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A Development of P-EH(Practical Energy Harvester) Platform for Non-Linear Energy
Harvesting Environment in Wearable Device
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ABSTRACT

Fast progress in miniaturization and reducing power consumption of semiconductors for wearable devices makes it
possible to develop extremely small wearable systems for various application services. This results recent wearable
applications to be powered from extremely low-power energy harvesters based on solar, piezo, and TENG sources. In
most cases, the harvesters generate power in non-linear manner. Therefore, we implemented and experimented the
device platforms to utilize natural frequency of around 3Hz. We also designed two-stage power storages and high
efficiency conversion platform to consider such non-linear power harvesting sources. The experiment showed power
generation of about 4.67mW/min from these non-linear sources with provision of stable energy storages.
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Fig. 1 Power Monitoring Platform and Generator

=

HEo Al 2 oy A FH

2 =i e 2~3HzE Wi WARE ol
E

rvusOl Al FilVes olWel™ vt {F-om g oy
WA S Aol A WAIEHE oUA R BEE 4 gl
ow, o5 ofze} o] HFATh

F 13 a9 2 go] =44 3 =1,
o] B0kg uwle]e] Argel HiE WHFS
/eountero|™], LHFE AT YA VwsE
(Second) R.th= E(minute) 0.2 WA 18 2%
o] E]iEA S 98] ol o] A EAN Agilent Inc.)e] T
Gy n g 22(DMM analyzer) SWE AH&-3t9ith
0 Aol AE B9 A5 7 oF 120~1803] 2
o2 WA UAR AEH, 4.14~6.24mW/min o=
fromg dg AFe] 7hssith dE B, A&5tE

S
=
P
i)
—
)
L
3
3



Hl 12 oA B #7419 dojgE 71N P-EH 9% /i

ob&-8 LED Aol wiEg= 150~200miol L, 150~ A shil=® SHES A 5 At ol 3
300mvel wiEel2 AtEYAY MEE 2~3Y Fob Ao s s’ SHE 752 ddl A A
o] &3t7] wjio dAouR|o] £do] 50%2 HAsE  [119F AdE 2AR @A 3A s 1‘%} 3

tetle, A8 A7[7-101sF 2ol Aol EHe] 2 At ol VIEeR 4
10~2020l 2= A== dofels tutolx g A7 7RI7IE S8 HlASA ARISE ¥ 51 &
o F&ell 10% o oliAE &+ 7Fsstrh Zpe] dee AN g A Ak AC-DCE
M A9 aea #HE AFAdA PMICE Hghd
Ang Azvusy] & 77 gAd Heu

1 Aol FEE AMAX WMEF il
Table 1. The technical analysis comparison of

DRM system (Digital multimeter)E %3] W] A&H ARITE 4
sttt
Voltage RMS | Current RMS

178(%1%;{381’1 182V/m11’1 O 1 lmA/mln Tektronix AFG 3021B Shaker Controller ~ Current & Power Analysis SW Mot
173cm man . . > '

(T%kg) 1.80V/min 0.10mA/min
174cm man . .

(83kg) 1.92V/min 0.12mA/min
178cm man . .

(78kg) 1.90V/min 0.14mA/min

RMS(:Root-Mean-Square)

AC/CD Current/VoItage 7"2 Multi-meta

a8 3 Aoy E ¢ ZsES FH Y
Fig. 3 A monitoring and generation environment of
the wearable harvesting power platform

!

\
\

MH

H Il w\ |

3.6e-05| i |
dritd i ERAAE B L I 8 4 6™E 0y gy
Fig. 4 non-linear waveform generator

25.945s 38.918 s 01:04.864
A|Zt (mm:ss)

Q7 2 @H 4xjel DCHE F HOYHE 5 22 A 5 d¥E%
Fig. 2 Voltage and current measurement after DC Fdelvx e 5
conversion of nano—generator source [75Y, Hojdd
=opA) FHo) A A #H(Voc: Voltage open circuits)

oA AL EAT AFE WS viA =k wehA

o

=
-
FEES oA &

A o X = A A EAS B =
YOATEN G WAL B TEE g wann AR e deow, 4949
Hekn AR +4- HE] AR 02 9 o ’

1095



JKIECS, vol. 13, no. 05, 1093-1100, 2018

2839 A4 Hx Z HZE(PWM: Pulse Width
Modulation)”} 2 2.3}t}.
Aty AFE A-&3k7] Y8 Mosfet

29X PWM} A< 3lHA On/OffE
HEEE 9ty AFE g8AHoR W Hed,
o] AL WAHAZ Aol MPPT(: Maximum Power
Point Tracking)°]th. 8}A|% MPPT7} WA4E 483}
H PMICOIA =2 882 FAH3r] HallAe o4
oA F 15mi/soly a75H 3T
256msolY F7141 W o] o] FojxfoF ghri11-12].
EE By 93] fA }3} oz Aol 2F
- by MPPT 753 gARE iAoz e
AGT} EraAQ g3z g, dygage ¢

gy, 283 npEel TENGI7-8]E @3 w4y A
o] ImWoldto]x, A ’\]7JE 10ms OMJE
MPPTHU= AHAHE &3

EH
2
J
o

o] Fasir}. ol uwe}, 9o 1%i‘r °J7J94 %X—l"dﬂr
22 wAY = StEA S S8 MPPTS
T AR aEA o] v B ol 24 &
BEE AYE Eob 1 Az 13 A o

ek, TENGE 1d8d FAE FAH AN =2
AT e AFe 284S 3 u5y AZxE
T AT WS 93 dud v ol B A
7 22 HAzkg w§ @$2 A3 ESR¥Y ESLE
S AFALE 2t Aol dyA] WA =2 38
AL Asd F dok

Ay A7 )z v A
deled] R 7152 a8 59 2ol AAsAn 2
A M ppoz BeA

3t LPFCLow-Pass Filter)Z A&k, 7%e 2
HAHAE AT F Ade 13 v ATAHRZ o]
Foizl Ax F 2ARE A AHE Wy
HUHE 22 Agxzd A%E 9 2ok A~
AA aglm Ay AGAEHE 1 dHs v
APdor FAAHM, 3ae HE A9AE Qe A
¢t ¥l a7 (voltage comparator)”} E3He IC J¥o=

1096

A gt

12k A%ae] v AAY 28735 84 ESL
7} ESR 370¢] MLCC(: Multilayer Ceramic Chip
Capaciton® T4 0] 9r}). elgel~ A& = A3
HEL FQ AZRAS] AXdy] wid, = Jud
2(Zs)e A1), A2} Zol At AT + 9
.
Zs = ESR+ j|2nf X ESL— #fc
Zs = ESR+ jXs ®)

] (1)

249 Aelol

) 1
ojo} e AL Vto R B At AF FRe o
Id2: 10Hz ool A oF 0.01Q0]t}. o] - v
Agom Q& dityom T Fio] MLCCTL 1

NuAe] £As

T ERAE ATE & At

12 0
02zu Su
1
ca B3
ac — 470F  10M T
Vei v,
_| G

% 5. HMetst P-EH ZEiE
Fig. 5 Proposed P-EH(Practical Energy Harvester)

platform
A A xp AU A (J,. open circuit Joule)E A
Qo] a1, Hdgo] vtom WA YX|7} H]F7]H o]
AR R Feo] Mo U ARIT FEE
s BASh olo wrel A AHst R o] A
G SFUA, AAEAQ AR AGS HaA =S



Hl &4 o 7] 2z

£ 7|9t P-EH ZHE 7

S AR A7 Oe ARNEZ 14 A8 ()
FAEG 14 AR oUA(L)E BE 2AA
= Agte] mUEY Ea 2914(s,)7F On/Off

5 WHESIEA 2RA Ao FEAE
(Marxism Power)& Rty FEH92 45 124 A
AR 2 Heolgt) 7)ol G AR el we}
A Agwage] 223 Buck¥ Boost ¥E-E 2
o] AF2E 53 Boosts F3 ©dwst FzE A

Sense Vslkl = 1% Storage Voltage  Vrer_sy= Switch on / off boundary point
aVgy= 15t VoItage increase for a period of time

Sense Vsylkl )
I
Sios OFF

( Toos ON )
Yes 1] \
Sense Vsulkl-Vsnk-11=0 )

Vrer st =Vrer s~ + Vsn

Retrun

= J

% 6. Mot P-EH sl Z20fA
Fig. 6 Switch operation in P-EH(Practical Energy
Harvester) circuit

291 S5

123} Aol AR AL 27 63 o], 29
e AYGense v, (k) HUEP3H, 29]*
(5,)= WHOFF) Aefolvh. ejar AV, (k)
Ha A ol V)G wivt ek dxd
(V)3 A ANV, (k—1))S 2] (Do) ¥
ws) Wshrh glokd, @z *%Xloﬂ 5} ke A |
o ARV, (k)] 2HE A5
AYE 12 Aol A&HA 0" XVJ??}W. F2)(4) 3
o] & A%

Vstl (k:)i V;fl (k 1) >0 (4)

2912(8,)e F2(5B)eF 2ol FE T} vl w3 A
gt 2,
Vas> Vi » Vs < Ves— Vi, ®)

29A(5,)= JAON) FEHZ v EA, 23A
?ﬂ’%i(stz)oﬂ ZFZF A 8 (Marxism Power)& Hyith
22 A (st?)= 1.33~1.37V Alolo] Eojom
29127}k On/OFF7} 12k Aaet FdshA RHES }
u, DC-DC Boosterdll olUAE AgstA @}l oA
olz]g WYL F 7}Xl Xo“dé A=), EH A
W3l WE Ay AFE oAz FLsA A%
il AYs xﬁ°i’3‘1 71E 2 A AL 99

l‘%?ﬂoi 24 W(charge buck)o]y} TheA|

R

2912, JIYE Foll H3ek ICT27F ded A = ol
PMIC®] %?SE%— =4 F Atk EAE 7 wAE

AZA~E B 9 AFA %’ e AHEA 243

a9 7S ALl AHE Agv, kS UEd
Ak AFA(sthell A== eI, =903 Wt
28 9l @3] Load® 100kZ, Ag4a A W
s W @2 Wsketal Ak oF 397V oA
it Aol FA5H, 900nA v]Rke] H<te] Ay
oh meEbd 3HzY o BAEE duAE o 35~
4.2mW/number”} #t}.

ShA Y wkek whd o] 10HzZ R AW A9

Rpelz7k A Heky, ol 44 2ol A
gtol WALk el 13 Agndl PMICH St
gl e Aol v AR

4L 32 @A Dok olo] webd 9 Al
SR F4E sl Bk, 19 83 o] 345VelA
AT Bel 2V RFE 29A(s,) B4 B

S
ol FAHA A

1097



JKIECS, vol. 13, no. 05, 1093-1100, 2018

01:18.107

1.5e-04
1.3e-04
1.1e-04
9.1e-05
7.1e-05
5.1e-05
3.1e-05
1.1&—05“

—9.09—0&5

27.619s 41.429 5
A|ZF (mm:ss)

13.809 s 01:09.048

Ol 7. MEA(sth)oll MeH(fl)2t M F(oteh)el HHst
Fig. 7 voltage(top) and current(bottom) charge in
primary storage

a7 8 Aot 5|2l F=tof wE Mt st
Fig. 8 voltage change due to operation of the
proposed circuit

24 ARG A Y 2917 FHS,)
& % 95} ol Wapark 14 AFgruct 24 4
a7k on) ol F/hEel Wl Aske 18VE o
60%7h A2, WS E AFE LAMAR 56%
7t F7hslel AA] oA FHIAE of 4% £
REDL)

1098

1.387202

P

VDC

i
|

Il

37.478 ¢ 46.847

ki

18B.739 s

‘M

9.10415¢-04
e 28.108 5

a3 9. 2t XM ZEHAof 7‘*°*( I) b o F(of2l) 5t
Fig. 9 voltage(top) and current(bottom) characteristic
changes in secondary storage

—

a9 102 DC-DC Boosteroll A @3 HF A
S =2 DC-DC Booster IC= AHg-¥l KETIOA 7%
Aoz 382 PV(Photo-Voltaic)d W 90~92%=
TENGY Wl ofzfel 2ol oF 4758 A&siA 13 3
~10% F712 Age] 327~220V7HA] &Ho] =M
A5 T3 143~1.28mAZ 300ms& et A= AT
12 AL AFEE oAUAE 2.04mWolA 23t
A A HEHEA 1UAMWE A4 EHT 194AmWS
3 77 YA R LAl A7} 2~10ms o] ©]
th ¥ HE Y YA = PMIC HE E8dA e
46MmW= 7k w27 109 Ze] 300ms= v -
AR SAIEE 300 o] o] Hof IoT tlupo]~
oA ALE7FEE AES AFsA "k d$e] 4
I o] of 1wt} oF 46TmWE AT EH 37
o ¢k 60ES wWEA AAY =2AULE T AL
280mW/he] YA & A 5 Utk oo doje
£ A 2 2utEMEY AT £ gle dUAE

FuF 5 Y 202 ATE 5 ek



5 7|5k P-EH 9% 7/

=

time(mm:ss)

z2 Mornp M

1% 10. DC-DC Boostere| &
Fig. 10 voltage(top) and current(middle, bottom)
characteristic out on DC-DC Booster

v. &2 2

W ZHEL 46/mW/ ming A3 AUct o)F &
3 glojel & tufo]2oA QA TR L 9oy
& fulo]xe] AEAR MY FFol 7hestdth ®
gk AREAE FAYe R dojeE THfo] i oA
At 219 4
S ou W 582 A WA
A 414~624m/minE 7158 E W 66.4%HE A
ol whet Hol 82%7H4 7FH H S ol& Ed 4l

g

25 yupolze] FAFR wiE e F714Ql S

@ oot ol N

i
>

22991 E2 A 280.0mW/h7HA A
o 3 B AAE 20l AL 2d
Ao A7} =& Aty e AFE o

)

Ao =M DC-DC HEs|2e] £ &

o B g
-
oo
o]—ﬂ_‘a—‘?—("
W
_>‘\LPU
o.}i%
B o
ot
mlog
N
?}E%
ol —
@
= i

o e wE o
,
2
o]
fu
(N
b lo
b
o=
S
l:O{l
o
tlo
Hi
e,
>
N
%0,
o

ofo
ox
!

9,

N
—_
%
32
au

Mo
o -

)
off n2 ol ox
>,
Y o
ofr
ol
e
=
t

T

{0 ol
ol
==

of
=

:(_‘2‘4
2 o H
R
2

ol
ol

MR g oy T
o
ofo ot

>
rl
o
[
N
=3 ;J
o
AN XL
)

T
o A
s

>

1o,
o,
ol
A
I
Do
S
<
9
=

of S
o

N

ot

BN

[

ot

[

1

fo
oX,
o
M

>
il

e,

ol

=

[>

o

mH 2
off
ro o X2

=2 7](Power Monitoring) 7]%¢
th 5 ToR olE A AA
% AAoZ FAEtaL

2Ztatel 2
B OERe 0BEE BAEAAAT 2 A7)
P/hehel A(KEIT) 0] Ao] o A7
(10065730, #1012l 3 Tutol =g SN AT
FEE D A D). 0189 BFAAEN
8 ALY SR,

References

[1] W. Wy, S. Bai, M. Yuan, Y. Qin, Z. Wang,
and T. Jing, “Lead zirconate titanate nanowire
textile nanogenerator for wearable energy-
harvesting  and  self-powered  devices,”
American chemical society nano, vol. 6, no. 7,
June 2012, pp. 6231-6235.

[2] J. Bahk, H. Fang, K. Yazawa, and A.
Shakouri, “Flexible thermoelectric materials
and device optimization for wearable energy
harvesting,” Journal of Materials Chemistry C,
vol. 3, no. 40, July 2015, pp. 10362-10374.

[38] T. Zhou, C. Zhang, C. Han, F. Fan, W. Tang,

1099



JKIECS, vol. 13, no. 05, 1093-1100, 2018

(o]

(8]

9]

(10]

and Z. Wang, “Woven structured triboelectric
nanogenerator for wearable devices,” American
chemical society applied materials & interfaces,
vol. 6 no. 16, July 2014, pp. 14695-14701.

J. Chen, Y. Huang, N. Zhang, H. Zou, R
Liu, C. Tao, and Z. Wang, “Micro-cable struc
-tured textile for simultaneously harvesting
solar and mechanical energy,” Nature Energy,
vol. 1, no. 10, Sep. 2016, pp. 16138.

Y. Park, J. Park, H. Kim, H. Ryu, S. Kim, Y
Pu, and K Lee, “A design of a 924%
efficiency triple mode control DC-DC buck
converter with low power retention mode
and adaptive zero current detector for loT/
Wearable applications,” IEEE Transactions on
Power Electronics, vol. 32, no. 9, Nov. 2017,
pp. 6946-6960.

P. Chen, C. Wu, and K. Lin, “A 50 nW-to-10
mW output power tri-mode digital buck
converter with self-tracking zero current
detection for photovoltaic energy harvesting,”
IEEE Journal of Solid-State Circuits, vol. 51, no.
2, Jan. 2016, pp. 523-532.

H. Park, H. Kim, and D. Sun, “An multiple
energy harvester with an improved Energy
Harvesting platform for Self-powered Wear-
able Device,” ]. of the Korea Institute of Electro
-nic  Communication Sciences, vol. 13, no. 1,
Feb. 2018, pp. 155-161.

H. Park, H. Kim, and D. Sun, “A Develop-
ment of Energy Storage Monitoring System
Architecture for Triboelectric Nano-generator
in the Implant Environment,” ]. of the Korea
Institute of Electronic Communication Sciences,
vol. 13, no. 2, Apr. 2018, pp. 473-480.

H. Ryu and S. Kim, “Recent development of
the triboelectric properties of the polymer: A
review,” Advanced Materials Letters, vol. 9, no.
7, 2018, pp. 462-470.

Y. Kuang, T. Ruan, Z. Chew, and M. Zhu,
“Energy harvesting during human walking to
power a wireless sensor node,” Sensors and
Actuators A: Physical, vol. 254, no 1, Feb.
2017, pp. 69-77.

[11] C. Glaser, bg25504 Ultra Low- Power Boost

Converter With Battery Management for Energy
Harvester Applications. USA, Texas Instruments
: Jun. 2017. page. 1-34.

1100

[12] J. Estrada-Lopez, A. Abuellil, Z. Zeng, and E.
Sanchez-Sinencio, “Multiple Input Energy Har
-vesting Systems for Autonomous IoT End-
Nodes,” Journal of Low Power Electronics and
Applications, vol. 8, no. 1, Mar. 2018. pp. 1-14.

RAE 204

ré"

81 2(Hyun-Moon Park)

BEER)

20101 ~2013+d ‘{51—51124 ;(]_.‘i}\ S|

201449~ BA) AAFEATL SoCEAFAE A9
A9

# WAEOF L IoTAI 2, oy A st =g, =3

T o

W& (Byung-Soo Kim)

2008»1 Qato)stul 4 HEAE 5
(33

2013 S1sHehst Y HEAN T
3} E(F stk

]

¥

20139 ~ A AAFFATD SoCERFAT4H
¥ Falitol ¢ AWt = SF=9 o], Spike Neural
Network, Machine Learning

d=%(Dong-Sun Kim)

199791 sk st QAR 2w e
3 (FEAA)

2013 Qlsfrishal A AhA) 58S}
3} 1]e] o] A] 28 (FBhubA})
1999 ~ @A AAF-FEATHD SoCEHAFAH

A e 7

s POk 1 Ul = SHEs]of, BE|H o] SoC
Design






