 4 15 a flow diagram 1llustrating a method for detecting current changes in electrical

lines, in accordance with some embodiments.

[0044] Processing begins at 400 whereupon, at block 410, a main current is divided into two or

more subcurrents.

[0045] At block 415, a first magnetic flux of a first subcurrent of the two or more of the

subcurrents is combined with another magnetic flux of another current to generate a

12
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combined magnetic flux. In some embodiments, the second magnetic flux may be

generated using a coil as is shown in Figure 1.

[0046] At block 420, the combined magnetic flux is sensed to determine relative changes
between the fist subcurrent and the other current. In some embodiments, the combined

magnetic flux may be sensed using a sense coil as is shown in Figure 1.

[0047] Processing subsequently ends at 499.

[0048] Figure S is a flow diagram illustrating an alternative method for detecting electrical line

faults in electrical lines, in accordance with some embodiments.

[0049] Processing begins at 500 whereupon, at block 510, a first magnetic flux is generated from
a first current and a second magnetic flux is generated from a second current. In some
embodiments and under some operating conditions, the first and second currents may be
substantially equal and thus the first and second magnetic fluxes may be substantially
equal as well. In some embodiments, the currents may be generated using coils wrapped

around a magnetic core.

[0050] At block 515, the first magnetic flux and the second magnetic flux are combined to
generate a combined magnetic flux. In some embodiments, the first and second magnetic
fluxes may be combined over a magnetic core. In some embodiments, the first and
second magnetic fluxes may be combined in opposite directions so that, under some
embodiments where the currents are substantially equal, the magnetic fluxes substantially

cancel each other thereby generating no additional impedance in the system.

[0051] At block 520, the combined magnetic flux is monitored to determine changes in the flux
and therefore changes in one of the two currents. In one embodiment, the flux may be
monitored using a sensing coil on the magnetic core, for example. A change in the flux
through the coil would generate a current that can be monitored. Therefore, a change in

the flux

13
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[0052] A determination is then made as to whether a change is detected in the combined flux at
decision 525. If no change is detected in the combined flux, decision 525 branches to the
“no” branch where processing returns to block 520 to continue monitoring for a change in

the magnetic flux.

[0053] On the other hand, if a change is detected in the magnetic flux, decision 525 branches to
the *“yes” branch where, at block 530, a signal is generated indicating a change in the
magnetic flux and a possible fault in the wiring carrying either the first or the second
currents. The change in the magnetic flux may be detected, for example, by detecting a

current generated in a sensing coil by the changing flux.

[0054] Processing subsequently ends at 599.

[0055] Those of skill will appreciate that the various illustrative logical blocks, modules,
circuits, and algorithm steps described in connection with the embodiments disclosed
herein may be implemented as electronic hardware, computer software, or combinations
of both. To clearly illustrate this interchangeability of hardware and software, various
illustrative components, blocks, modules, circuits, and steps have been described above
generally in terms of their functionality. Whether such functionality is implemented as
hardware or software depends upon the particular application and design constraints
imposed on the overall system. Those of skill in the art may implement the described
functionality in varying ways for cach particular application, but such implementation
decisions should not be interpreted as causing a departure from the scope of the present

invention.

[0056] The previous description of the disclosed embodiments is provided to enable any person
skilled in the art to make or use the present invention. Various modifications to these
embodiments will be readily apparent to those skilled in the art, and the generic
principles defined herein may be applied to other embodiments without departing from
the spirit or scope of the invention. Thus, the present invention is not intended to be
limited to the embodiments shown herein but is to be accorded the widest scope

consistent with the principles and novel features disclosed herein.

14



WO 2010/093758 PCT/US2010/023844)19

[0057] The benefits and advantages that may be provided by the present invention have been
described above with regard to specific embodiments. These benefits and advantages,
and any elements or limitations that may cause them to occur or to become more
pronounced are not to be construed as critical, required, or essential features of any or all

1Y

of the claims. As used herein, the terms “comprises,” “comprising,” or any other
variations thereof, are intended to be interpreted as non-exclusively including the
clements or limitations which follow those terms. Accordingly, a system, method, or
other embodiment that comprises a set of elements is not limited to only those elements,
and may include other elements not expressly listed or inherent to the claimed

embodiment.

[0058] While the present invention has been described with reference to particular embodiments,
it should be understood that the embodiments are illustrative and that the scope of the
invention 18 not limited to these embodiments. Many variations, modifications, additions
and improvements to the embodiments described above are possible. It is contemplated
that these variations, modifications, additions and improvements fall within the scope of

the invention as detailed within the following claims.

15
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V. Claims

1. A method for detecting current changes, the method comprising:
dividing a main current into two or more subcurrents;

combining a first magnetic flux of a first subcurrent of the two or more of the
subcurrents with another magnetic flux of another current to generate a combined

magnetic flux; and

sensing the combined magnetic flux to determine relative changes between the

first subcurrent and the other current.

2. The method of Claim 1, where the other current is a second subcurrent of the two or
more subcurrents and where the first subcurrent and the second subcurrent are
initially substantially equal and where the combined magnetic flux is initially

substantially zero.

3. The method of Claim 1, further comprising combining the first magnetic flux and the
second magnetic flux over a magnetic core using a first coil over the magnetic core
for the first subcurrent and a second coil over the magnetic core for the second

current.

4. The method of Claim 3, further comprising generating a sensing current in a sensing
coil over the magnetic core from the combined magnetic flux over the magnetic core.
5. The method of Claim 1, further comprising:
dividing another main current into two or more other subcurrents;

combining the first magnetic flux of the first subcurrent of the two or more of the
subcurrents with a first other magnetic flux of a first other subcurrent of the two

or more of the other subcurrents; and

sensing the combined magnetic flux to determine changes in the first subcurrent

or the first other subcurrent.

16
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6. The method of Claim 5, where the main current and the other main current represent

currents to and from a load.

7. A system for detecting current changes, the system comprising:
a main wire configured to carry a main current;

two or more subwires coupled to the main wire, the subwires configured to carry

two or more subcurrents, the subcurrents dividing the main current;

a magnetic core configured to combine a flux of a first subcurrent from the two or
more subcurrents with another magnetic flux from another current to generate a

combined magnetic flux;

a sensing wire configured to conduct a sensing current in response to a change in

the combined magnetic flux; and

a current sensor configured to detect changes in the sensing current, the changes
in the sensing current being indicative of relative changes between the first

subcurrent and the other current.

8. The system of Claim 7, where the other current is a second subcurrent of the two or
more subcurrents and where the first subcurrent and the second subcurrent are
initially substantially equal and where the combined magnetic flux is initially

substantially zero.
9. The system of Claim 7, further comprising;:

another main wire configured to carry another main current;

two or more other subwires coupled to the other main wire, the other subwires
configured to carry two or more other subcurrents, the other subcurrents dividing

the other main current; and

the magnetic core being configured to combine the magnetic flux of the a
subcurrent of the two or more of the subcurrents and a magnetic flux of the other

subcurrent of the two or more of the other subcurrents.

17
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10. The system of Claim 9, where the main current and the other main current represent

currents to and from a load.

11. A vehicle comprising a system for detecting current changes, the system comprising:
a main wire configured to carry a main current;

two or more subwires coupled to the main wire, the subwires configured to carry

two or more subcurrents, the subcurrents dividing the main current;

a magnetic core configured to combine a flux of a first subcurrent from the two or
more subcurrents with another magnetic flux from another current to generate a

combined magnetic flux;

a sensing wire configured to conduct a sensing current in response to a change in

the combined magnetic flux; and

a current sensor configured to detect changes in the sensing current, the changes
in the sensing current being indicative of relative changes between the first

subcurrent and the other current.

12. The vehicle of Claim 11, where the other current is a second subcurrent of the two or
more subcurrents and where the first subcurrent and the second subcurrent are
initially substantially equal and where the combined magnetic flux is initially

substantially zero.
13. The vehicle of Claim 11, further comprising:

another main wire configured to carry another main current;

two or more other subwires coupled to the other main wire, the other subwires
configured to carry two or more other subcurrents, the other subcurrents dividing

the other main current; and

the magnetic core being configured to combine the magnetic flux of the a
subcurrent of the two or more of the subcurrents and a magnetic flux of the other

subcurrent of the two or more of the other subcurrents.

18
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14. The vehicle of Claim 13, where the main current and the other main current represent

currents to and from a load.
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