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for Energy Harvesting of Renewable Energy
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Abstract - Energy harvesting technology is drawing attention as a means of collecting various eco—friendly energy and
accumulating residual energy. Recently, differential power processing (DPP) is being developed as part of energy
harvesting. This is being studied as a solution to the loss of power generation between power modules and the problems
caused by module small losses depending on the size of power production. In this paper, we propose the necessity of the
DPP by comparing and analyzing energy harvesting related module integration system and power supply efficiency of
DPP. The power efficiency of the converter and the power difference between the wind power and the photovoltaic
power supply have been changed to demonstrate the effectiveness of the proposed system.

Key Words : DPP(differential power processing), Energy harvesting, Module integration system, Renewable energy.

.M B

Ho FHeAH} oA nZe gF Aol A7l
uet S AR duA AFES Eol7] skl & oA
Zlgd B2 AF7F olFoiAa glen ofd fg wWetew
A=A sl =g 7lEe] Fa7 Az A o]

A=A stl=golt F237 Foll oY FE= A
gt dUAAEFR, T8, AE, EdvA ) Fsto]
4% F aE&Hor ARGl A% dde oA A4
HAHE L o= duAd i #HHol FrtsHA 5t
AdE duyA AHgor A% AFoHN AYFae FF
o WA= AEd 5o HaE fste] AMEHE Tl
oo SR B, 9, 43X, 8 T AuvAdS AHEE
= dyA stuilag T AAY AUAL BEFG oA o
S YAl g AHHA ATt o] F

E =

2 FEE A7) duAR vHre] F= PV ddd ¥
Nl AR, 7 ARl Ak dge AFsAY &
HIShE  Gridsb Gridek A€ F AbolE AAAA F=
DC/DC Z1HH ¢ ?*é_cli ojfolA Qlrh. o] MR}
Grid Atel & Odé*l?% = DC/DC AHE = s 44
°] DC/DC UHE7E dd5-9F 12 dZdH o] i o|R&
sthe] A 2Eolet o}ﬂ# olg 3 A HEo] tA] M=

¥ Corresponding Author : Dept. of  Electrical Engineering,
Gachon Univerity, Korea
E-mail : shon@gachon.ac.kr
* Dept. of Electrical Engineering, Gachon Univerity, Korea
A 20183 8¢ 8Y
HE4E 12018 8¢€ 16¥

Aol x| o o L4X| st AES /Bt DPPAIAE S| P&t SEH &

AEZ AAH Gridoll AU} ol Fx2E 71T W
gt 5o AWM} A= e HYRES HH BE
Geol A Aojsty] wjio] MPPTE &3] s & oA 3

oH3, 4l Zeluh o9l HARE AsgelqE zzte] Ay
7b Aitsls BE Aol DC/DC AWEHE A A
AR E8ol DODC WK Sl 78 AP =
@ DC/DC AME e 27459 Sl ANTA s
BE A PUY 5 e JEE *éﬂléﬁ?OiOk sk,

kA olHF EAAE Hestr] A Atow Htd

A5 AY A7 DPPI7 ALS57] A 2HsheeH5- 101 A5 4
drdd Adns e @ddel A3 Ao WA A
A e BRPoR 4vE A £ 9 0d wEe B
FYoR A% LA §F A W AL Fas] A
of WE Afele] A8 & wiEe WYL ¥sln Fisrol
e BEEe Ann A7le A" 24718 s

BoERdAE HgY wd Asun Y owd Asd
5 AAA A oluA shilsE Bel4 DPPel 74
/M AASE DPPA2Ee] % fiel uheh et
529 Wil BASAT. o DO/DC AWE F&el we
UEC IR ERE P

A

] EE]—E]—H x]x%ug /\]/\EﬂJ,}

b,

s} DPPS] A8¢A st w3
o]

ololAF AWH &‘5
%504 DPPT-A©l
oo olzxo] A A

H
ol Fuist & S VI = A3

N
=
2
0=
2
i
A
H

ol Mol DPPAIAY T4

21 7|9 EH2E AMAH9 74

137



S A~E
etz gtk Zhzte] PVE DCE AE S F33HH
st WPE AC/DC B H71
stoh= e 74
22 A9t WPe PVele Z+zt DC/DC AWE 7L
Axo] 9Jem DC/DC #WEE Z47he] v mEz 1Y
Q1 AL DC/DC AWEI} 112 dZ2F
= 34 RE7He A2 AER AdEo ) oy
Zo| oJste] WP PV7F Ateh Ad8e 2y A4d o
? DC/DC AWEE T3l FF =A™ DC/AC QW E
S35l wFAger W3 F AC Gride2 FHF9UH7, 8l.

DC/DC
DC/AC ——
DC/DC PV Inverter _Q\J/
converter 2 —

DC/DC
converter

[t
o,
o
>
O
= M
2
1
tlo
ol
ol
o
r2 o ot N o

a8 1 ZEzE AA"He Mgz 7o
Fig. 1 Power circuit configuration of module integration
system

2.2 M otEl DPP AlA®el M

a% 2& A€ DPP7E A&¥ Alxdlom gl
(PV)T} ZETH(WP)E oluA Yoz 3 32 FAHZoH
AAEE A"y o] PVE DCE, WP AF7IE AA
DCZ A¥g 3 dvhes AL Hdetn H=e PAsAd
PVe} WPZe g gitste A9 R AR JE9= o
Axlo] Qm Z+zbe] WPeF PVeli= DPPe <SS st

PV, DC/DC
converter
PV, DC/DC
converter
ectifie DC/DC
converter
WP -

33 2 DPPE o|8%t M52 74
Fig. 2 Power circuit configuration of DPP system

138

ol21d Fxo| oa AP Aoz Fo ZRSIIEES 1
d 3o YEtIdTh ZF AYREAA AL HdHate] WAy
o wel DPPO] sa-f57F AR ol 54 ost
o 74 go] AAE Meo] % DPP?l DC/DC AWH=E
s2A g1 4 A BE AdHY FwgdH e A
olwt DPP7} HE/gstAY Feelsm ymA dE2 Ad=
A4 FzE weh w2 DC/AC JMEE Fate] Grid=
CRERIA=S

Supply power

'{ converter

Supply power not using DC/DC

Is there a power difference?

PV,

Yes Supply differential power using
DC/DC converter ( DPP )

Supply power Supply power except differential
power not using DC/DC converter

% 3 DPPE ol8¢st MEHHKo 58§
Fig. 3 Power control flowchart of DPP system

3. DPP2| Md s8I &4A

WP PVE A& wf ngsjofsts o3 84 7
F wdste] wE A gste E7FE FAolth 53] PVA
= 2%3F @2 (Shading Pattern)el™ V-1 Ao wel F
A3 AastE AYe ez FHE] A% HE A
o 7]&o] Hasith ol HUYF Hd dH¥H FF(MPPT,
maximum power point tracking)< ©]-&3le] 2E5F Aol

=
= Ay AYe TFE 5 UES ) MPPTR 9% PV

= AR StlE Wl 7
o ZEE AR A=

St WP7h garehe 2

=
S WPel Fi A¥ &40
3]

tlo
A=
£
~
=z

Z;U
3“0

31 AMEE AAdel MY 55
a9 4 AHEE A Ade] s=

A agelth HHRE AxuelA Aase

48 ddd DC/DC AMEE E3stil A,

HE SastuA 4l £42

Ao W Eevel A9 p,,,

e 4 @sh 2 4 @F 4

99 p,,d A e 2

Py = 2ZPg,— 2Py,
PCL.k' = PSk X (1 " Neonverter )
PTotal = ZI)Sk chﬂnverter

Dol Bgste] 503 2

7y 7+
G4 Popgs PCL.27PCL.3E}E

& 2 (D3 gor, Pl 4

e

)
(2)
(3)



Pera
A DC/DC = PVy
converter Psi 4
Per2 | DC/AC —
&~ DC/DC PVy  Protalfinverter _\(\\Jj
converter P, 1
—

Pers
P .
DC/DC
converter

P53

37 4 FHBE A2 MY BEC

Fig. 4 Power flow diagram of module integration system

lok

3.2 DPP Al2Ble| M3 55

a9 5 DPPE olgdtt AxwleAel Hg 58L
A# agolth DPPE 2t wEo] AAe A o
A Aolw PusA ©rh. WPS PVE Hdz
of glom Hu "YFom AL AN A WE
DPPE AAA &3 DC/AC IWHE A 358 F
2 s=7 T8 Yk

T Pppp 11
Vi DC/DC
Ps1 converter
T Pppp.i2
—
PV, DC/DC
Ps2 converter
-
T Pppp 13
aotifia DC/DC
converter
WP Ps4 1

O8 5 DPP M3 s ER
Fig. 5 Power flow diagram of DPP system

DPP?/] é:_}é]% PDPP.LlV PDPP.LQY PDPP.LSO] aﬂ t;%]\% U:H ;‘}
[ A Py gt A @10, Popppfl BAE 4GS
.

m

Py, ot = 2 Ps1, = ZPppp 4
2P,
PDPP.Lk = PS.k' - X (1 " Neonverter ) (5)

4 @3 4 GF nas w9 oy 19 FEE 2E A
o] DC/DCANEE Siheht: Fulolmz AMEe Tk
of mE Mol dFE vAL Aol whal DPP WAL Aw
B ofeol 4Y A v Ao e MATE AL
MY Mol x| 2 ol 4X| St AE S 918 DPPAIAR Sl M1t T4 4

Trans. KIEE. Vol. 67P, No. 3, SEP., 2018

& 5 gk ool weh 29 wol g uAL AWEe)
&3 WPSE PV b A¥ AE WaAA A5HE 24
719 ol et 29 @ g mastgc

33 U2 E Al2d T DPP Aladlel Hefay H|D

2% 63 19 7S 27 WHRE A2€s DPP A2
o #=M DC/DC AWEY BEE %%1Z P39
mel 7t A9l A AN AvHE Au Sasts 4
g 42 vehd 3golth 4 mEe] B4 10[VIE §4%
ol N Asewro] WE@Ty s4gete weld DC/DC
s

N mlo i

¢

A

=
[e]

al
T

N
)

HElsl PWMASE 283t 78 wE 052 a4
7 mEo] Adz AA¥ Y

= 49 | ergrvka b4 A
9 wgol Qe e Yo <sel wAst &4
o}

o

g

_O4.L_4
5

| AN2E AlagolMel Head A
AAEE AsdddE Q9P QNS BE Aol
DC/DC AMEE At AMEE AR Gridz Fabil =
72 mEe] Aitet Aol AR DC/DC AMEY E&
of dere Witk mebd g 64 B A%l 7
< 747} 100[W], 90[W1, 80[W]etaL 3t
F DC/DC ZAWHE AA Grid= F3h=
= e Tgel whel washs A& 100[WIx0.05
=5[W], 90[W1x0.05=4.5[W], 80[W]x0.05=4[W]= F 13.5[W]
olty, wEkd Grid2 7te AEL F EE AL AEQ
100[W1+90[W]+80[W]=270[W] A DC/DC ZIHE ol A] EAY
ah 4 135[W1E W 2565[W17h Bk,

©

td

Py 100W
N PV
}(Ogoyv_sw DC/DC L 256.5W
2 | converter Psq + 13.5W
PCLZ aow L
: DC/AC — .
3(0;’;_4 7 Dboc PV Protal Inverter_\\(y
" 277"| converter Py, ]
PCL.3 30w -
80W DC/DC ¢ WP
X 5%=4W /
— converter A
53

1% 6 7#ME &80 MEE HUXNIZEAAHS HMHSER
Fig. 6 Power flow of module integration system with
converter efficiency

-—

3.3.2 DPP A|AHEoA o] HMa{aal H Al
DPP Al zglo| A= zF g mge] ik dea) Pt
Aol zolwk DC/DC AW E oA HAAS sF7 5
ol JARE A2ga) Kol 7 mEo] Aatsts A
< ZkzF 100[W], 90[W], 80[W]=kar &¥ DPPE Al A ¥

T NWIE 7Eez F53 d89E By sfjF71u

A9E ygdh b 1" 73 ge] Ao &

¢

o 1o @ mo
ot

rr



HM7|&s=gX 67PA 3% 2018 9¥

2 pr,E 7% A8l 0[WIgh e dEs Atsng
DPP7t #g3tA] ek=th wekx Py wedl @9E DPP

S Fdat=d], o] W DPP HHH &l
ofste] BAE= =4 747 10[W]1x0.05=0.5[W], 10[W]x
0.05=05[W]Z & 05+05=1[W]e] &Aoo A7|A =Hw F
Grid2 st A Py 200IWIGIA AWE &48
A9l gk 269[W17t Grid2 74A] #rt.

T Pppp 11
o DC/DC |10w
.y converter X 0-0570-5W
R |
T Pppp 12
PV,
90W DC/DC
Fs converter
T fDPP.Ls
DC/DC iow
converter| |X0-05=0.5
WP gow Pg 5 .

a8 7 e F80| X EE DPP AlaHe MHESET

Fig. 7 Power flow of DPP system with converter efficiency

{2 E A|AH 3 DPPel &4 HI
oly3 FAEE Al2wlI DPP Al=e o)A
A5 B2 A EHA YEWAA St F AL
o] 100[W], 90[W], 80[W]le]lx DC/DC AW E e &
< B[%IE S wW T Alxde] Y o Ay EAS
7 135[W], 1[Wlelal weha] HEFHOZ Gridell Ao A
A BEAA AiE dgFy nusiy JAHARE
(270-13.5)/270x100= 95[%]2] A o] Gridz RWH
o] DC/DC AWEY Z&¥ dXse dis &
t}. DPP A 2"2 Grid2 Rz W& ko] AyAakst %
(270-1)/270x100=99.63[%]= DPPA] £~ &

ZEWA O vkl oF 463]1%] v Aoz FeldEn

w
w
2}

r

B o
—
2

R

l

o
o
rir
i
>
lo

=

o
lo

i

A
o Y £l

m 10 30 k| o i N mo i
2 >,
fo o

I

4, 2t M{HEANARS §2 &4
41 7AHE &8 Ji¥Hol o MM

¥ 1& BE PV, PV, WP i "o
90[W], 80[W1¢d wi<} 100[W], 70[W], 60[W]
77y 2 A AAS & Eolth

® 1o ZAstd 29 82 EEol Alse
Power Differential M1 “Fefoll A ZAWE F&o] W3l uj
o] &9 o HEE& vuwd o, 17 9= EEo| At

(e}
&

z+z+ 100[W],

e —
£

o

N

¢

tlo

3= d#Ho] Power Differential @21 A EjolA] AWE &
o] Wigte we &8 o MEE vjugk ygo|rh

a8 8& rEAAIAHEHo] Power Differential DY uh o
=8 o 288 A Aot F ALY 29 o &8
S vus E¥W DPPY &8 @ E&o] JARE A|L"HR
o Ha 0[%loA Hd 463[%]7HA] =& AS B 5 ATk

x 1 MMM =A4T 71 HAHE g829 MY
Table 1 Setting table of power produce condition and
variable converter efficiency

(,ompa.u.ison Fixed value Change value
condition
Power Vi | 1000W] Converter
Fig. 8|Differential| PV, | 90[W] | Efficiency |50[%]1100[%]
@ WP 80[W] ( ncmm;srter )
Power £V | 1000W] Converter
Fig. 9|Differential| PV, | 70[w] | Efficiency |50[%5]{100[%]
@ WP 60[W] ( ncnnvertsr )

100 F

80

60

Total Efficiency (%)

—=— Module integration system —-e—-DPP

40
50 55 60 65 70 75 80 85 920 95 100
Converter Efficiency (%)

O 8 ZHE &2 Hst Al E2Hoe 28 vl
Fig. 8 Comparison of the total efficiency with the variable
converter efficiency (Power Differential (D)

100 F

80

Total Efficiency (%)

60

—a— Module integration system —-e-DPP

40

50 55 60 65 70 75 80 85 20 95 100
Converter Efficiency (%)

% 9 HHE S8 Hsl Al Ecte] 8 H|n
Fig. 9 Comparison of the total efficiency with the variable
converter efficiency (Power Differential @)

uAIA 2 a9 9= BEY A E o AA
Power Differential @ we] AWE & we =9 o
&S wAT Aotk AAtete dHe| Aolvt AASTE
DPPY E&o] ta ZadAT 73] JARE A~y
EE&HU= EoE Aol FHdT DPP £&°] JFARE
Alz=dlweh FHd 399[%]7FA E2 Ao] gldrt

42 4 dE Rolol| wE M L&A HID

% 2% 7AWE Z&o] 7tz 9B[%], 85[%lE Az A
2b g Zole] wE F o Axge] FEH o 58 HuE 9§
st AAgolth 29 107 ¥ 112 3% 20 A8k 747



o] ZAWE e & &o] PB[%], 85[%lel PV, PV, WP} Z
7+ yaret A"y HaAgrAzEe e Adighke]l dlol

OlW]~633[WIY we] Alx®l Fxo we} A7l= &9 &
&S v gy zolg

® 2 AHE 28 =A3 JHH MMz MY
Table 2 Setting table of converter efficiency condition and
variable power produce

Comparison fixed change value
condition value &
c " Power
, onverter Differential
Fig. 10| Efficiency | 95[%] sp 0[W]1 |63.3[W]
( Teonverter ) Z P.S'.k - nSk
Power
. Cor}x{erter Differential
Fig. 11| Efficiency | 85[%] P, 0[W] |63.3[W]
( Neonverter ) E PS.k - nb‘k

100.00 ——DPP —=—Module integration system
99.00 \\\
s
> 98.00
3
=
2
S
¥ 97.00 |
o
=
2 96.00 I
95.00 |
94.00
0.00 6.67 10.00 16.67 23.33 30.00 36.67 43.33 50.00 56.67 63.33
Power Differential (W)
OB 10 MMM #E A 28 o §8 W

Fig. 10 Comparison of the total efficiency with the variable power
produce (Converter efficiency 95[%))

100.00 _ _
L ——DPP —=—Module integration system
98.00
96.00

94.00
92.00

90.00

Total Efficiency (%)

88.00

86.00

84.00

0.00 6.67 10.00 16.67 23.33 30.00 36.67 43.33 50.00 56.67 63.33

Power Differential (W)

J7 11 MMM M Al £ o g8 dH|W

Fig. 11 Comparison of the total efficiency with the variable power
produce (Converter efficiency 85[%])

Aol x| o o x| st A8 S It DPPAIAE S| P&t SEH &

O
o
v

o ot

ol
ol
(g

32

[N
o
w2 A

o

oo g

N
-~

fo o b

S w to Mo O g

£ fob

o AT Al A} v
e WEAAYY Y B BEe vaRA . 24
i=

Trans. KIEE. Vol. 67P, No. 3, SEP., 2018

Astol olste] WARE Asge BEA A
o] DC/DC AMEe] &l elste] AR =
o wE 71 A Aol7t ol
UERRRT i DPPE de A Gess
wolm gades BFgtee] Aolw i

zgus A4 Lg 39 e o
%ol

ol
OS:L =

32
ol

o
S

o o £ A po tp £
o
lo o
}:01'
_o,

o
joe]
a1
—/
o
o
i’
rO

oo
L
tlo
12
&
2,
o g

B =ZodAe DPPY a4 28 AEE A3 14
B

A€ DPPoll M2 =9 & F&& Hlugy. PV
[e]

Ak ﬂaﬂo] IOO[W], 90[W], 80[W14 wj, i s}at

2
= ZAWE &&d w2t DPP Alz=dlo] Ho 46.3[%] =&

&S HYow, REALEE ] 100[W], 70[W], 60[W]!
4% DPP Alx®lo]l Hd 399[%]17HA =& 2&S 7S
gela 5 A

ZAWE E&S 145t EE AMAEFS BT =
A5 AWE &&o] 9B[%]Y W FARLE Alade dA &
o] AWE =& AgEo] 95[%]E WEMIAA T DPP
Al 2~Eo 7

QA RERA R oF 35[%]= %
= A

AHEH &80l 85[/] -l &= DPPAI =8 BE 3 &
g o7t FARE ARG o 104[%] =2 Aol ]l

A o]

DPP Algo] A4 Age Aesd % 4

A A= dERt AEstEm A= olfeln wEbA 2zt

wE QAT BRG] Aolw

@3t= DPPAHE

AL M

AFgahA] ke wu) 58 wo] velxme DPP A

ol

to ©

Y okl

]_

30

(1]

[2]

(3]

A
A A YA AL A o9
1

ke

T Ak 7]
I~

& o] ol

U.Um

q
4 WA EEHY AY F

2 7|

o s

References

Yuyi Mao, Guanding Yu, and Caijun Zhong, “Energy
Consumption  Analysis of Energy  Harvesting
Systems with Power Grid,” IEEE Wireless
Communications Letters, vol. 2, no. 6, December
2013.

Maria Gorlatova, Aya Wallwater, and Gil Zussman,
“Networking Low-Power Energy HarvestingDevices:
Measurements and Algorithms,” IEEE Transactions
on Mobile Computing, vol. 12, no. 9, September
2013.

N. Femia, G. Lisi, G. Petrone, G. Spagnuolo, and M.
Vitelli, “Distributed maximum power point tracking
of photovoltaic arrays: Novel approach and system

141



HM7|&s=gX 67PA 3% 2018 9¥

analysis,” IEEE Trans. Ind. Electron., vol. 55, no. 7,
pp. 2610-2621, Jul. 2008.

[4] Shibin Qin, Stanton T. Cady, Alejandro D.
Dom’inguez-Garcia and Robert Carl  Nikolai
Pilawa-Podgurski, “A  Distributed Approach to
Maximum Power Point Tracking for Photovoltaic
Submodule Differential Power Processing,” IEEE
Transactions on Power Electronics, vol. 30, no. 4,
April. 2015.

[5] Shibin Qin, Christopher B. Barth and Robert C. N.
Pilawa—Podgurski, “Enhancing Microinverter Energy
Capture ~ With ~ Submodule  Differential = Power
Precessing,” IEEE  Transactions on  Power
FElectronics, vol. 31, no. 5, May 2016.

[6] Yoash Levron, Daniel Russel Clement, Beomseok
Choi, Carlos Olalla, and Dragan Maksimovic, “Control
of Submodule Integrated Converters in the Isolated-
Port  Differential Power-Processing  Photovoltaic
Architecture,” IEEE Journal of Emerging and
Selected Topics in Power Electronics, vol. 2, no. 4,
Dec. 2014.

[7] Katherine A. Kim, Pradeep S. Shenoy and Philip T.
Krein, Fellow, “Converter Rating Analysis for
Photovoltaic Differential Power Processing Systems,”
IEEE Transactions on Power FElectronics, vol. 30,
no. 4, April 2015.

[8] Kyoungjun Kwon, Katherine A. Kim, “Efficiency
Analysis for Differential Power Processing Converter
Configurations in Photovoltaic Electric Vehicles,” The
Korean Institute of Power Electronics, Power
Electronics Annual Conference, 215-216, 2 pages, Jul.
2016.

[9] Carlos Olalla, Daniel Clement, Miguel Rodriguez and

=

Dragan Maksimovic, “Architectures and Control of
Submodule Integrated DC-DC Converters for
Photovoltaic Applications,” IEEE Transactions on
Power Electronics, vol. 28, no. 6, June 2013.

[10] Pradeep S. Shenoy, Katherine A. Kim, Brian B.
Johnson, and Philip T. Krein, “Differential Power
Processing for Increased Energy Production and
Reliability ~ of  Photovoltaic Systems,” IEEE
Transactions On Power Electronics, vol. 28, no. 6,
June 2013.

tt & 3} (Seung-Hwa Park)
She received her B.S degree in
Department of Electrical Engineering
from Soongsil University, Seoul, Korea
in 2017. She is currently a student of
the Gachon University, Gyeonggi-Do,
Korea. Her research interests are
Material Science and Power conversion.

ol & A (Hyun—-Jae Lee)

He received his B.S degree in
Department of Electrical Engineering
from Seoil University, Seoul, Korea in
2018. He is currently a student of the
Gachon University, Gyeonggi-Do,
Korea. His research interests are
Power control and Power conversion.

& & Z (Jin-Geun Shon)

He received his B.S., M.S. and Ph. D,
degrees in the Department of Electrical
Engineering from Soongsil University
in 1990, 1992 and 1997. He is a
Progessor at the school of Electrical
Engineering, Gachon University, Korea.
His research interests are the power
conversion, control, LCD, and diagnosis
of power utility.

142 Copyright (© The Korean Institute of Electrical Engineers
This is an Open-Access article distriouted under the terms of the Creative Commons Attrioution Non-Commercial License (http://creativecommons.org/
licenses/by—nc/3.0/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



