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(54) ELECTROMAGNETIC ENERGY HARVESTER FOR AIRCRAFT APPLICATIONS

(57) An energy harvester system includes an aircraft
power cable (16) carrying an alternating current and an
energy harvester (10; 24). The energy harvester (10; 24)
includes a ferromagnetic ring (14) encircling the aircraft
power cable (16) and configured so that the alternating

current in the aircraft power cable (16) generates mag-
netic flux in the ferromagnetic ring (14) and an inductive
coil (12) wrapped around at least a portion of the ferro-
magnetic ring (14) to generate a voltage from the mag-
netic flux in the ferromagnetic ring (14).
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Description

BACKGROUND

[0001] Energy harvesting for aircraft-based applications has gained considerable interest as a means of realizing a
localized power source, thus reducing the weight and complexity of aircraft wiring networks. Kinetic energy harvesters
suffer from reliability issues and struggle to operate in the low vibration levels typical for modern aircraft. Thermoelectric
generators with phase-change materials have been demonstrated for powering sensors outside the heated cabin envi-
ronment, but are expensive.

SUMMARY

[0002] In one example, an energy harvester system comprises an aircraft power cable carrying an alternating current
therethrough and an energy harvester. The energy harvester comprises a ferromagnetic ring encircling the aircraft power
cable and configured so that the alternating current in the aircraft power cable generates magnetic flux in the ferromagnetic
ring and an inductive coil wrapped around at least a portion of the ferromagnetic ring to generate a voltage from the
magnetic flux generated in the ferromagnetic ring.
[0003] In one example, a method comprises generating a magnetic flux in a ferromagnetic ring that encircles an aircraft
power cable using an alternating current of the aircraft power cable; and generating a voltage from the magnetic flux
using an inductive coil wrapped around at least a portion of the ferromagnetic ring.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Preferred embodiments of the invention will now be described, by way of example only, and with reference to
the accompanying drawings.

FIG. 1A is a perspective view of an electromagnetic energy harvester according to an embodiment of the present
invention.
FIG. 1B is a side view of an electromagnetic energy harvester according to an embodiment of the present invention.
FIG. 2 is a schematic diagram of an equivalent circuit of an electromagnetic energy harvester according to an
embodiment of the present invention.
FIG. 3 is a graph of power output of an electromagnetic energy harvester based upon a tuning capacitor of the
electromagnetic energy harvester and a frequency of the power line.

DETAILED DESCRIPTION

[0005] Apparatus, systems, and associated methods relate to energy harvesting using an electromagnetic energy
harvester. Using the apparatus, systems, and associated methods herein, allows the use of electromagnetic energy
harvesters wherever an alternating current (AC) power cable exists. Separate power lines do not need to be installed
spanning the length from the power source to various sensors and other low power devices. Instead, an electromagnetic
energy harvester can be installed at the nearest AC power cable to provide power to various low power devices. A split
ferromagnetic ring is installed, encircling the AC power cable. The ferromagnetic ring directs magnetic flux generated
by the AC current in the power cable through an inductive coil which generates a voltage across the coil. The voltage
across the coil is used to power electronic devices.
[0006] FIG. 1A is a perspective view of electromagnetic energy harvester 10 including inductive coil 12, ferromagnetic
ring 14, and AC power cable 16.
[0007] Ferromagnetic ring 14 encircles AC power cable 16 and inductive coil 12 is wrapped multiple times around
ferromagnetic ring 14. Ferromagnetic ring 14 can be made of laminated steel, laminated ferromagnetic alloys, ferrite or
other powder ferromagnetic material. Ferromagnetic ring 14 is a split ferromagnetic ring. Split ferromagnetic rings can
be taken apart in halves to allow the split ferromagnetic ring to be easily placed around a power cable such as AC power
cable 16. The alternating current of AC power cable 16 produces a magnetic flux which is focused by ferromagnetic ring
14. The magnetic flux in ferromagnetic ring 14 in turn induces a voltage across inductive coil 12. This voltage can be
used to power wireless sensors, low power integrated circuits, and other low power consumption electronic devices.
[0008] FIG. 1B is a side view of electromagnetic energy harvester 10 including inductive coil 12, ferromagnetic ring
14, and AC power cable 16. Ferromagnetic ring 14 has outer diameter 18 and inner diameter 20.
[0009] The voltage (E) produced by electromagnetic energy harvester 10 is dependent on the number of turns (N) of
inductive coil 12, the current (I) of AC power cable 16, the power line frequency (f) of AC power cable 16, the relative
magnetic permeability (mr) of ferromagnetic ring 14, the magnetic permeability of free space (m0), outer diameter 18 (D)
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of ferromagnetic ring 14, inner diameter 20 (d) of ferromagnetic ring 16, and length of inductive coil 12 (1). The resulting
equation is: 

[0010] In one embodiment, power cable 16 is an aircraft power cable. Benefits of using electromagnetic energy har-
vester 10 in aircraft include reduction of the weight and complexity of aircraft wiring networks. Electromagnetic energy
harvesters can be used to branch off a power line from a power cable to low power devices instead of running an
individual cable from the main power source to each low power device. By not needing long individual power cables for
each device weight is reduced and power supplies have fewer cables attached. Electromechanical energy harvester 10
is also very reliable because it does not have any moving mechanical components. The lack of mechanical moving parts
also allows electromechanical energy harvester 10 to be a low volume lightweight device.
[0011] FIG. 2 is a schematic diagram of equivalent circuit 22 of an electromagnetic energy harvesting system including
electromagnetic energy harvester 24, step-up transformer 26, core loss resistance 28, coil inductance 30, winding
resistance 32, leakage inductance 34, tuning capacitor 36, load resistance 38, and load voltage 40.
[0012] The voltage of electromagnetic energy harvester 24 feeds the primary winding of step-up transformer 26. In
some examples, the size of the ferromagnetic ring of electromagnetic energy harvester 24 limits the length and number
of turns possible for the inductive coil, thus limiting the voltage provided by electromagnetic energy harvester 24. When
the size of the ferromagnetic ring limits the voltage provided, step-up transformer 26 can be used to increase load voltage
40. Coil inductance 30 (Lw) and leakage inductance 34 (Lσ) are present in electromagnetic energy harvester 24. They
are represented by inductors in equivalent circuit 22, but leakage inductance 34 does not represent actual physical
component of the electromagnetic energy harvesting system and coil inductance 30 is a property of electromagnetic
energy harvester 24. Likewise winding resistance 32 (Rw) and core loss resistance 28 (RFe) of electromagnetic energy
harvester 24 are represented as resistors, but core loss resistance does not represent an actual physical component
and winding resistance 32 is a property of electromagnetic energy harvester 24. Tuning capacitor 36 (Ct) is chosen to
resonate with coil inductance 30 at a specific frequency. Load resistance 38 (RL) is represented by a resistor, and can
be any low power device. The voltage across load resistance 38 is load voltage 40 (VL). For some frequencies of interest,
e.g. 200-2000 Hz, the core loss resistance 28 is negligible.
[0013] Coil inductance 30 and tuning capacitor 36 determine the resonant frequency of electromagnetic energy har-
vester 24. The relationship is given by the equation: 

[0014] Tuning capacitor 36 is chosen to tune the resonant frequency to a frequency that provides the appropriate
power output of the electromagnetic energy harvesting system for the coupled low power device.
[0015] FIG. 3 is a graph 42 of power output of an electromagnetic energy harvester system based upon a tuning
capacitor of the electromagnetic energy harvester and a frequency of the power cable. Graph 42 plots output power on
y-axis 44 and frequency of the power line on x-axis 46. Graph 42 includes curves 48, 50, and 52. Each of the curves
corresponds to a different capacitance for tuning capacitor 36.
[0016] As shown, the output power for each curve changes with the frequency of the power cable. As the frequency
of the power cable increases, the capacitance of the tuning capacitor must decrease to increase the output power. Each
tuning capacitor provides a different peak output power, showing that achieving the desired output power is a product
of choosing a tuning capacitor based upon coil inductance of the electromagnetic energy harvester and the frequency
of the power cable.
[0017] Accordingly, implementing techniques of this disclosure, electromagnetic energy harvester systems provide
power to electronic devices from an AC power cable. Using electromagnetic energy harvester systems, power can be
supplied to electronic devices without having to us a dedicated power cable. Various power requirements of multiple
electronic devices can be met from one AC power cable by tuning each electromagnetic energy harvester system to the
power needs of their associated electronic device.

Discussion of Possible Embodiments

[0018] The following are non-exclusive descriptions of possible embodiments of the present invention.
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[0019] An energy harvester system can comprise an aircraft power cable carrying an alternating current therethrough;
an energy harvester can comprise a ferromagnetic ring encircling the aircraft power cable and configured so that the
alternating current in the aircraft power cable generates magnetic flux in the ferromagnetic ring; and an inductive coil
wrapped around at least a portion of the ferromagnetic ring to generate a voltage from the magnetic flux in the ferro-
magnetic ring.
[0020] The energy harvester system of the preceding paragraph can optionally include, additionally and/or alternatively,
any one or more of the following features, configurations and/or additional components:
The ferromagnetic ring can be a split ferromagnetic ring.
[0021] The energy harvester can be electrically coupled to a step-up transformer via the inductive coil to step up the
voltage generated by the inductive coil.
[0022] A tuning capacitor can be electrically coupled to the step-up transformer.
[0023] The tuning capacitor can have a value that yields peak output voltage for a frequency of the alternating current.
[0024] The energy harvester can be electrically coupled to a load via the inductive coil to provide power to the load.
[0025] The load can be at least one sensor of an aircraft.
[0026] The ferromagnetic ring can be made of ferrite.
[0027] A frequency of the alternating current can be 200-2000 Hz.
[0028] A method can comprise generating a magnetic flux in a ferromagnetic ring that encircles an aircraft power cable
using an alternating current of the aircraft power cable; and generating a voltage from the magnetic flux in the ferromag-
netic ring using an inductive coil wrapped around at least a portion of the ferromagnetic ring.
[0029] The method of the preceding paragraph can optionally include, additionally and/or alternatively, any one or
more of the following features, configurations and/or additional components:
The ferromagnetic ring can be a split ferromagnetic ring.
[0030] Stepping up the voltage generated by the inductive coil can include using a step-up transformer electrically
coupled to the inductive coil.
[0031] A tuning capacitor can be electrically coupled to the step-up transformer.
[0032] The tuning capacitor can have a value that yields peak output voltage for a frequency of the alternating current.
[0033] Providing power to a load can include using the inductive coil.
[0034] The load can be at least one sensor of an aircraft.
[0035] The ferromagnetic ring can be made of ferrite.
[0036] A frequency of the alternating current can be 200-2000 Hz.
[0037] While the invention has been described with reference to an exemplary embodiment(s), it will be understood
by those skilled in the art that various changes may be made and equivalents may be substituted for elements thereof
without departing from the scope of the invention. In addition, many modifications may be made to adapt a particular
situation or material to the teachings of the invention without departing from the essential scope thereof. Therefore, it is
intended that the invention not be limited to the particular embodiment(s) disclosed, but that the invention will include
all embodiments falling within the scope of the appended claims.

Claims

1. An energy harvester system comprising:

an aircraft power cable carrying an alternating current therethrough; and
an energy harvester comprising:

a ferromagnetic ring encircling the aircraft power cable and configured so that the alternating current in the
aircraft power cable generates magnetic flux in the ferromagnetic ring; and
an inductive coil wrapped around at least a portion of the ferromagnetic ring to generate a voltage from the
magnetic flux in the ferromagnetic ring.

2. The energy harvester system of claim 1, wherein the ferromagnetic ring is a split ferromagnetic ring.

3. The energy harvester system of claim 1 or 2, wherein the energy harvester is electrically coupled to a step-up
transformer via the inductive coil to step up the voltage generated by the inductive coil.

4. The energy harvester system of claim 3, wherein a tuning capacitor is electrically coupled to the step-up transformer.

5. The energy harvester system of claim 4, wherein the tuning capacitor has a value that yields peak output voltage
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for a frequency of the alternating current.

6. The energy harvester system of any preceding claim, wherein the energy harvester is electrically coupled to a load
via the inductive coil to provide power to the load.

7. The energy harvester system of claim 6, wherein the load is at least one sensor of an aircraft.

8. The energy harvester system of any preceding claim, wherein the ferromagnetic ring is made of ferrite.

9. A method comprising:

generating a magnetic flux in a ferromagnetic ring that encircles an aircraft power cable using an alternating
current of the aircraft power cable; and
generating a voltage from the magnetic flux in the ferromagnetic ring using an inductive coil wrapped around
at least a portion of the ferromagnetic ring.

10. The method of claim 9, wherein the ferromagnetic ring is a split ferromagnetic ring.

11. The method of claim 9 or 10, further comprising stepping up the voltage generated by the inductive coil using a
step-up transformer electrically coupled to the inductive coil.

12. The method of claim 11, wherein a tuning capacitor is electrically coupled to the step-up transformer.

13. The method of claim 12, wherein the tuning capacitor has a value that yields peak output voltage for a frequency
of the alternating current.

14. The method of any of claims 9 to 13, further comprising providing power to at least one sensor of an aircraft load
using the inductive coil.

15. The method of any of claims 9 to 14, wherein the ferromagnetic ring is made of ferrite.
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