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Abstract: Real time monitoring of high voltage devices in
smart grid is implemented using wireless sensors. They
ensure reliable power transfer and avoid cascading power
failures. Powering these sensors remotely is a challenge.
This paper presents a novel method of powering sensors
remotely using magnetic field harvester. A dumbbell
shapedmagnetic core is designed and optimized to harvest
magnetic field near high voltage bus bars/transformers in
electrical substation. The harvested power is rectified and
boosted. Impedance matching circuit is designed to obtain
maximum power transfer to the wireless sensor. The
energy thus harvested is used to power wireless sensors
and make them self sustainable. The experimental results
show that the proposed core with 40,000 turns can harvest
17.6 mW of output power when placed in magnetic flux
density of 9 µTrms.

Keywords: energy harvesting; magnetic core; magnetic
field harvester; smart grid; voltage doubler; wireless
sensors.

Introduction

In recent times wireless sensors has become an integral
part of real time monitoring in smart grid (Chamanian,
Baghaee, and Ulusan 2019). Real time monitoring of
transmission lines and high voltage devices ensure reliable
operation, by monitoring the operating conditions, wear
and tear of the devices (Cetinkaya andAkan 2017).Wireless
sensors gained prominence due to low power consumption

and easy installation in locations that are difficult to
access. They are implemented in power grid to measure
voltage, current, partial discharge value and temperature.
Vibration sensors and line sensors aids in conditional
monitoring (Wu, Nguyen, and White 2018).

Wireless sensors are battery operated devices. Lithium
ion battery is used as a storage device in sensors. These
batteries have typical energy storage capacity of 2800J
(Yang et al. 2020). The power consumed by the wireless
sensor depends on frequency at which the data is collected
and communicated. From the literature survey it is found
that low power sensor consumes power around 500 µW to
1 mW (Roscoe and Judd 2013a).

The unpredictable lifetime of the batteries in wireless
sensors is the major concern as they are outspread over
wide geographical area (Guo, Wang, and Lin 2018). The
battery needs replacement regularly which proves to be
expensive. In addition to that, lithium ion battery in harsh
environment can experience overheating and increase in
self discharge (Yang et al. 2020). Often replacement of
battery in harsh and widely distributed places is difficult.
To overcome this predicament, energy harvesting tech-
niques is implemented to make sensors self-reliant. There
are multiple energy sources such as solar, wind, vibration,
RF, magnetic field and electric field (Zhu et al. 2009) in
power grid that can be harvested. The sources used for
harvesting ought to be independent of climatic conditions
and should not be time variant (Pavana and Deshpande
2020). As the sensors are used in power grids and are
placed near high voltage devices for monitoring, varying
magnetic field is the most suitable source of energy. The
magneticfield density level in power grid is higher near bus
bars, transmission lines, transformer, ripple control sys-
tems and switch gears (Roscoe, Judd, and Fraser 2010;
Yuan and Huang 2015). Table 1 gives the magnetic flux
density near high voltage devices.

Magnetic flux intensity reduces with increase in the
distance from the high voltage device (Isokorpi, Keikko,
and Korpinen 2002). It is the function of distance from high
voltage devices, amount of current flowing through the
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device and distance above the ground. Optimum of these
values decides the peak magnetic flux density. According
to literature survey summarized in Table 1 maximum flux
density of 86.15 µT is found in 110 kV/10 kV substation at
1.7 m above the ground.

Brief review on related work

Magnetic field harvesting system is classified as clamped
and non clamped harvester.
(i) Clamped magnetic harvester:

Clamped harvester encloses overhead transmission line
carrying huge current. As the core encloses the trans-
mission line, harvested power of the cable clamped
harvester is relatively high. The drawback of clamped
harvester is that it introduces line sag on the power line. It
also provides enormous maintenance risk.
(ii) Non clamped harvester:

These harvesters can be placed anywhere near the high
voltage devices in electrical substation (Yuan, Huang, and
Zhou 2017). They do not enclose the transmission line
and hence are flexible. (Roscoe and Judd 2013a) (Roscoe,
Judd, and Fraser 2010) proposed a non clamped magnetic
field harvester with cast iron core. The core suffers from
eddy current losses, due to the property of cast iron. The
core has larger dimensions which increases core volume.
(Yuan, Huang, and Zhou 2017) propose ferrite helical
shaped core. It is difficult to manufacture helical shaped
core in one piece. Multiple pieces are manufactured and
glued together to obtain the desired length. This introduces
air gap in the core, which reduces harvested power.

The core proposed in this work is simple to construct
and can harvest enough energy to power a low power
wireless sensor. The core implemented here has no air gap
when compared to the previous design. The output from
magnetic core is rectified, boosted and regulated in the next
stages. Impedance matching circuit is also critical to obtain
maximum power transfer (Ferdous and Johnson, 2018a).

Section “Design of magnetic core” deals with design of
magnetic core, in Section “Voltage doubler” design of
voltage doubler and impedance matching circuits are dis-
cussed. Section “Comparison between cylindrical ferrite
rod and dumbbell core” deals with comparative analysis
between ferrite rod and proposed design. Section “Result
and discussion” is dedicated to discussion of results of the
proposed magnetic field harvester.

Design of magnetic core

Magnetic core has two parts,
(i) Core
(ii) Winding coil.

Core design

Core material

The proposed core ismade of ferriteMn-Zn. Ferrites are soft
magnetic cores. They have high relative permeability, low
eddy current and hysteresis losses and high electrical

Figure 1: Demagnetizing factor as a function of aspect ratio.

Table : Magnetic field near high voltage devices in electric
substation.

Sl.
No

Test area Distance from
ground

Magnetic flux density

  kV/ kV
switching
substations

 m . µT (Isokorpi,
Keikko, and Korpinen
)

  kV cable . m . µT (Keikko et al.
)

  kV/ k
substation

. m . µT (Grbic,
Pavlovic, and Hrvic
)

 . kV/ kV
transformer

. m . µT– µT (Ozen et al.
)

  kV overhead
lines

. m . µT (Oltean et al.
)

  kV/ kV
substation

. m  µT– µT (Grbić,
Canova, and Giaccone
)
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resistivity (Vieira, Cleonilson, andMolina 2014). The shape
of the core is also an important factor in harvester design.
Output power is directly proportional to effective perme-
ability and effective permeability depends on shape and
dimension of the core. The effective permeability of the
gapped core is calculated using Equation (1) (Tashiro,
Wakiwaka, and Hattori 2015)

μE =
Bin

BX
(1)

Effective permeability increases as length to diameter
ratio increases. Effective permeability is related to relative
permeability and demagnetizing factor as given in
Equation (2) (Tashiro, Wakiwaka, and Hattori 2015). It is
inversely proportional to demagnetizing factor.

μE =
μr

1 + Ndμr

(2)

where Nd is demagnetizing factor and μr is relative
permeability of the core. Core with larger length to
diameter ratio has less demagnetizing field (Figure 1). But
the core becomes brittle when it is long and thin. Hence
length to diameter ratio of the core must be optimized.
Demagnetizing factor depends on dimension and shape of
the core material. Relation between demagnetizing factor
and aspect ratio is given by Equation (3).

Demagnetization factor Nd is given by (Tashiro,
Wakiwaka, and Hattori 2015)

Nd = 1
γ2 − 1

[ 1̅̅̅̅̅
γ2 − 1

√   ln  (γ + ̅̅̅̅̅
γ2 − 1

√ ) − 1] (3)

where, γ is the aspect ratio of the core.
The aspect ratio of the core (γ) is the ratio of
It’s length to diameter

γ = l
d

(4)

where, l is the length of the core and d its diameter.
Figure 1 gives demagnetizing factor as a function of

aspect ratio.
It can be seen from the above graph that demagneti-

zation factor reduces with increase in the length to diam-
eter ratio. However when the length to diameter ratio is
increased; the core becomes long and thin. This reduces
the ruggedness of the core. Therefore it must be optimized.

Losses in magnetic core

Losses in themagnetic core are due to resistance offered by
magnetic core and the copper coil. The total resistance
offered by the magnetic core is given below

R = RCore + RCoil (5)

Core losses: These losses are due to the nature of
alternating magnetic field surrounding the magnetic core.
Core loss consists of eddy current and hysteresis losses
(Vishay Intertechnolog INC). Hysteresis losses are the
function of frequency and magnetic field (Yuan, Huang,
and Zhou 2017). The frequency of the magnetic field is
very low (50 Hz), in addition the magnetic fields around
high voltage devices are in the order of milli Tesla. Hence
hysteresis losses are ignored.

Eddy current loss depends on electrical resistivity of
the core material and diameter of the core material. Power
loss due to eddy current is given in Equation (6) (Espe and
Mathisen 2020)

Peddy = π2f 2d2B2

16ρ
(6)

where d is the diameter of the rod, f is the frequency; B is
magneticfluxdensity, ρ is the resistivity of the corematerial.

Ferrite Mn-Zn core has high electrical resistivity in the
order of 1.1 MΩm (Byte 2011) and in addition the core
diameter in the proposed work is small. From Equation (5)
it is seen that eddy current losses are directly proportional
to diameter and inversely proportional to electrical
resistivity of the core. Hence the eddy current losses are
negligible and are ignored. Therefore the total loss in the
proposed harvester is due to resistance offered by the
copper coil wounded on the magnetic core.

Equivalent circuit of the magnetic core is given in
Figure 2.

Lcoil is inductance of the coil and Rcoil is resistance
offered by the coil. vac is the induced voltage.

According to Faraday’s law of electromagnetic induc-
tion, when the magnetic core is placed in the varying
magnetic field, alternating voltage is induced in the coil.
The voltage thus induced is given in Equation (7) (Roscoe
and Judd 2013a).

Vac = 2(πr)2fBNμE (7)

where f is Frequency of the magnetic field,
µE is effective permeability, r is radius of the core. B is

Magnetic Flux density, N is Number of turns.
The output power across the load is calculated as

below

Pout = (Vac)2
4R

(8)

Output power per unit volume can be calculated using
Equation (10). And the volume of themagnetic core is given
below

P. H and R. Deshpande: Design and development of magnetic field harvester 303



Volume = πr2l (9)

Pout = (2π2f r2BNμE)2
4Rπr2l

(10)

The maximum power is transferred to load when the
input impedance matches the output impedance. Hence
impedance matching circuit plays an important role.

Coil design

Copper coil wounded on the magnetic core plays an
important factor in harvesting.

Vac = 2(πr)2fBNμE (11)

From the equation above, output voltage is directly
proportional to number of turns. However, increase in
number of turn N, increases coil resistance. Resistance of
the copper coil is calculated using the below equation

Rtotal = ρl
A

(12)

where ρ is the resistivity of the core, L is the length of the
core and A is the area of the core.

The total wire length is given by (kiziroglou, Wright,
and Yeatman 2020)

Lwire = 2πN(D + (Jlayer × d)) (13)

where D is the diameter of the core, N is number of turns,
Jlayer is number of layers wounded and d is the diameter of
the wire. Jlayer is number of layers wounded, W is width of
copper coil. (kiziroglou, Wright, and Yeatman 2020).

Jlayer = N
(W/d) (14)

Resistance of the copper coil is directly proportional to
the length of the coil. And length of the coil depends on
number of turns. Hence increase in number of turns, in-
creases the resistance. From the Figure 3 it is seen that core
with larger inner diameter offers more resistance as the
number of turns increases. Hence the diameter of the core
must be optimized. Din is varied by keeping length of the
core L constant. Rod(a) = 2 cm, Rod(b) = 2.5 cm,

Rod(c) = 3 cm, Rod(d) = 3.5 cm, Rod(e) = 4 cm,
Rod(f) = 4.5 cm and Length L = 25 cm.

The diameter of the copper wire used is an important
factor. Figure 4 gives the relationship between diameter of
the coil as the function of resistance for different number
of turns. It can be seen from the below graph that, the wire
with larger diameter has less resistance.

From the above graph it can be seen that larger number
of turns offers more resistance. In addition for the given
number of turns, as the diameter of copper coil increases,

Lcoil Rcoil

Vac

Harvester Circuit

Figure 2: Magnetic core equivalent circuit.

Figure 3: Coil resistance as a function of number of turns.

Figure 4: Coil resistance as the function of wire diameter.
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resistance decreases. However copper coil with larger
diameter occupy more area in the core and hence reduces
the number of turns. Figure 5 gives number of turns as the
function of wire diameter.

From the Figure 5 it is seen that when wire with larger
diameter iswounded on the core, it occupiesmore area and
number of turns tends to decrease. The voltage induced on
the coil is proportional to number of turns. Copper wire
with smaller diameter increase the number of turns as the
space occupied by them is less. However they offer large
resistance. Hence an optimum wire diameter must be
chosen. The wire chosen in the proposed work has the
diameter of 0.255 mm and resistivity of 0.352 Ω/m.

Simulation of cylindrical rod

Cylindrical ferrite rod with length L and diameter Din and
relative permeability of 2300 is placed in the uniform
magnetic field of 9 µTrms (Figure 6). Magnetic field of
9 µTrms is generated using Helmholtz coil in CST EM Studio.

Magnetic flux density in the middle of the cylindrical
ferrite rod is measured for different length to diameter
ratio. The Table 2 gives the simulated andmeasured output
for different aspect ratio of the ferrite rod.

From the above simulated result it is seen that, with the
increase in the diameter of the rod output power increases.
In addition the resistance offered by the coil increases.

The ferrite core is simulated andmagnetic field density
is measured in the middle of the core (Figure 6). Effective
permeability is calculated using Equation (1). Figure 7
gives the relationship between effective permeability and
relative permeability for different length to diameter ratio
of the ferrite rod. Length of the core is kept constant
L = 25 cm. Din of the core is varied. Rod(a) = 2 cm,

Rod(b) = 2.5 cm, Rod(c) = 3 cm, Rod(d) = 3.5 cm,
Rod(e) = 4 cm, Rod(f) = 4.5 cm.

From the graph above it is seen that effective perme-
ability increases with increase in relative permeability of
the core material. And after certain value, effective
permeability becomes independent of relative perme-
ability and will not provide any significant raise.

The core used here is Mn-Zn which has relative
permeability of 2300. From the above simulated result it is
found thatmaximumpower is harvestedwhen ferrite rod is
long and thin. Long and thin core increases the distance
between North Pole and South Pole of the magnetic core
hence demagnetization decreases (Yuan, Huang, and Zhou

Figure 5: Number of turns as the function of wire diameter.

Table : Parameters of the cores for different diameter and when
μr =,N=, L= cm.Din of the core is varied. Rod(a) = cm,
Rod(b) = . cm, Rod(c) =  cm, Rod(d) = . cm, Rod(e) =  cm,
Rod(f) = . cm.

Core μE Nd VCoil (mV) VO (mV) RCoil (Ω) Pout (μW)

Rod(a) . .  . . .
Rod(b) . . . . . .
Rod(c) . . . . . .
Rod(d) . . . . . .
Rod(e) . . . . . .
Rod(f) . . . . . 

Figure 7: Effective permeability as a function of relative
permeability for different length to diameter ratio.

Figure 6: Cylindrical ferrite rod.
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2017). Long and thin ferrite core is brittle and is prone to be
damaged. It is seen from Table 2 that the there is a slight
increase in output power with increase in the diameter of
the core. With the increase in the core diameter, coil
resistance increases for larger number of turns. Hence
length to diameter of the core must be optimized.

Design of dumbbell magnetic core

From the above discussion it is seen that increase in length
to diameter ratio increases power harvested from the core.
Long and thin core tends to be very brittle and there is a
chance of breaking. Hence to increase the flux linkage to
the ferrite rod, magnetic plates are added. Figure 8 is the
proposed magnetic core.

Din is the inner diameter of the core, L is the length of
the core, Dout is the outer diameter of the magnetic plate,
and W is the width of the magnetic plate.

Simulation of dumbbell core

Dumbbell shaped corewithDin = 2 cm, L= 25 cm,W= 2.6 cm
is simulated in CST EM studio with the flux density of
9 μTRms The number of turns N = 200 and relative perme-
ability is 2300. The diameter of outer plate is varied keeping
width of the magnetic plate constant. The simulated result
is tabulated in Table 3.

It is observed from the above simulation results that, as
the diameter of magnetic plate increases for the given
aspect ratio of the core, the output power increases. How-
ever the resistance remains constant. Figure 9 gives core
diameter as function of output power when the diameter of
the magnetic plate is varied

It is seen from the simulated result that maximum
power is harvested when dumbbell core has greater aspect
ratio andmagnetic platewith larger diameter. Table 4 gives
simulated results of dumbbell shaped rod with Din = 2 cm,
L = 25 cm. The number of turns N = 200 and Relative
permeability is 2300. The Dout = 11 cm and the width of the
outer plate W is varied.

It can be seen from the above simulated results that
output power increaseswith the increase in thewidth of the
magnetic plate. The output power density depends on the
induced voltage, coil resistance and core volume (Roscoe

Figure 8: Dumbbell core.

Table : Parameters of the cores for different diameter and when
μr = , N = . Dout is varied. Rod(a) =  cm, Rod(b) =  cm,
Rod(c) =  cm, Rod(d) =  cm, Rod(e) =  cm, Rod(f) =  cm.

Core μE Nd VCoil (mV) VO (mV) RCoil (Ω) Pout (μW)

Rod(a) . . . . . .
Rod(b) . . . . . .
Rod(c) . . . . . .
Rod(d) . . . . . .
Rod(e) . . . . . .
Rod(f) . . . . . .

Figure 9: The output power of dumbbell core as the function of
diameter Din.

Table : Parameters of the cores for different diameter and when
μr = , N = . W is varied. Rod(a) =  cm, Rod(b) = . cm,
Rod(c) =  cm, Rod(d) = . cm, Rod(e) =  cm, Rod(f) = . cm.

Core μE Nd VCoil (mV) VO (mV) RCoil (Ω) Pout (μW)

Rod(a) . .  . . .
Rod(b) . . . . . .
Rod(c) . . . . . .
Rod(d) . .  . . .
Rod(e) . . . . . .
Rod(f) . . . . . .
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and Judd 2013a). Optimal value of length to diameter ratio
and dimensions of magnetic plate should be selected to
maximize the output power density. The output voltage
from the magnetic core is alternating in nature. It must
to be rectified, amplified and regulated before sending it
to the load.

Voltage doubler

Voltage doubler is a device used to rectify AC toDC and also
to boost the output voltage (Mohammed and Sari 2019). It is
essential to implement voltage doubler in harvester as the
output from magnetic core is low. Single stage Greinacher
voltage doubler is designed to boost output voltage.
Greinacher voltage doubler generates highDC voltage from
the low AC voltage signal (Rani, Kaur, and Bhatia 2017). It
has two diodes and two capacitors. The diode used must
have lowest switching time and low threshold voltage.
Schottky diode is used due its low voltage drop, low
conduction loss and small reverse current (Sathyiyapriya
et al. 2020). The Schottky diode PMEG2020AEA with
forward voltage drop of 0.19 V is used here. Impedance
matching circuit is critical in obtaining the maximum
power transfer in the harvester (Ferdous and Johnson,
2018b). L shaped impedance matching circuit is designed
to obtain maximum efficiency (Fan, Gou, and Zhao 2019).
Voltage doubler with impedance matching circuit is
designed in Figure 10.

The capacitor C1 present has two functions. It
compensates self inductance of the coil. And in addition it
acts as one of the capacitor in voltage doubler. The capacitor
C2 acts as smoothing capacitor and storage device. The
inductance of the harvesting core can be compensated by a
series capacitance at frequency of 50 Hz using the equation
below (Roscoe and Judd 2013b).

C1 = 1
ω2LS

(15)

The circuit is simulated using LT Spice for different
values of capacitor C1 for parameters in Table 5. The graph

is plotted for output power as the function of compensating
capacitance C1.

Output power as a function of capacitance C1 is plotted
(Figure 11). It can be seen from the below graph that
maximum output is obtained when the inductance of the
magnetic core compensated using capacitor. The value of
the capacitance is calculated from Equation (14).

Harvesting coil

Ls Rs
D1

D2C1

C3
C2

L2

Voltage Doubler
Impedance
Matching 

Circuit
Storage

Figure 10: Voltage doubler.

Table : Parameters of magnetic core.

Parameters Value

Coil voltage . Vrms
Number of turns 

Coil resistance 

Coil inductance 

Figure 11: Output power as the function of compensating capacitor.

Figure 12: The output power as the function of resistance.
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Using LT Spice output power for different load values is
simulated. It is found that maximum power is transferred
when the load is approximately 4 times larger than the
source resistance. Figure 12 gives the relationship between
output power as the function of load resistance. Maximum
output power is obtained at 5.9 KΩwhich is approximately 4
times greater than the coil resistance 1400 KΩ considered.

Comparison between cylindrical
ferrite rod and dumbbell core

Uniform Magnetic field can be generated using Helmholtz
coil where ferrite core is placed. The boundary condition is
set to open. Helmholtz coil is shown in Figure 13 (Saqib,
Francis, and Francis 2020).

Helmholtz coil has two identical magnetic coil coils
with radius R. They are separated from the distance R. It is
equal to the radius of the coil.

The flux density generated by the Helmholtz coil is
calculated as below (Saqib, Francis, and Francis 2020)

B = μ08NI
R

̅̅̅
125

√ (16)

where μ0 is permeability of free space
N is the number of turns wounded.
I is current through the coil, in amperes.
R is the radius of the Helmholtz coil, in meters.
The copper coil used to build Helmholtz is 0.5 m and

the number of turns used here is 40. The current through
each coil is 125 mA. The flux density generated is 9 µT. The
Helmholtz coil is simulated in CST EM Studio. The ferrite
core is place in the magnetic field density of 9 µT.

Cylindrical ferrite rod with relative permeability of
2300 is simulated in CST EM Studio. Inner diameter (Din) of
rod is varied and output power is plotted for different
number of turns. The copper coil wounded on themagnetic
core has a diameter 0.255 mm and resistivity of 0.352 Ω/m.
Din is varied. L = 25 cm, μr = 2300

Rod(a) = 2 cm, Rod(b) = 3 cm, {Rod(c) = 4c}.
It can be seen from Figure 14, with the increase in the

diameter of the ferrite rod there is a small increase in output
power. Along with output power the resistance offered by
the core increases. The output power of the ferrite rod with
diameter 2 cm and N = 2000 is 13.5 µW. To further increase
the flux linkage to the core, magnetic plate is added to the
ferrite rod. Dumbbell core is designed and simulated for
different dimensions. It is simulated and output power as
the function of number of turns is plotted by varying inner
diameter (Din). Rod(a) = 2 cm, Rod(b) = 3 cm, Rod(c) = 4 cm.
Dout = 11 cm, W = 2.8 cm is kept constant.

It is seen from Figure 15 that the dumbbell core with
small inner diameter generate more output. The output
power for dumbbell core with core diameter of 2 cm, length
L = 25 cm, width of the magnetic plate W = 2.6 cm and

Figure 13: Helmholtz coil.

Figure 14: Output power as function of number of turns in cylindrical
rod.

Figure 15: Output power as function of number of turns in dumbbell
core.
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Dout = 12 cm for N = 2000 is 112.56 µW. It is seen from the
Figures 14 and 15 that the output from dumbbell core is
much larger than the cylindrical rod for the given diameter.
Themagnetic plate attached to the ferrite core increases the
flux linkage and hence flux density inside the core is
increased which in turn increases the output power.

Result and discussion

The proposed dumbbell core is designed and simulated
using CST EM Studio. Dumbbell Core with Inner diameter
Din = 2.2 cm, L= 25 cmandDout = 11 cmandwidthW= 2.8 cm
is designed and simulated in the flux density of 9 μT. Wire
diameter 0.255 mm and resistivity of 0.352 Ω/m is consid-
ered. The output power for different number of turns is
simulated and plotted (Table 6 and Figure 16).

The output power harvested for the proposed core is
1.25 mW and power density is 1.99 µW/cm3 for 2000
number of turns. For 40,000 turns the output power
harvested is 17.63 mW. As the number of turns is increased
the output power increases (Figure 16). If the harvester is
placed near higher flux density, more power can be
harvested.

The Output voltage from harvester is alternating in
nature; hence it is rectified and increased using voltage
doubler tomeet the voltage requirement of wireless sensor.
Impedance matching circuit is designed to obtain the
maximum power transfer. The proposed impedance
matching circuit provides energy conversion efficiency of
77% which is higher than the previous design.

Conclusions

In this paper dumbbell shaped core is designed to harvest
magnetic field near high voltage devices in electrical sub-
station. The output from the core is rectified and doubled
using voltage doubler. Impedance matching circuit is
designed to maximize the power transfer efficiency from
core to load. The energy conversion efficiency is here 77%.
The proposed core is not clamped on to the power line
and hence can be placed near high voltage devices. It
has magnetic plate connected to the cylindrical rod
that increases the flux linkage and hence increases the
harvested power. The core designed here is simple in
construction when compared to the previous design. From
the results it is shown that the output power density of the
dumbbell core with 40,000 turns is 17.6 mW enough to
power any low power sensors.
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