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Magnetic flux concentration methods for magnetic energy harvesting

module
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Abstract. This paper presents magnetic flux concentration methods for magnetic energy harvesting module.

The purpose of this study is to harvest 1 mW energy with a Brooks coil 2 cm in diameter from environmental

magnetic field at 60 Hz. Because the harvesting power is proportional to the square of the magnetic flux
density, we consider the use of a magnetic flux concentration coil and a magnetic core. The magnetic flux

concentration coil consists of an air-core Brooks coil and a resonant capacitor. When a uniform magnetic field
crossed the coil, the magnetic flux distribution around the coil was changed. It is found that the magnetic field

in an area is concentrated larger than 20 times compared with the uniform magnetic field. Compared with the
air-core coil, our designed magnetic core makes the harvested energy ten-fold. According to ICNIRP2010
guideline, the acceptable level of magnetic field is 0.2 mT in the frequency range between 25 Hz and 400 Hz.
Without the two magnetic flux concentration methods, the corresponding energy is limited to 1 pW. In contrast,
our experimental results successfully demonstrate energy harvesting of 1 mW from a magnetic field of 0.03

mT at 60 Hz.

1 Introduction

We have proposed magnetic energy harvesting from our
environmental magnetic field [1-3]. Because power-lines
are necessary for our modern life, we are required to
coexist with undesirable magnetic power-line noise.
ICNIRP2010 provides a guideline that an acceptable
level for human health in a public space is 0.2 mT in the
power-line frequency range between 25 Hz and 400 Hz
[4]. From a view point of researcher related with
magnetic engineering, we focus on the field as a source
of energy harvesting.

In previous reports, our developed modules
demonstrated magnetic energy harvesting of 6.32 mW [1]
and 104 mW[3] from 60 Hz magnetic field of 21.2 uT
and 90 uT, respectively. Because an ultra-low power
wireless sensor node can be activated with 1 mW energy,
it is possible to construct a wireless sensor network
without a battery [5].

In general, solar power is a promising power source
for energy harvesting. The power density of direct
sunlight is about 1,000 W/m’, and solar panels could
harvest 10 % of this energy [6]. Although magnetic
energy is not affected by weather conditions, the reusable
energy is defined by several guidelines. For example, the
corresponding power density given by ICNIRP2010 is 10
W/m® in the microwave frequency range [4]. Because
magnetic harvesting power is proportional to the square

of the magnetic flux density, we focus on the magnetic
flux concentration methods.

The purpose of this study is to harvest 1 mW of
energy with a Brooks coil 2 ¢cm in diameter from the
environmental magnetic field at 60 Hz. It is a challenge
because the estimated energy with this air-core coil from
a magnetic field of 0.2 mT at 60 Hz is 1 uW. We have
already reported the magnetic flux distribution around an
air-core Brooks coil with a resonant capacitor is changed
[2]. The first method is the use of the coil as a magnetic
flux concentration coil. It can provide an area whose
magnetic field is 20 times larger when compared with the
applied uniform magnetic field. The second method is the
use of a dumbbell-shaped magnetic core. In previous
report [1], rod-shaped magnetic cores did not
dramatically enhance the harvested energy. In contrast,
the proposed core achieves the harvested energy ten-fold.
By incorporating both methods, we have successfully
demonstrated energy harvesting of 1 mW from a
magnetic field of 0.03 mT at 60 Hz.

2 Theoretical estimation

Fig.1(a) shows the equivalent circuit of the energy
harvesting module. Here, L (H) is coil inductance, R ()
is coil resistance, C (F) is resonance capacitor and Ry (Q2)
is dummy load. If the dummy load is none, the magnetic
flux concentration coil could be described the same
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circuit. From Faraday’s law of induction and Thevenin’s
theorem, the amplitude of the voltage source V3, (V) can
be expressed by

Via = 20 fna*> (uo H) [V]. (1)

Where f (Hz) is the frequency of magnetic field, » (turn)
is the number of coil windings, a (m) is mean radius of
coil and uoH (T) is the mean flux density crossed with the
mean cross section of the air-core coil. From the
maximum power transfer theorem, we chose a load Ry,
(Q) to the same as the coil resistance and used the voltage
drop as the output voltage V,, (V) for calculating the
harvesting power W (W) with

W= Voul/RL= Vi [(4R) [W]. 2)

Substituting equation (2) gives

W = (n*fn’a’/R)<(uoH)* [W]. (3)

This means that the harvesting power is proportional to
the square of the magnetic flux density.

Fig. 1(b) shows the concept of the magnetic flux
concentration methods. When an environmental magnetic
field crosses to magnetic concentration coil, consists of a
relatively large air-core coil and resonant capacitor, a
current is induced in the coil. The induced current
produces a magnetic field around the coil. At the
resonance frequency of the coil, the amplitude and
direction of this magnetic field are relatively large and
antiparallel to the environmental magnetic field. Here, we
define the amplitude ratio of the synthesis magnetic field
to environmental magnetic field as g, magnetic flux
concentration ratio. If the energy harvesting module is
placed at the magnetic concentration area, the following
equation can be obtained.

aW = (n'fn’a’ IRy (ueg*poH)’ [W] 4)
a :C‘leffxg)2 %)

Where uoH represents mean environmental magnetic
field, u.r represents the effective permeability of a
magnetic core in the energy harvesting module, o
represents the energy enhance ratio which is proportional
to the square of the product of g and u.g. The purpose of
this study is to harvest | mW energy with a Brooks coil
of 2 cm in diameter. Because the estimated harvesting
power is 1 pW from a magnetic field of 0.2 mT at 60 Hz,
the required value of « is larger than 1,000.

3 Experimental Setup

3.1 Magnetic flux concentration coil

We chose the shape of both coils, the energy harvesting
module and magnetic flux concentration coil, is Brooks
coil. Table 1 shows the specifications for the module and
the concentration coil. A Brooks coil is a circular coil
having a square cross section, and the ratio of the coil
length, inner diameter, and outer diameter is 1:2:4. In

order to estimate the inductance, the required number of
parameter is only two, and the estimation error due to the
spacing factor and tolerance is quite low [7]. In a
previous report [2], we have investigated the effect of
distance between arrayed modules on energy harvesting
ability. It was found that the measured magnetic flux
distribution around an air-core Brooks coil affects the
harvested energy. In this paper, we focus on the magnetic
flux distribution near the air-core part. Fig. 2 shows the
experimental setup. In order to demonstrate an
environmental magnetic field, we used Simple-Cubic-3
coil system (SC3) whose side length was 2 m [8].

itttk

|
|
I
|
i Vout [] RL
|
|
I
|

®

—--  Energy harvesting module -

(a) Equivalent circuit of energy harvesting module

SRRy

. . . 1
Magnetic flux concentration coil M et

[ 11w

AN (2) Induced current

\

(3) Magnetic field \

\

.. Energy harvesting module
) (14 Effective permeability)

(b) Concept

Fig. 1. Concept and equivalent circuit of energy harvesting
module.

Magnetic flux
concentration con?

BN
AT

Fig. 2. Experimental setup.

A

Resonant
capacitor

Unit : [mm]

06011-p.2



Joint European Magnetic Symposia 2012

Table 1. Specifications for the harvesting module and magnetic
flux concentration coil.

Value
Property Harvesting ~ Concentration
module coil
Outer diameter, D, [mm] 20 280
Number of windings, n 500 18395
Resonant capacitor, C [pF] - 0.1
Inductance, L [mH]
Estimated (Air core) 3.19 60.6x10°
Measured (Air core) 3.19 60.4x10°
(Magnetic core)Length: 7 mm 21.06 -
(Magnetic core)Length: 45mm 39.48 -
Resistance, R [Q]
Estimated (Air core) 13.35 1100
Measured (Air core) 14 80 1060
(Magnetic core)Length:7 mm 14.27 -
(Magnetic core)Length: 45mm 14.36 -

We measured the flux distribution in the axial
direction when a uniform magnetic field of 60 Hz crosses
to the magnetic flux concentration coil, and calculated the
magnetic concentration ratio. For this measurement, we
used an induction magnetometer (3470, HIOKI).

3.2 Magnetic core

In previous report, we have only focused on the
“equivalent” effective permeability inside the rod-shaped
core [1]. However, the magnetic flux density is not
uniform inside the rod-shaped core. In this paper, we
focused on the effective permeability, or apparent
permeability [9], defined by the enhance ratio of flux
linkage to the coil with a magnetic material. Because a
rod-shaped material has the maximum flux density at the
center position, we make a constriction part in the area
for winding the Brooks coil. The importance of the
constriction part, or disk shaped flux concentrator [9], has
been pointed out by some researchers. Fig.3 shows
magnetic cores we developed, and Table 1 shows the
specifications. The diameter is 20 mm, the material is PC
Permalloy. We prepared five cores whose lengths are 7, 9,
15, 25, and 45 mm, respectively. All cores have a
constriction part whose diameter and length are 10 mm
and 5 mm, respectively. Because the own cutoff
frequency of the coil is higher than 60 Hz, a resonant
capacitor is not connected.

4 Results

4.1 Magnetic flux concentration coil

Fig. 4 shows an experimental result of measured
magnetic field distribution around the flux concentration
coil. The applied magnetic field was 1 puT at 60 Hz. It
was found that the measured magnetic field in the air-
core area was larger than 10 times compared with the
applied field. The maximum magnetic flux density was

about 20 pT which corresponds to the magnetic
concentration ratio g of 20. Although we checked the
dependency of the applied field strength on the magnetic
concentration ratio, there was no significant difference
when the amplitude was 10 pT. It means that we can
enhance the usable magnetic energy in the air-core area
up to 400 times.

4.2 Magnetic core

Fig. 5 shows the harvested power with harvesting
modules as a function of applied magnetic field, as a
parameter of the length of the magnetic core. In this
experiment, the magnetic flux concentration coil was not
used. The plots represent the measured values, and the
line represents the estimated value when no magnetic
core was used. The estimated values of effective
permeability were also noted in this figure.

It was found that an increase in the length of the core
produced an increase in the harvested energy. And the
harvested energy was proportional to the square of the
applied field strength. It means that the nonlinearity of
the magnetic material was not found in this applied field
strength range. When the length of the core was 45 mm,
the energy enhance ratio was 160 which corresponds to
the effective permeability of 12.63. In previous report [1],
the maximum energy enhance ratio was 1.27 with
relatively long magnetic rods. It should be noted that the
energy enhance ratio was larger than 10 if the length of
the core was 7 mm. We concluded that the flange part of
the magnetic core is important to concentrate the
magnetic flux to the coil [9].
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Fig. 3. Magnetic cores for the energy harvesting modules.
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Fig. 4. Magnetic field distribution around the magnetic flux
concentration coil. The direction of applied and calculated
magnetic field was Y(axial) direction, and the applied uniform
magnetic field was 1 uT at 60 Hz.
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Fig. 5. Harvested power of the energy harvesting modules as a
function of applied magnetic field, as a parameter of the length
of the magnetic core.
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4.3 Two magnetic concentration methods

Fig. 6 shows an experimental result of harvested power as
a function of applied magnetic field. The plots represent
measured values, and the lines represent the estimated
value from equation (4). In this experiment, we used the
module with 45 mm in length of the magnetic core. The
measured values were in good agreement with the
estimated values. When we placed this module inside the
magnetic flux concentration coil, the harvested energy
was dramatically increased. The maximum harvested
energy was 13.8 mW when the applied magnetic field
was 90 uT at 60 Hz. If we can use a uniform magnetic
field of 200 uT at 60 Hz, this module can harvest 57 mW
from the applied magnetic field.

5 Conclusion

(1) We have introduced energy enhance ratio & which
is proportional to (gX u.)’. Where g represents the
magnetic flux concentration ratio with a magnetic
flux concentration coil, wu.y represents effective

permeability defined by the magnetic flux
concentration ratio with a magnetic material.

(2) In this paper, we defined reusable magnetic field of
60 Hz and the diameter of the harvesting module
was 200 uT and 20 mm, respectively. The required
energy enhance ratio should be larger than 1000 to
harvest 1 mW energy.

(3) A magnetic flux concentration coil consists of an
air-core Brooks coil and a resonant capacitor was
investigated. From experimental results, we
confirmed that this coil can provide an area where
the value of g was larger than 20.

(4) Dumbbell-shaped magnetic cores for the harvesting
module were developed. When the length of the
core was 45 mm, the energy enhance ratio was 160
which corresponds to the effective permeability of
12.63.

(5) Incorporating the two magnetic flux concentration
methods, we have successfully demonstrated
magnetic energy harvesting of 1 mW with this small
module. Our achieved energy enhance ratio was as
high as 57,760. If we can reuse magnetic field of
200 uT at 60 Hz, the corresponding energy becomes
57 mW.
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