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1. Introduction

In recent en , we have f u cd n te hnique for
h. me sing environmental energy. We can easily b­
, crve the exi tence I' light, vibration. and thermal
cnergie in our Ii ing environment. Energy harvesting
is a key technology for mall, elf-sufficient device .
which u e environmental energy a. a power ource.
The advantage of energy hurve ting are thai it is n
battery and maintenrnee free. Previou ly, application
I' harve ted energy were rc trictcd t device uch as

watche . calculator. etc. However, in recent yen .
because of the emergence of developed wirele . sen­
sors operate at few mW, environmental energy has
been considered u 'eful for these devices [ I]. TableI
shows the typical power consumption in mobile devic­
e. [2].

Because power-lines arc a life-line in our modem
life, we live in undesirable power-line magnetic noise.
From the view point of the effect on humans, an uc­
ceptablc level in a public 'pace i 200 ~IT at power-line
frequency 50 Hz or 60 Hz [3]. onsidering the e the
rca on . we hav newly focused on thi magneti field

a ource of energy harvesting. TIle purpos of thi
rudy w to devel p an cnergj harvesting device for

p wet-line magneri noi e. In our previous rep rt H).
we dem n trated energy harve ring 01'6.32 mW from a
magnetic field of 21 .2 liT. t 0 Hz. It hould be n ted
that the harve ted energy was proportional to the
quare of the magnetic flu: d msity, Thus. if there was

magneti nux density of _0 pT at 60 Hz, the estimat-

•• pin De\; e Te hn I gy
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c I h I've ting energ y b arne - 2 mW. Thi p wer is
uffici mt t operate II IP3 playe . or provide half
f the required power f r a smartph n ' .
However, thi harvesting module cannot provide

on stunt voltauc at a few volts, and the harve ted power
depends on t h~ magnetic cnvir nmcnt condition. To usc
the hnrve ued energy a a battery, a power conditioning
m dulc consi tina of a rectifier circuit and a DC-D
'on ener i required. The input-output characteristics
and the energy 10 se in the c component. hould be
c n idcred.

In thls paper. we developed an energy harvc ting
device con i tinI! of a hnrvestinc module. rectifier
circuit, and DC-D converter for ; n output of 5 V. If
the output is 5 V for a load of I kD. the con uming
energy in the land becomes 25 Ill\\'. First. we confirmed
the harvested energy of the harvesting module from a
uniform magnetic field of up 10 45.3 ~IT. According 10

our estimation, thi amplitude is sufficient 10 harvest 25
IIlW. We prepared two lull-v ave rectifier circuits with
different chouky diode . From thc experimental results.
we evaluated the energy 10 e and required condition
or pr viding the output v ltage I' - V with several load

I: nditions.

2. . : perimcnta l et p

l .1 Model

2.1.1 Energy Harvesting Module

ig. I hov the equivalent circuit of the energy
harvesting m dule. Wc ho e a Brooks coil for the
hape of-the air-core coil. A Brooks oil i a circular
oil \ ith uare cro e ti n, and the ratio of the oil

leneth, inn r diameter, nd outer di meter i 1::!:-I [-J.
TIli coil h pe i ui ble for dcvd pment of a re 0 ­

nanc circuit b c u it c n •chi eve the maximum
indu t n for a given length of winding wire. The
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values of inductance L (H) and resistance R (n were
estimated a

From Faraday' law of induction and Thevenin's
theorem. the amplitude of the voltage source r~n (V)
can be exprcssed by

ing the maximum power trnnsfcr theorem. we
cho e load RL (~ .) to be the arne a- the coil resistance
and u:ed the voltage drop as the output voltage J out (V)
for calculating the harvesting energy If' (W) with

Where. P«= 1.6994 x 10.6 (HIm) is the coil constant
for the Brooks coil. (I (m) is the mean radius, 11 is the
number of tUOlS, p (nom) is the resi. tivity of copper at
room temperature, and s (m1 is the cross ectional area
of the winding. The measured values were in good
agreement with the estimated values within ±3 %
relative error [6). To provide a resonance frequency at
60 I-I z, we chose the resonant capacitor (F) from

L = PoLl1l ~ (1-1) .

R = 2rumpls ( ~ _ ).

f= II 2rt(L C)I r- (Hz).

IV= FOUl 1/ R (W).

Vin = 2rr];u/ B (V).

( I

(2)

(3)

(4)

(5)

Table I Power con uunption in mobile devices. [2)

De\'ice Power consumption
Srnart phone I\\'
MP3 plavcr 50 m\\'

Wire less se nsor node 100 ~IW

Quartz watch 5 ~I\V

Table 2 Specifications of the energy harvesting module.

Prop erty Value
Coil wid th. c fmm] 70
Diam eter o f wire. 6 fmlll \ 0.5

Spacinu factor, IJ 0.938
Number of turns. 1/ 18395
Inductance of coil . I. IH] 60.3
Resistan ce o f coi l. R fn] 1060

Resonant ca pac itor. C f ~I Fl 0. 110
( IIlOff frequencv. (, fHzl 2.8

Table 3 pecification of our evaluated diodes.

Name l N5819 BAT43

Maker
ST Microelcc- ST Microelec-

ironies ironies
Type Schoukv diod e Schoukv diode

Repetitive peak 0.5 - 0.45
forwa rd voliace fVI

Repetitive peak
1000 0.500

reverse current fIlA1
Avernee forward

1 0.2
c ll r~ent [A]

Where.f(Hz) is the frequency and B (1') is the mean
flux density crossed with the mean cross section of the
coil. Table 2 shows the pccification of the energy
harve: ting module. lt consists of an air-core coil, a
re onant capacitor, and a load. This module can harvest
6.32 mW from a field of 21.2 ~ IT at 60 Hz.

r-- - - - - - ------ -
I R L I

i ' l
: :~<: 6) v

tn
[ J I L """,[V1

1 I
I I
I I

I IL .J

Brooks coil

Fig. I. Equivalent circuit of the energy harvesting
module.

Energy - -
Rectifier Load

harvesting
circuit Rl.module - -

Fig. 2. Block diagram for evaluation of two rectifier
circuits.

Table 4 pecifications of LTC31as. [7)

Parameter Value
Start-up voltauc [mv ] 20 - 400

Output voltauc rVl 2.35. 3.30.4.10. 5.00

2.1.1 Rectifier Circuit

In thi experiment, we made a typical full-wave rec­
tifier circuit. To uppress the voltage drop in the circuit,
we compared two low-voltage-driving chonky diode .
Tablc3 shows the pccifications of the diode given by
the company. Because the specifications arc typical
values, the actual performance depends on the operating
conditions. Fig. 2 show the block diagram lor evalua­
lion of ourtwo rectifier circuits.

2.1.3 DC-DC Converter

Table 4 show the pccifications of our u ed DC~DC
converter LTC310S, Liner Technology). From the data
sheet [7], the startup input voltage of thi converter is as
low as 20 mY, and the limit of input voltage is 400 mV.
This converter can 'elect several output voltage condi­
tions. In this paper, we chose the output voltage mode of
5
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En rgy •

I
R tifi r L d

harv ring
cir uit RLdule

Fig. 81 ck diagram I' ur energy
harv ting device ,

Fig. ·t hematic de ign f the experimental CI up.

_._ E\' 11111tio1l Method

2.2.1 R lifter

W u d ur dev eloped irnple ubi -3 oil y tern
3 [ ] for generating a uniform rnagneti field. 3

wa composed of three 'quare c il. nnected in series.
and thc distance was the half side length of the coil. The
side length was 2 m, and the number of winding. wa
24:12:24. In an area within. radiu I' 50 em fr m the
center. 3 can generate n uniform magnetic fiell
within I % deviation [ ]. Bccau c the liarneter f the
modules wa 2 em, we u ed thi. area I simulat p wcr
line magnetic noisc. To cvnlur te amplitude depcn lcncc,
the harvested energy \ a calculated from the mea ured
utput oltage. The Ire luen • wns 0 Hz. and the

amplitude range wa from I u'Fp-p t 130 ~ITP1" with
I 0 liT1'"1' tep. The m ximum amplitude of thc m gneti
flux den ity of 13 lITP1' rr P n t ·r.... liT in m
uni .

ing the m ximum power t .11I fer the rem. the p­
timum value of I ad resi t. n c is I k_•. To provide - V
t thi I ad, the required energy is _5 mW. First. we
canfinned the harve t d energy th ' h rvc ting m d­
ule rom a unironn m gn ti fi Id of up to 45.3 liT. 0

'\' lu t the energy 10 in Ihe re tifier cireuil. w
combined the h. rv' ling m dule and Ihe re tHier ircuil

hown in Fig. 2.

2.2.2 D ·DC ol/verler

For Ihe preliminary stud of our used D -D con­
verter. we mcnsured thc inpul,oulput characteri tic.
with a D power upply. dUIl1Ill. londs. and a digilal
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rnultimeter, The • nge f input voltag provided b. ihe
D pow I' upply was c ntrolled f m 2 t 4 rnv' .
The input urr 'nt wa me ur d by 'hunt r istor of
Io n for I ul ting the input w r. \\ ' -I ted four
dummy loads who . resi tan . were I kn. I "-•• lOt
kL. and I I L . 111 uipur p wer wa c:11 ulated fr m
the voltage drop in th load mea. ured by a digital
rnultirnetcr,

1.1.3 Energy Harvesting D ' j

Fig. 3 how the blo k diagram of our developed en­
crgy harvesting device. It i composed of the energy
harvesting module. rectifier circuit, D -D can ertcr,
md dummy load. \ e also selected five dummy loads to
calculate the output power. Voltages VI. V!. and "3 were
measured b. an FFT analyzer and a digital rnultirncter,
Fig. 4 show the schematic design of the e rperirncnral
setup, The me urcm .nt cheme w the arne •
m otion d in tion 2.1.1.

3. Rc ult

.U Re lifter

Fig. • (a sh ws the compari n I' harvc ted p wer
fun tion of magncti nux d n ity. with the install d

ectifiers parameters. Til r i tan alue of the
dummy load Rl \ I kn. With ut the re tifi r, W'

successfully c nlinned that the h rve ted encrgj \\
pI' ponio nal t the 'quare I' the magnetic nux den it)'.
The harve ted energy wa 25 m\\' from a field of 45.
u'T. If there i no 10: . in the power conditioning module.
it ha ufficient power 10 provide 5 V 10 a load or I k••.
110\ ever, with the installed rectifier circuits. the har­
vc ted energy wa U reased when the field wa low.

omparcd with the harve ted power obtained without a
rectifier circuit, the elTtciency was als calculated a '
shown in Fig, • (b). The efficiency of rectificr I was
better than that or the rectifier 2. TIIU • we ch se lhe
rectifier! for our hnrvc sting de icc. It hould be noted
that the efficien y wa greater th n % when the
magnetic flux den it)' w larger than 24. JlT. 111'
corresponding input v hag wa larger than _.- \' .

3.2 DC-DC om' riel'

Fig. utput hara of
the DC-D converter with a D p wer upply, dummy
I ad , and a digital multim ICr. If there i ' n I ad. the
ne c ary input p \\"r wa ,2 mW Ii r providing th '
utput voltage f - V. nli nunatcly. wc c uld n t

c nfinn the Ulput \'olt gc I' 5 V if the dummy I ad
wa Ie than 10 kL ompar d with the input p weI'.
we calculalcd Ihe efficien y m h wn in Fig. b . \ e
found that there is an optimum condition that depend
on the input voltage and the dummy load. The be ·t
efficiency of 32 'X, was achieved when the inpul voltngc
and the dummy load were 40 m and 100 kD , re pc •
tively.

( I 2)
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Fig. . Input-output chnractcri: lie. of our used DC-D convertcr measured with a D power supply. dummy load .
and a digitul multimetcr.

5

4

• nol03d... 0 RL = I M!1
t:. Rl = 100 k..f1

'" "V RL = 10 k!1:!' 2
~ 0 RL = 1 k..f1...

2.2.3 Energy Harvest ing device

Fig. 7 h \V the input- UlPlI1 characteri tics of our
harvc ling device. The input correspond 10 the magnet­
ic nux den ity, and the OUIPUI co rre 'ponds 10 the volt­
age d p in the dummy loads. If there is no load. the
OIlIPUI volt. ge reached 5 V with :1 field of -l5.3 J1T.
H we cr. the OUIP UI voltage w lcs than 5 V if thc
dummj load were in ned, The maximum output
vo ltages we re 4.35 V. 1.7" V. and 261 mV when the
in. cried dummy loads were I Mil. 100 kil, and 10 k..fl.
re pcctivcly. If there was no power conditioning module.
the harvc led energy from 4 -.3 ~tT was 2" mW. Unfor­
tunately, the maximum harve "led energy of me device
w; - O. I mW. 0.03 1 mW. and 0.0 mW with dumrnj
load of I Mil. 100 k..fl. and 10 k. _. re p tively.

Fig.

io'
M gn tic nIL" de it)'. JIll b1T]

Input-output charactcri ti of our harvesting
de vice,
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4. Discussion with equivalent input impedance cl sc to the optimum
load resi ranee of I kil.

5

-I

~

> no load3~ RL = I Mr1
<-
:ll RL =100 in.:.: 2

'0 RL =10 k..C1
> RL =1 k..C1

InpUI power. P (111\\1

Fig. . Input-output characteristic ofour power
conditioning module measured with a function genera­

tor, dummy load , and a digital multimcter.

o LJ"ILA:.Jtt:=::2'<:=...J
() 2
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In this device, the equivalent input impedance and
the load dependency of the D -D converter is im­
portant. To the best of the authors ' knowledge, it is not
easy to lind a suitable ultralow step-up voltage convert­
er, although many DC-D converter have been devel­
oped. Becau e our rectifier circuit demonstrated rela­
tively good performance, we will try to lin d another
. olution without this converter in ncar future.

( I From the magnetic nux density of 45.3 u'T, the
harvesting module can provide 25 mW to an optimum
load of I kQ
(2) The efticiency of the rectifier circuit was greater

than 80 % if the magnetic nux density was larger than
24.7 fIT.

3) The efficiency of the [) -D converter depended
on the input voltage and the dummy load.

4) We uccessfully confirmed that our developed
devi c can provide an output voltage of 5 V.

(5) In order to use this device a ' a battery. a uitablc
D -0 convert r should be elected,

In this paper, we have made an energ y harvesting
device for power- line magnetic noise. This device
con. i. t of a harve ting module. rectifier circuit. and
D '-DC converter. In conclusion, we have obtained the
following from experiment :

5. Conclusion

It has been already mentioned thut the efficiencies
of the rectifier circuit and the [) -D converter depend
on the input power and load cond itions, To analyze the
operation of the harv esting device, we checked the
input and output voltage in each part.

Fig. 9 (a) shows the characteristics of the harvesting
module part. The measured voltage without the power
conditioning module wa al 0 plotted. [f the power
conditioning module wa installed, the value of VI wa
. uppre sed and did not depend on the load condition.
We have already confirm ed the efficiency of the rectifi­
er circuit a shown in Fig. 5 (b). The 10. . in the rectifier
circuit was given by the voltage drop in the used diodes.
This result showed that the equivalent input resistance
of the DC-DC converter defined the characteristics.

Fig. 9 (b) shows the characteristics of the rectifier
circuit part. The measured voltage without the D -D
converter was also plotted. Because the maximum value
of VI was less than 477 mV, the maximum value of 1'2
was less than 28.9 mV. From our measurements, the
corre ponding maximum efficiency of the rectifier was
les than 57.1 %.

Fig. 9 (c) shows the characteristics of the D -D
converter part. [f there was no load, the required input
voltage for providing output voltage of 5 V was 30 m .
When the value of 1'2was larger than 20 rnV, the values
of If ) were increased as a function of 1f2• From our
estimation, the magnetic nux density required to pro­
vide the output voltage of 5 V was 53 ~T for the dummy
load of [ MQ and [32 ~IT for the load of 100 kil. The
corresponding efficiencies of the D -DC converter with
loads of [ MQ and 100 kn were 9.06 % and 16.1 'Yo,
re pectively. However, the maximum output energy was
0.25 m\ even if the load was 100 kQ.

To improve the efficiency and the maximum output
power, a suitable DC-D converter should be chosen,

4.2 Voltage analysis

4. 1 Power conditioning module

To determine the required' input power for providing
an ouiput voltage of 5 V, we measured the input-output
characteristics of the power conditioning module. The
range of input sinusoidal vol tage of 0 I-Iz was provided
by a function generator with an output impedance of 50
n. The input current was measured by a shunt resistor
of 10 il for the calculation of the input power. We
selected five dummy load whose resistanccs were I kil,
10kn, 100 kG, and I MD.

Fig. 8 shows the results. [I' there was no load, the re­
quired input power was larger than 4 m\\' . For the
dummy load of 100 kil, the value was 10 mW. [f the
dummy load was optimum, the harv esting module could
provide 25 m\\' from the fi eld of 45.3 ~IT. Therefore. 25
m\\' was not sufficient to pro ide an output voltage of 5
V when the dummy load. were Ie s than 10 kD.

(134)444



S;;1>: ilEAl ~~iW Vol. 20, No.2 (20 12)

Refe rence s

[I ) C. To -yo n, H. Sasaki and T. Ritsu, "Energy harvestin g

technology," Measurement and control, Vo l. 48, pp. 579­

586 ,2009.

[2] R. 1. M Vuller, R. van Schaijk, I. Dam s, C. Van Hoof and

R. Merten, "Micropower energy harvesting," Solid-State

Electron , Vol. 53, pp. 684-693, 2009

[3] ICNIRP, "Guideline for limiting exposure to time­

varyi ng electric and magnetic fields (1 Hz to 100 kHz),"

Health phys., Vol. 99, Issue 6, pp. 8 18-836, 20 10.

(4) K. Tas hiro , II. Wakiwaka, S. Inoue and Y. Uchiyama ,

" Energy harves ting of magnetic power-line noise," IEEE

Trans, Magn., Vol. 47 , No. 10, 20 I I. (To be published)

(5) F. W: Grover, Indu ctance Calculations. Dover Phen ix

Edi tions, 2004.

[6] K. Tas hiro , H. Wakiwaka, A. Kakiuchi, and A. Ma tsuoka .

"Comparative study of air-co re co il design for indu ction

magnetometer w ith current-to-voltage co nverter," Proc.

2'u] 1111. Calif sensing tech. (lCST2007). pp. 590-594,

2007.

[7] LTC310S data shee t, Linear Technology, 20 10

[S] K. Tash iro, A. Ma tsuoka, and H. Wakiwaka, "Simple­

Box-9 co il system: A novel approach to design of a

sq uare co il system for producing uniform magnetic

ficlds," Mater. Sci. Forum, Vol. 670, pp. 275-283 , 20 11.

[9] A. Mats uoka, K. Ma tsumura , A. Kubota, K. Tas hiro , and

H. Wakiwaka, " Res idual magnetization measurements of

a motor 10 be used in satellites," Proc. SPIE. Vol. 7500.

pp. 7500 12-1 - 7500 12-6, 2009.

10\

• energy harvesting module

• no load
0 RI. '= I ~H1
l::. HI. =100 ill

~ \1 RI.= 10 kO
;:,..- 10" 0 RI. = 1 k..C1
.,J
:Jl.s
~0

> o---v

10,1

10° 10' 101

Magnetic flux density, P/' hiT]

(a) Harvest ingmodul e part

200

150
• energy harvesting module +

rec tifier

• no load
~ 0 RI.= 1 MO
~... 100 l::. RI.= 100 ill
<i \1 RI.= 10 ill:il.s 0 RI. = 1 kO
~ 50

0
0.0 0.1 0.2 0.3 0,4 0.5

Voltage, V, [V]

(b) Rectifier c ircu it part

5

• no load
4 0 RI.= I MD

l::. RI.= 100 ill
>'

3 \1 RI.= 10 ill
~~ 0 RI. = 1 ill
u
"'l 2"(5
>

302010
o L----O..._..L.6.-L:\...~~ffi::5.~U~

o
Voltage, 1'1 [mY]

(c) DC-DC converter part

Fig . 9 , Inp ut-output characteristics of parts in the
energy harvesting device.
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