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Abstract: - Wireless sensors are used to implement monitoring of electrical devices in smart grid. Monitoring provides reliable power
transfer and avoids cascading power failures. A dumbbell shaped magnetic core is developed and optimized to harvest electromagnetic
field near bus bars and transformers in electrical substation. The energy thus harvested is used to power wireless sensors and make them
self-sustainable. The experimental results show that the proposed core can harvest 1.25mWof output power with 2000 turns when placed in
flux density of 9uTrms.The power density is 1.99uW/cm3.Volatge doubler and energy management unit is designed to supply constant
power to wireless sensors.
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I.  INTRODUCTION

Power grid delivers power from producers to customers. In recent years electricity providers are implementing
real time monitoring of voltage devices and transmission lines to avoid breakdowns and to ensure reliable
operation by monitoring the operating conditions, wear and tear of the device [1]. Wireless Sensors is used to
monitor the high voltage devices and power lines in real time. Wireless sensors have gained importance due to
low power consumption and easy installation in locations that are hard to access. Wireless sensors are installed in
power grid to measure voltage, current, temperature and partial discharge value [2]. Atmospheric sensors can be
inserted near power grids to obtain the localized information about the air quality. Vibration sensor and line
sensors also help in condition monitoring [2]. However, wireless sensors are battery operated devices and it is
expensive to change the battery periodically [3]. Despite the development in the field of battery technology the
unpredictable lifetime of the batteries is of the major concern [4]. The power consumed by the sensor depends on
the frequency at which the data is collected and communicated [5]. From the literature survey the low power
sensor consumes around 500puW-1mW. To overcome this drawback, energy harvesting techniques is
implemented to make sensors self-sustainable. The multiple energy sources in the power grid are solar, wind,
vibration, electromagnetic field, electric field [3] and RF energy [6], [7]. The sources used should be independent
of climatic conditions and should not be time variant [5]. As the sensors are used in power grids and are placed
near high voltage devices for monitoring, electromagnetic field act as a major source for energy harvesting.

Electromagnetic field harvesters are broadly classified as clamped and non-clamped. A clamped magnetic
harvester encloses the power line. This introduces line sag and also has the high maintenance risk. Non-clamped
harvesters on other hand can be placed anywhere near the high voltage devices and hence are more flexible when
compared to clamped harvester. As the harvester does not enclose the power line, harvested power is less when
compared to clamped harvester [8]. N M Roscoe et al. [9] designed cast iron core with Radius 1.2cm and length
60cm to harvest electromagnetic field around high voltage devices. The device harvested 1mW of output power
when placed in the flux density of 4.5uTrms. Nina M Roscoe et al. [3] proposed optimum iron cast cylindrical
core that delivers output power of 300uW when placed in a electromagnetic field of 18uTrms. The cylindrical
core has a length of 50cm and diameter of 5cm. The core proposed in [9], [3] suffers from Foucault current (Eddy
current) losses as the core is made of cast iron and also the length is high. Sheng Yuan et al. [10] propose bow tie
ferrite core. The length is 15cm and diameter is 2cm. The harvester delivers 360pW to the load when placed in
magnetic flux density of 7 uTrms. Sheng Yuan et al. [11] propose helical core made of ferrite material. The core
length is 15cm and has a diameter of 6cm. The core produces output power of 612uW when placed in the flux
density of 7 uTrms. However, the proposed helical core is difficult to manufacture in one piece, hence the core is
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made of three parts and later joined together. This introduces air gap in the system, which lead to power loss. The
core proposed here is efficient and simple to construct. The flux linkage is increased by connecting magnetic plate
at end of the rod. The magnetic plate increases the flux density inside the core and hence more power can be
harvested and delivered to the load. Section Il discusses magnetic flux density in power stations, Section 11 deals
with energy harvester design. Section IV discusses voltage doubler and energy management unit and section V,
VI gives result and discussion and conclusion respectively.

Il. SOURCES OF MAGNETIC FIELD IN POWER GRID

Over head transmission lines and busbar in substation are found to be the main source of electromagnetic field
energy. The other sources include transformers, ripple control systems and switch gear. J. Isokorpi et al. [12]
propose that in power systems the major source of magnetic flux density are transmission lines, distribution lines,
transformers and switching station. The maximum field in 400kV switching station is 9.1uTrms. In 110/20kV
switching substations the maximum value of the field is 18.6uT when measured at the height of 1m and 14.8 uT
at 0.5m. T. Keikko et al. [13] Conclude that the highest electromagnetic field was caused by crossing of bus bar
and outgoing feeder, 20kV cable from transformer to 20kV switch gear. The value is around18.6uT at a height of
1m and 14.8uT at a height of 0.5m. Maja Grbic et al. [14] measure the electric and electromagnetic field intensity
around 110kV/10kV substations around power transformers, 10kV busbar and power lines. The maximum
magnetic flux density measured from 1.7m above the ground is 86.15uT.S. Ozen et al. [15] find the
electromagnetic field intensity around a transformer substations present in a hospital building which has high
capacity transformers. The transformer here is 31.5kV/04kV. Field intensity across the transformer room is
4.67uT and field intensity across control room is between 1.74 uT to 27uT. The field is measured 1.5m above
ground level. M. N. Oltean et al. [16] proposes that the intensity of electromagnetic field depends on distance
from the overhead lines or the devices and also the current flowing through it. The electromagnetic field is
measured below 400kV overhead line. The electromagnetic field density measured at 0.65m is 5.284uT and 5.160
MT at 1.25m above ground. Maja Grbic et al. [17] propose to measure the flux density in the apartment near
Belgrade Siberia 110kV/35kV substation. The main sources of electromagnetic field density are bus bars of
110kV and 35kV near wall of the apartment and ripple control system. The highest magnetic flux density around
the apartment is around 12uT-20uT. It can be concluded from the above literature survey that Busbars and
transformers in the electrical substation are the main source of electromagnetic field density.

I11. HARVESTER DESIGN

Magnetic core, voltage doubler and Energy management unit are the main parts of harvester.

A Magnetic core consists of
1. Core which guides the flux path
2. Coil where voltage is induced.

Fig.1 gives approximation of the harvester circuit,

Harvester circuit

.....................

Lcoil Reoil

Impedance
matching
circuit

RLoad

Fig.1 Harvester Circuit
Lcon=Inductance of the coil and R4 IS total resistance offered by core material and copper coil

According to Faraday’s law the voltage induced in a coil is given as below [3]. f is Frequency of the
electromagnetic field, ug is effective permeability, r is the Radius, B is Magnetic Flux density and N is Number
of turns.
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Vac = 2(rr)? fBN g ()
The power across the load

- (ad?
Powe= = — )

The maximum power is transferred to load when the input impedance matches the output impedance according to
maximum power transfer theorem. The value of R,,,;iS equal to Ry 4aq-

Output voltage generated across the load is half of the voltage generated in the coil.

Vac
Pout: Py (3)
Power across load per unit volume is shown in (4)
volume = mr?l (4)
- Wao)?
Pous= 4Rmr2l ®)

B. Core Material

The main parameters of any magnetic core are the Relative permeability () of the core, its electric conductivity,
coercivity and saturation. Core with higher permeability gets strongly magnetized in response to the external
electromagnetic field. The core material used here is ferrite Manganese-Zinc (Mn-Zn). Ferrites are soft magnetic
cores. These cores have high permeability, low core losses, low electric conductivity and high electrical
resistivity. High resistivity of ferrite reduces losses. Resistivity of ferrite Mn-Zn is in the order of 1.1x10%Qm
[18,20]. . of different core materials is listed in Tablel. [19]

Tablel. Relative permeability (u,.) of different core materials.

SI.No Material Relative Permeability
1 Iron(99.8%) 5000
2 Electrical steel 4000
3 Ferrite(MnZn) 2300
4 Ferrite(NiZn) 640
5 Permalloy 8000
6 Nanocrystalline 80000

Iron is also soft magnetic material. It presents high permeability and low resistivity. But iron has large Foucault
current losses [18]. ]. Nanocrystalline has very high permeability but has less resistivity when compared to ferrite;
hence it is prone to more Foucault current losses [20]. The total loss in the harvester is due to core loss and copper
loss. The core loss is due to alternating electromagnetic field. The core loss is made of Foucault current and
hysteresis losses and copper loss is due to winding resistance of the coil [21].

The total resistance offered by the harvester is

Rtotal: Rcore +Rcopper
Core loss is made of two main components

i Hysteresis loss: Hysteresis losses depend on frequency and electromagnetic field. In this application
both frequency and electromagnetic field is low hence hysteresis losses are ignored.

ii. Foucault current loss: It is dependent on the electrical resistivity of the material. Power loss due to
Foucault current is given as [22]

n.ZdeZBZ
16p

Peddy = (6)
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Where d is the diameter, f is the frequency of the flux, B is electromagnetic flux density, p is the resistivity. The
resistivity of the ferrite material is very high. The core designed here has smaller diameter, this result in low
Foucault current losses and hence are also ignored. The core resistance is very small when compared to winding
resistance and hence the total loss is due to the resistance offered by winding coil.

C. Core shape

The power harvested depends on of the magnetic core. Effective permeability (ug) is applicable to magnetic core
with air gaps. The core in which the flux is not guided by magnetic material completely, they pass through air
leading to ug. It depends on the demagnetization factor. Whenever a cylindrical magnetic core is subjected to
external electromagnetic field, a demagnetizing field is generated that cancels the applied electromagnetic field.
Fig.2 shows the magnetization in cylindrical core

F
F

—
—
— —
—>
—

Fig.2 Magnetization of the core Hex=Applied electromagnetic field , H,= Demagnetizing field

The relationship between the Effective permeability (ug) of the core and demagnetization factor is shown in

(NI23]

HE = 1+;I;jllr ()
Ng=Demagnetization factor, . =Relative Permeability of the material. Demagnetization factor depends on length
and diameter of the core and the core material. The pg for different core shapes is calculated using (8 )[23]
Bin
HE = By C))
g increases, with the increase in . of the core material for an optimized value of length to diameter ratio of the
core [3]. After the certain value it becomes independent of p,. and will not provide any significant raise. Hence
large value of p,. does not improve the harvested power. The Effective permeability of the ferrite core as function
of length to diameter ratio is given in Fig.3.
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Fig.3 Effective permeability as a function of length to diameter ratio.

ug is proportional to length to diameter ratio of the magnetic core. The core with larger aspect ratio harvest more
power. However they are fragile and are prone to damage. Hence aspect ratio of the core must be optimized. Let
L be length of the core and D is diameter of the core. The aspect ratio of the core is given in (9)

y=L/D ©)

Demagnetization factor N4 is (10) [23]
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Nd:ﬁ[ J% In(y +y2—1) - 1] (10)

Relationship between demagnetization and aspect ratio is given in Fig.4. Long and thin core increases the distance
between North Pole and South Pole and hence demagnetization decreases.
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Fig.4 Demagnetization factor versus length to diameter ratio.

To find the optimized length to diameter ratio of the core, a cylindrical ferrite core as in Fig.5 is placed in the
uniform electromagnetic field of 9uT generated using Helmholtz coil in CST EM Studio. The flux density linked
to the core is measured.

1 =2300, N=200 and magnetic flux density linked to the core is measure for different length to diameter ratio. L
is the length of the core and Din the diameter of the core.

—e

Fig.5 Cylindrical rod

The relationship between Effective permeability and Relative permeability is explained in Fig.6. pg for different
length to diameter is measured and plotted as the function of p.. It increases, with the increase in Relative
permeability of the core material up to a certain value and later it is independent of increase in ..
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Fig.6 Effective Permeability as a function of Relative Permeability for different length to diameter ratio

{Rod(a)Din=2cm}, {Rod(b)Din=2.5cm}, {Rod(c)Din=3cm}, {Rod(d)Din=3.5cm}, {Rod(e)Din=4cm},
{Rod(f)Din=4.5cm}.
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The simulated result for core with different length to diameter ratio is given in Table 2. The length of the core is
kept constant by varying the diameter of the core. As the core diameter increases, the resistance of the coil
resistance is increased. Core with larger turns, offers more coil resistance reducing the harvested power.

Table.2 Output power of the core for different diameter and when p1,=2300, N=200, L=25cm.
{Rod(a)Din=2cm},{Rod(b)Din=2.5cm},{Rod(c)Din=3cm},{Rod(d)Din=3.5cm},
{Rod(e)Din=4cm},{Rod(f)Din=4.5cm}.

Mg Ny Veoir Vo Reoil Pout
core ™) | v | @ | aw
Rod(a) 87.1 0.011 15 7.5 4.4 135
Rod(b) 63.3 0.016 175 8.7 55 13.9
Rod(c) 48.7 0.020 19.4 9.7 6.6 143
Rod(d) 393 0.026 213 106 77 147
Rod(e) 3238 0.031 233 116 88 154
Rod(f) 28.1 0.036 25.2 12.6 9.9 16

D. Design of Dumbbell core

Flux linkage to the core increases with the increase in length to diameter ratio of the magnetic core. Long and thin
core are very brittle and there is a likelihood of breaking. Hence the aspect ratio of the core must be optimized.
The flux linkage of the core is increased without further increasing the length to diameter ratio by attaching the
magnetic plate on either side of the core. This result in the dumbbell shaped core.

Dout

Fig.7 Dumbbell core

Din is the inner diameter of the core, D, is the outer diameter, L is the length and W is the width of the magnetic
plate. Dumbbell shaped core with D;, =2cm, L=25cm, W=2.6cm is designed and simulated by varying the
diameter of the magnetic plate and keeping its width constant. N=200 and p, =2300. Simulated results are
tabulated in Table 3. There is a significant rise in the output power when the diameter of the magnetic plate
increases. From Table 2 and Table 3 it is noticed that the output power harvested by the cylindrical rod is 13.5uW
when Din=2cm, p,=2300, N=200, L=25cm whereas, dumbbell shaped core with D, ;=14cm harvests 193uW.

Table 3. Output power of the cores for different diameter and when p,.=2300, N=200, L=25cm.
{Rod(a)Dout=10cm},{Rod(b)Dout=12cm},{Rod(c)Dout=14cm},{Rod(d)Dout=16cm},
{Rod(e)Dout=18cm},{Rod(f)Dout=20cm}.

Mg Ng Veoil Vo R coil Pout
Core ™) | v | @ | aw
Rod@® | 2511 | 0003 426 223 44 1125
Rod(b) | 2906 | 0.003 516 2538 44 150.8
Rod(c) | 3288 | 0.003 58.4 292 44 193.0
Rod(d) | 3677 | 0002 653 326 44 2414
Rod(e) | 4077 | 0.002 724 362 44 296.8
Rod() | 477.7 | 0002 848 423 44 4074
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Dumbbell shaped core is placed in the uniform electromagnetic field of 9uT generated using Helmholtz coil in
CST EM Studio to optimize the aspect ratio of the core. Table 4 has simulated output power for dumbbell core
with D;,=2cm, L=25c¢cm, N=200 and p,. =2300. The magnetic plate diameter D,,.=11cm and the width of the

outer plate W is varied.

Table 4.Parameters of the cores for different diameter and when p©,.=2300, N=200. W is varied.

{Rod(a)W=2cm},{Rod(b)W=2.5}{Rod(c)W=3cm},{Rod(d)W=3.5}, {Rod(e) W=4} ,{Rod(f) W=4.5}

Core Mg N4 Veoil \A R coil Pout
(mV) (mV) @ W)
Rod(a) | 253.3 0.003 45 22.5 4.4 114.5
Rod(b) | 2655 | 0.0037 471 235 4.4 1257
Rod(c) 278.8 0.0036 49.5 24.7 4.4 138.8
Rod(d) 298.8 0.0035 53 26.5 4.4 159.4
Rod(e) 303.3 0.0033 53.8 26.9 4.4 164.1
Rod(f) | 3166 | 0.0031 56.2 28.1 4.4 178.9

It can be seen from Table 4 that output power increases with the increase in the width of the magnetic plate. Fig.8
gives the output power as a function of diameter of the magnetic plate.

Output Power(W)
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Fig.8 Output power as a function of diameter of the magnetic plate

Maximum power is harvested when dumbbell core has thin and long inner rod and larger magnetic plate. Thin
and long inner rod makes the core brittle. And increase in outer diameter of the dumbbell core increases the core
volume. Fig.9 and Fig.10 compares flux density inside the cylindrical rod and dumbbell core. The cores are
placed in the external electromagnetic field of 9uTrms.
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Fig.9. Magnetic flux density inside the cylindrical rod
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Fig.10 Magnetic flux density inside the dumbbell core

The cylindrical rod is simulated with diameter D;,=2.2cm and length L=25cm. The flux density in the middle of
the core is 689uTrms. Dumbbell core is simulated with D;,=2.2cm, D,,=11cm, W=2.8cm and length L=25cm.
The flux density in the middle of the core is 2.08mTrms. Magnetic plate across the cylindrical rod increases flux
linkage. The dumbbell core with inner diameter D;, =2.2cm, L=25cm and magnetic plates with diameter
Dour=11cm and width W=2.8cm is proposed in the present work.

E. Coil Design

The voltage from the harvester also depends on the copper coil wounded on the core. It is directly proportional to
number of turns. Increase in the number of turn N increases the coil resistance. Total resistance of the harvester
consists of core resistance and resistance of the coil wounded on the core. Coil resistance cause copper losses and
core resistance cause Foucault current and hysteresis loss. Foucault current and hysteresis loss becomes negligible
as the material selected is ferrite. Ferrite (Mn-Zn) has less electric conductivity and the frequency of operation is
50Hz. Hence only copper loss is considered. Properties of the copper coil are investigated below. Fig.11 is copper
coil resistance as a function of number of turns for different core diameter. It can be seen from Fig.11 that, as the
number of turns increases, the coil resistance increases. The core with greater inner diameter offers more
resistance for a given number of turns.
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Fig.11 Coil Resistance as a function of Number of turns
The total wire length is given by [24]
Luwire=21 N (D+ (JLayer*d)) 11)
Where N is the number of turns in the coil, d is the diameter of the wire, D is the diameter of the core, J,yer IS
number of layers wounded.

N

]Layer = m (12)

W is width of copper coil. The diameter of the copper coil wounded on the core is also an important parameter.

Fig.12 gives the relationship between wire diameter and resistance for different coil turns. The wire with larger
diameter has less resistance but they occupy larger area in the core and hence reduce the number of turns.
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Fig.12 Resistance of the coil when different wires are used

Number of turns is directly proportional to output voltage. Fig.13 explains the number of turns as the function of
wire diameter. When wire diameter increases, number of turns reduces. This is because with the increase in the
wire diameter the area occupied by the wire on the core increases. This results in less number of turns.
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200
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0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3 0.32

Wire Diameter

Fig.13 Number of turns/winding as the function of wire diameter.

The relationship between output power as the function of AWG is given in Fig.14. American Wire Gauge (AWG)
is standard measure for the diameter of electrical conductors. In American Wire Gauge, larger the value, smaller
the wire thickness and diameter. From Fig. 14 it can be seen that as the AWG increases, the output power
increases. This is because larger the value of AWG smaller the diameter. The wire with the smaller diameter
occupies less area and hence more number of turns. The wire chosen her is with diameter 0.255mm and resistivity
0f 0.352Q/m.

Qutput power(mW)

0.2 1 1 1 I
28 29 30 31 32 33

AWG

Fig.14 Output power as the function of AWG
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IV. ENERGY MANAGEMENT UNIT

The output from the magnetic coil must be rectified and regulated and then sent to sensors. Voltage doubler and
energy management unit is designed to obtain constant voltage. It is essential to implement voltage doubler in
harvester because; the output from magnetic core is low. The voltage doubler consists of 2 diodes and 2
capacitors. Schottky diode is used due its low voltage drop, low conduction loss and small reverse current [26].
The Schottky diode PMEG2020AEA with forward voltage drop of 0.19V is used. L shaped impedance matching
circuit is designed to obtain maximum efficiency [27].The output from voltage doubler is applied to energy
management to obtain regulated voltage.

The energy management unit consists of

1. Over voltage protection circuit
2. Under voltage lockout circuit
3. Linear regulator
3 "
8.
z
e m Y or
<LRE lri §
" <My L o | Ju
M LT1085-3.3 =
£ lop
L1017 R "
,R? 1T1017 | $1"\?ﬂ <
L AA—< <4
1My w 1 on Fm
? :ZM < 100K Elmﬁmﬂ

Fig.19 Energy management unit

Fig.19 is the energy management unit designed to obtain the regulated output. Zener diode is used as over voltage
protection. This circuit avoids low power devices getting damaged due to over voltage. BZX84C12VL zener diode
is used here. It has reverse breakdown voltage of 12V and has reverse leakage current of 0.1puA. Under voltage
lockout circuit is designed to monitor voltage provided to the sensors. It ensures sensors are isolated from the
harvester until a threshold voltage is reached. In the UVLO circuit Zener diode LT1389 is used to provide the
reference voltage across inverting terminal of the comparator. The reference voltage provided is 1.25V. This
diode requires only 800nA current to operate. Resistor R1,R2 and R5, R6 provides divided input voltage to non-
inverting terminal of the comparator.R3, R4 is a current limiting resistor.R7 and R8 is used to reduce the noise in
the switching of MOSFETS. The comparator used here is LT1017. It is a very low supply comparator. The supply
current is just 15nA. The voltage range is from 1.1V to 40V.P Channel MOSFET and N channel MOSFET used
here is FDS4685 and FDS5690 respectively. FDS4685 is P channel MOSFET with high switching speed and a
very low RDS(on). RDS(on) is between 0.027€2 to 0.035Q. It has very low leakage current of 1pA.FDS5690 is N
channel MOSFET is used for application which requires fast switching speed and low loss. It has RDS(on) is
between 0.028€Q2 to 0.033Q. It has high power and current handling capability. It has very low leakage current of
1uA. The Wireless sensors considered here is MICAZ MPR2400. This sensor needs supply voltage of 3.3V,
average current 8mA and power consumption of 27mW. Output from UVLO circuit is passed to linear regulator.
Linear Regulator is used to maintain steady voltage. It is used to provide stable output to the wireless sensor. The
regulator used here is LT1083-3.3. It provides regulation for a range of 4.8V to 15V. The regulated output
obtained is 3.3V.

V. RESULTS AND DISCUSSION

Uniform Electromagnetic field can be generated using Helmholtz coil. Helmholtz coil is shown in Fig.15 [25]
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R=0.5m Number of tums=40

Fig. 15 Helmholtz coil

Here R is the Radius of the coil, in meters. Helmholtz has two magnetic coils that are identical to each other
separated by the distance R, which is equal to the Radius of the coil. Electromagnetic flux density (B) generated
by Helmholtz coil is calculated in (13) [25]

_ Mo 8NI
" RV1Z5

(13)

Ko=permeability of free space, N =number of turns wounded on the Helmholtz coil. 1 is current through the caoil,
in amperes. In this experiment, the Radius of each coil is 0.5m and the N used here is 40. The current through
each coil is 125mA.The distance between two coils is 0.5m. The generated flux is 9uT. A Cylindrical ferrite rod
with . =2300 is used as the core material. The coil used has a diameter 0.255mm and resistivity of 0.352Q/m.
Fig.16 gives output power as function of number of turns in cylindrical rod.

3

2.5

2

15

—4+—Roda
——-Rodb

1
/ flode
0.5
/
0 F¥

0 5000 10000 15000 20000 25000 30000 35000 40000 45000

Output Power(mW)

Number of turns

Fig. 16 Output power as function of coil turns in cylindrical rod.
{Rod(a)Din=2cm},{Rod(b)Din=3cm},{Rod(c)Din=4cm}, L=25cm, p,=2300

To increase the electromagnetic flux density in the ferrite core, magnetic plates are added across the cylindrical
rod and are simulated for different values of cylindrical rod diameter and number of turns. The diameter of the
magnetic plates and width are kept constant. Fig.17 gives output power as function of number of turns.
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Fig. 17 Output power as function of number of turns in dumbbell core.

{Rod(a),Din=2cm},{Rod(b)Din=3cm},{Rod(c)Din=3cm},D,,;=11cm, W=2.8cm is kept constant
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The output power from dumbbell core is much larger than the cylindrical rod as the magnetic plate increases the
flux linkage. The proposed dumbbell core is designed and simulated using CST EM Studio. Dumbbell Core with
Inner diameter D;,=2.2cm, Length=25cm and D,,=11cm and width W=2.8cm is designed and simulated in the
flux density of 9uT. Wire diameter 0.255mm and resistivity of 0.352€/m is considered. The power for different
number of turns is plotted. Table 5 gives the output power for different number of turns.

Table 5. Simulated output for multiple number of turns.

Number of Open circuit voltage | Output Power
turns

200 49mV 0.12mw

2000 499mV 1.25mW
20000 4.99v 10mw

40000 9.98V 17.63mwW

Output power for different number of turns is given in Fig.18.
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Fig. 18 The power for different number of turns is plotted.

The output power harvested for the proposed core is 1.25mW and power density is 1.99uW/cm3 for 2000 humber
of turns. As the number of turns is increased the output power increases. The length of the core is 25cm, its inner
diameter is 2.2cm and diameter of magnetic plate is 11cm and width of the plate is 2.8cm. If the harvester is
placed near higher flux density, more power can be harvested. The Table 6 gives the comparison between various
previous designs.

Table 6.Comparison with previous design

Parameters Solenoid [3] Bowtie [10] Helical[11] Dumbbell core
Flux density(uTrms) 18 7 7 9

Length(cm) 50 15 15 25
The Number of turns 40,000 40,000 400 2,000
The wire diameter(mm) - 0.14 0.4 0.255
Output power (mW) 0.3 0.25 0.6 1.25
Volume(cm?) 981 188 292 627

VI. CONCLUSION

Dumbbell shaped core is designed to harvest electromagnetic field near voltage devices in electrical substation.
The proposed core is not clamped on transmission line and 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 2000 turns is 1.99 pW/cm3 and is enough to
power any low power sensors. Output power can be further increased by increasing the number of turns on the
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core. Voltage regulator and energy management unit is designed to obtain steady state output to sensor and
making them self-sustainable.
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