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(1)Yusuke Nakamura, Hirotaka Koizumi, and Kosuke Kurokawa, “A
new type of scaled-down network simulator for testing PV inverters,”
in Proc. RENEWABLE ENERGY 2006, October 2006, pp.278-281
QFAFEREM IS, REERRE, AARKHS, 2006
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#F* 1 NPP & Equivalence factor

Ecosystem Type S"’(:flao?; ";azr)ea ":;'; Z?;:;
Forest 31 48.7 3.57
grassland 37 521 3.20
Deserts 30 3.1 0.23
Arctic—alpine 25 2.1 0.19
Cropland 16 15 2.13
Human area 2 0.4 0.45
Others* 6 10.7 4.05
Lakes and
streams 2 0.8 0.91
Marine 361 91.6 0.58
Total 510 2245 1

*others = other terrestrial (chaparral, bogs..)
**EQF = Equivalence factor

Equivalence factor O ¥ T& % [gha/ha]D[gha]
(Fm—r39L~7 % —)L) &%, EF & Biocapacity
DHEATHY, T A 7T LIZEAF T ST
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S 3R

[1] Jason Venetoulis A John Talberth, “Refining the Ecological

Footprint” , Environ. Dev. Sustain, 2006

[2] The Flow of Energy: Primary Production to Higher Trophic

Levels, http://www.globalchange.umich.edu/

(3] OHEHE— « “REUARBEERE S AT LT D058
(BOEE~DE) ", 2006

(4] /NEIEGY A PERER RIS X D RBUBOKEE L%

%D LCA” , 2008
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—, BARKBT V¥ —%2, No.l2, @RTLHEKY, 2000.11.8-9

(36) KB, %, Wa, R, B KBDEEE S AT LORERME, BAKET RV —%%, No.l4, &RT
R, 2000.11.8-9

(37 TN, RAx, fEH, &Zil, B OEAHURO RN Y 2B L KB E S AT L0 kW MEORE, AAKN
B R —224%, No.ls, @RTEKTF, 2000.11.8-9

(38) W, Bl PVAYR—=FDT 4 PVENVFIEH~D v F v T~ A a0 X BN ~, BAKEGT VX —
4N No.22, &R TR, 2000.11.8-9

(39) A, B KRR EY AT LSBT 2R KENABIEREOFM, BAKEZ X L¥—%%, No2s5, &
IRTIEKRT, 2000.11.8-9

(40) &, B BEARICL D P VA U N—ZOEEMRHT-P VA o N—F O IE/2 ANFEBO T2 D OfFENT-, H
AKBT R —54, No.26, &R THEKRYE, 2000.11.8-9

(41 KA, MEE, 1B, i, B T A—FS5EE RIS LT KB ERE L AT L I 2 b—a VOEE

AT AT B X BHGE, BARKGT R LF—5322, No3l, &iRTEK, 2000.11.8-9
(42) B, B KREEERET LA OAEREIR S I 2l —r g~y ab—y g U REOKT~, HAKE=
FILX =22 No.8l, AiRILEK, 2000.11.8-9

(43) WWHE, #R, R, i, ke, FE, Bl Y —AVENHERI VI—72RAL-HEEL I 2
— 3 VIO, BAKBTRLF—FE, No.92, &iRTIEKT, 2000.11.8-9

(44) HA, B, KA B S EORRFEBOBHIRET 20198, BAKE=RLVXF—545, No.126, &R TEK
2, 2000.11.8-9

(45) Jita, BN, BPiRE, A 0 EDLC ZAEASAATEISIR RIS R E S AT LDV I ab—a v, BWETXR

MR —RSES, HERIRELAAR, 2000.11.17
o) 1] KBS E O LR, BUER AT, T L% — oA AR & B A, 2000.12.10. (S

J5AR)

<2001 &>

(N B 21 SR T RIEHEE, Kt sEEHE TREICHE] 5%, 2001.1

©) wn, KR, B MEEEBREZHOVZET VS ROBISN, BXFRHCHEB, Vol121-B,No.2, 2001.2

3) A, B, WE, @I KBEREE Y AT MR ER RIS T 2 MR ERHl, BT rrF— .
BREEMFJES, FTE-01-4, 2001.2.21

4) i, KB, Ry, #W#, B, ERFREERE, 4B, 2001.3.21-23

(%) EE, Bl PVA NS OBEIERANEEOPEGIECET 0%, EXFREERE, 4 HERY,
2001.3.21-23

(6) g, B, A, 8 REEMERERIC K 2 KRB DIRBIERIE O, EXY2eEERE, A HERY,
2001.3.21-23

@) Kosuke Kurokawa: PV systems in urban environment, Solar Energy Materials & Solar Cells Vol.67 (2001), Nos.1-4,
March 2001,

®) T.Doi, 1.Tsuda, H.Unagida, A.Murata, K.Sakuta, K.Kurokawa: Experimental study on PV module recycling with organic
solvent method, Solar Energy Materials & Solar Cells, Vol.67 (2001) , Nos.1-4, March 2001

) H.Unozawa, K.Otani, K.Kurokawa: A simplified estimating method for in-plane irradiation using minute horizontal
irradiation, Solar Energy Materials & Solar Cells, Vol.67 (2001) , Nos.1-4, March 2001

(10) H.Taniguchi, K.Otani, K.Kurokawa: Hourly forecast of global irradiation using GMS staellite images, Solar Energy
Materials & Solar Cells, Vol.67 (2001) , Nos.1-4, March 2001

(11) D.Uchida, K.Otani, K.Kurokawa: Evaluation of effective shading factor by fitting a clear-day pattern obtained from
hourly maximum irradiance data, Solar Energy Materials & Solar Cells, Vol.67 (2001), Nos.1-4, March 2001

(12) M.Kusakawa, H.Nagayoshi, K.kamisako,K.Kurokawa: Further improvement of a transformerless, voltage-boosting

inverter for AC modules, Solar Energy Materials & Solar Cells, Vol.67 (2001) , Nos.1-4, March 2001

(13) B A oA %232 2 KB ET L F—, FEHIS AR BEREG RS VAR YT A DRSS
SBED DA -], IR, 2001.3.28-31

(14) SR AR T 36 1T 2 KRG 56 B HsRe I |2 BE 3 2 BAEAORERE O AR, H12 4R NEDO Z3E3EG AU S 5,
2001.3.

(15) B KREOEREMN B AT —= 7 1 2 a 7 OBFJERYE, NEDO Hulth= > — 27 AWFJEBEJE R RE R L
Ry, 2001.3.

(16) B RBEEIETE & o BOER, 4B RFEHER#R, 2001.05.17

17) K.Kurokawa, O.Ikki: The Japanese experiences with national PV system Programmes, Solar Energy, Vol.70, No.6
(Topical Issue on Grid Connected Photovoltaics), June 2001
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(26)
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(28)

29
(30)
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(32)
(33)
(34
(35

(36)
37
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(39
(40)

(41)

(42)
(43)

(44)
(45)
(46)
47
(48)
(49)
(50)

(1)
(52)

XA List of Papers I\
B KEDERE S AT AORFEBA, 18 BIKEEE S AT LAYV RV T A, A4/ —/v, 2001.6.5-7.
Kosuke Kurokawa: TOWARD LARGE-SCALE PV POWE GENERATION, 12" PVSEC, JEJU,June 11-15 2001
M.Ito, K.Kato, H.Sugihara, T.Kichimi, J.Song, K.Kurokawa: A Preliminary Study on Potential for Very Large-Scale

Photovoltaic Power Generation (VLS-PV) System on the Gobi Desert from Economic and Environmental Viewpoints,
12" PVSEC, JEJU June 11-15 2001

PMenna, U.Ciorba, F.Pauli, K.Komoto, K.Kato, J.Song, K.Kurokawa: Analysis of the Impacts of Transferring a
Photovoltaic Module Manufacturing Facility, 12" PVSEC, JEJU,June 11-15 2001

T.Ishikawa, K.Kurokawa, N.Okada, K.Takigawa: EVALUATION OF OPERATION CHARACTERISTICS IN
MULTIPLE INTERCONNECTION OF PV SYSTEMS, 12" PVSEC, JEJU,June 11-15 2001

H.Matsukawa, K.Koshiishi, H.Koizumi, K.Kurokawa, M.Hamada, L.Bo: Dynamic Evaluation of Maximum Power Point
Tracking Operation with PV array Simulator, 12" PVSEC, JEJU, June 11-15 2001

J.Tamura, K.Kurokawa, K.Otani: A study of measuring estimating for in-plane irradiation using minute horizontal Global
Irradiation, 12" PVSEC, JEJU,June 11-15 2001

A.Yamaguchi, K.Kurokawa, T.Uno, M.Takahashi: Reflection and Absorption Characteristics of Electromagnetic Waves
for PV Modules, 12" PVSEC, JEJU,June 11-15 2001

K.Otani, K.Sakuta, T.Tomori, K.Kurokawa: Shading loss analysis of PV systems in urban area, 12" PVSEC, JEJU, June
11-15 2001

T.Oozeki, T.Izawa, K.Otani, K.Kurokawa: The Evaluation Method of PV Systems, 12 PVSEC, JEJU,June 11-15 2001
T.Sugiura, T.Yamada, H.Nakamura, M.Umeya, K.Sakuta, K.Kurokawa: Measurements, Analysis and Evaluation of
Residential PV Systems by Japanese Monitoring Program, 12 PVSEC, JEJU,June 11-15 2001

J.Song, K.Kurokawa, P.Menna, K Kato, N.Enebish, D.Collier, S.C.Shin: International Symposium on ~ “Potential of Very
Large Scale Power Generation System on Desert, 12" PVSEC, JEJU,June 11-15 2001

Y.Nozaki, K.Akiyama, T.Yachi, H.Kawaguchi, K.Kurokawa: Operating characteristics of an EDLC-battery hybrid
stand-alone photovoltaic system, IECE Tans Communications, E84B (7), July 2001

K.Kurokawa: The state-of-the-art in Photovoltaic, 1* MOPVC, Ulaanbaatar, September 5-7 2001

K.Otani: Solar Energy Mapping for Eastern Asia by Satellite Images, 1* MOPVC, Ulaanbaatar, September 5-7 2001
M.Ito, Kazuhiko Kato, Hiroyuki Sugihara, Tetsuo Kichimi, Jinsoo Song, Kosuke Kurokawa: A life-cycle analysis of Very
Large Scale Photovoltaic (VLS-PV) System in the Gobi desert, 1* MOPVC, Ulaanbaatar, September 5-7 2001
A.Amarbayar, K.Kurokawa: Performance analysis of Portable photovoltaic power generation systems based on measured
data in Mongolia 1* MOPVC, Ulaanbaatar, September 5-7 2001

B BARIZE T 2 KR EOBIR L 4% oB)m, BEETLKEEHRERERLE S AT Y A TREEEREITHIER
ERZ DD, dh)lla s ak—, 2001.9.18

I KEBERBEITNT 55, NEDO 7 #+— 7 LS VKB SRI S, RTV=a—F4—% =, 2001.9.20
K.Otani, K.Sakuta, T.Sugiura, K.Kurokawa: Performance analysis and simulation on 100 Japanese residential
grid-connected PV systems based on four years’ experience, 17" EU-PVSEC, Munich, October 22-26 2001

M.Ito, K.Kato, H.Sugihara, T.Kichimi, J.Song, K.Kurokawa: A Preliminary Study on Potential for Very Large-Scale
Photovoltaic Power Generation System (VLS-PV) on the World Desert, 17" EU-PVSEC, Munich, October 22-26 2001
J.Tamura, K.Kurokawa, K.Otani: Measuring and estimating for In-plane Irradiation, 17" EU-PVSEC, Munich, October
22-26 2001

A.Yamaguchi, K.Kurokawa, T.Uno, M.Takahashi: A New Added Value of Photovoltaic Module ~Absorption
Characteristics of Electromagnetic wave~, 17" EU-PVSEC, Munich, October 22-26 2001

H.Koizumi, T.Kaito, Y.Noda, K.Kurokawa, M.Hamada, L.Bo: Dynamic Response of Maximum Power Point Tracking

Function forlrradiance and Temperature Fluctuation in Commercial PV Inverters, 17" EU-PVSEC, Munich, October
22-26 2001

Bl . BoEOKBE3E - EASBOBN, HRE, P, 2001.11.09
B, KB, /NR, %’%Jll i([iﬁﬁ‘ﬁ%% ENER LCEERMO T I 2 L—F DA%, HAKBGTZ RV —55,
TEESCERE, 2001.11.8-9

T, /NSRBI, A5, JI PV A o X—=FDOF ¢ DEAEIE, BAKRET RV —5 SRS
2001.11.8-9

BSF, KA, VEH, KB, fH, B #iREICR T 2 KGR E S AT A0 BEHMEE, BAKET 1LV
XF—2pe ) FEESCEERSE, 2001.11.8-9

R, R, @S, B EEE R E ST EEA KB E Y AT AOFKEEHEEIZOWNT, HAKBEZ R
X —S ) FEESCEEKE, 2001.11.8-9

TARNYIL, B TS DI E S AT AEIFNEOT — Z RN - AT L5, B AKE
TRVXF R, EESCERYE, 2001.11.8-9

JEEE, KB, K&, #8, B KEERES AT AT — % OMED
J5 SCEERSE, 2001.11.8-9

KB, R, KB, B KGR EL AT LAOFHT — & % AVl GE, BAKRBT VX —%2%, 18
& SCHER A, 2001.11.8-9

I, ek, B REGEMEE I LA FERE, E7HRBEFSETERE VX —HiiES, 5%
$2# EE 2001-33(2001-11)

B RGN BOBRBE L BEBE, HEoR (HURR AR |, 2001.11

BN KEGEFEEIFOBLR & ffskBhim, Bk LEEN AR T 2 —, 2001.12.11
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<2002 4>

(M

B KBBERE AT LAOHER, tHalissE, 2002.3

) B 21 AR o E% TR ), JPEAGE I8, 2002.2

3) B FAOEAERFR, 77U — %% 3R, 20023

4) B R A~ - BRI 2R S AN R EN 5D, PVTEC == —X, 2002.3

(%) I, e, BN OREER VA ERIEE~O MPPT G OE H, H AR S E R - A6 - FEEEE R,
WO TFERY, 2002.3.26

(6) g, A, RE, B HEEEGROZERENEE AV B RETRNEOMZE, EXFaeE RS, L9
K=, 2002.3.26-29

(7 KB, HE, K&, K, &, i, B EE EAmGEEEREO RG] & SV BT & O iR,
BREREEKRE, TEFERT, 2002.3.26-29

®) Paulo Sergio Pimentel, H. Matsukawa, T. Oozeki, T. Tomori, K. Kurokawa: PV System Integrated Evaluation Software,
29" IEEE PVSC, New Orleans, May 19-26 2002

) A. Amarbayar, K. Kurokawa: PERFORMANCE ANALYSIS OF PORTABLE PHOTOVOLTAIC POWER
GENERATION SYSTEMS BASED ON MEASURED DATA IN MONGOLIA, 20" [EEE PVSC, New Orleans, May
19-26 2002

(10) Y. Noda, T. Mizuno, H. Koizumi, K. Nagasaka, K. Kurokawa: THE DEVELOPMENT OF A SCALED-DOWN
SIMULATOR FOR DISTRIBUTION GRIDS AND ITS APPLICATION FOR VERIFYING INTERFERENCE
BEHAVIOR AMONG A NUMBER OF MODULE INTEGRATED CONVERTERS (MIC), 29" [EEE PVSC, New
Orleans, May 19-26 2002

(11) K. Kurokawa, K. Kato, M. Ito, K. Komoto, T. Kichimi, H. Sugihara: A COST ANALYSIS OF VERY LARGE SCALE PV
(VLS-PV) SYSTEM ON THE WORLD DESERTS, 29" IEEE PVSC, New Orleans, May 19-26 2002

(12) A. Amarbayar, K. Kurokawa: PERFORMANCE ANALYSIS OF PORTABLE PHOTOVOLTAIC POWER
GENERATION SYSTEMS BASED ON MEASURED DATA IN MONGOLIA, WREC-7, Warszawa, June 29 — July
52002

(13) KEF, BRH, /NR, B REH PV A 83— & o BOMGERS R H R OHEE, R TR MRS, @K, 2002.8.7-9

(14) B, O, I, /R, BT 4 DH A R —= 2B D MPPT il oM, BRFSHMMAS, &I
K, 2002.8.7-9

(15) Ao, @ K, Bl AC E7FVERWEEEEERICL S HEETRHOMRE, BB , It
K=, 2002.8.7-9

(16) H. Koizumi, K. Nagasaka, K. Kurokawa, N. Goshima, M. Kawasaki, Y. Yamashita, A. Hashimoto: DEVELOPMENT OF
INTERCONNECTING MICRO CONTROLLER FOR PV SYSTEMS IN JAPAN, PV in Europe Conference and
Exhibition From PV Technology to Energy Solutions, Rome, October 6-11 2002

(17) T. Mizuno, T. Ishikawa, Y. Noda, H. Koizumi, K. Kurokawa, Y. Arai, N. Goshima, M. Kawasaki, H. Kobayashi: THE
ISLANDING DETECTION ALGORITHM OF A NEW AC MODULE FOR THE GRID CONNECTION IN JAPAN, PV
in Europe Conference and Exhibition From PV Technology to Energy Solutions, Rome, October 6-11 2002

(18) s, KB, BJI, K&, #B3L . KRB AT LAOMEFHE, AAKGTXLVX—%%, IGEEE 4
—, 2002.11.7-8

(19) HAT, K&, B 2400 AN EORE & FHICBE T 24158, B ARKRB- L X —7%, (IeEEE & —,
2002.11.7-8

(20) OHiE, JniE, WA, R, HE, B SEREICBT 5 KB KEERES AT LAO T A 7% A 7 VEEH,
HAKRB =X L¥F —%%, IEEREE 2 —, 2002.11.7-8

<2003 &>

(1) Rk, g, WA, R, EHA, B R ORI T D 100MW KB IEE > A T A(VLS-PV)D F
A T A 7V, HI9EZRAF = AT A RE B 77y L, B HAAZ T L, 2003.1.30-31

) SNonm, I, KB, BN KB E S AT ARERHEOHEFEN Y 7 b v =7 PVDOEEH T AT AT
X oMGE, BERFSeERS, #ALFFHERY, 2003.3.17-19

3) S, AR, B RA ﬁ%ﬁﬁ@® SR JER BT A W2 B TPRI, ERFafElRE, fILFFERT,
2003.3.17-19

4) g, NR, B, HE, )N KR ERA X —2W\TT 4 ¥ % /0 MPPT IO %, EXRFReERE,
HALFBEREE, 2003.3.17-19

5) A%, B LED Y — 7 — ¥R a Lb—XIZ X5 KGEMPFAEE, BEXFEEKRS, ®ILFERKE,
2003.3.17-19

(6) B, /K, G, @I, B =T a3y e —T12 X 5 RFEEFERE O X H SIEER 0 72 D O FFE I O
#f, EBRUEEaEARE, wALYRERYE, 2003.3.17-19

(7 BN TYTIC TéPV&m%%/%Ai&®ﬁﬁ& BOFE, 2R TUTITRT D PV HiffikRE
A K DOBUK & fPkRY, WX ERRASAS, PVTEC/JEMA, 2003.2.14

®) %m:t%%%ﬁ@bt/ﬁxwwmmmAﬁff 2003 4FFZE 50 MG, 411K 2003.3.27-30
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(10)
(11)
(12)

(13)
(14)
(15)
(16)
)
(18)
(19)
(20)

e2))
(22)

(23)
(24)
(25)
(26)

@7
(28)
29
(30)
(€2))
(32)
(33)
(34
(33)
(36)

€0

(38)

39

(40)
(41)

(42)

X' AL List of Papers BN
B DBFED =¥ — - KEDLFHEE, liﬂi@%ﬁ" 2003.3.29
B RBEFEE S AT L OHERM, Yo p W=, 2003.3.
K. Kurokawa, editor.: Energy from the Desert, James & James Ltd., May, 2003 (B.AT4<)
M. Ito, K. Kato, K. Komoto, T. Kichimi, K. Kurokawa: An analysis of variation of very large-scale PV (VLS-PV)
systems in the world deserts, WCPEC-3, Osaka, May 11-18
T. OOZEKI, T. IZAWA, H. KOIZUMLK. OTANI, K. KUROKAWA: An evaluation result of PV system field test
program for indusry use by means of the SV method, WCPEC-3, Osaka, May 11-18, 2003
H. Matsukawa, Paulo Sergio Pimentel, T. Izawa, S. Ike, H. Koizumi, K. Kurokawa: An Integrated design software for
photovoltaic systems, WCPEC-3, Osaka, May 11-18
S. Kohraku, K. Kurokawa: New methods for solar cell measurement by LED solar simulator, WCPEC-3, Osaka, May
11-18
H. Koizumi, K. Nagasaka, K. Kurokawa, N. Goshima, M. Kawasaki, Y. Yamashita, A. Hashimoto: Interconnecting micro
controller for PV systems in Japan, WCPEC-3, Osaka, May 11-18
K. Takeuchi, H. Koizumi, K. Kurokawa: A new type of scaled-down network simulator composed of power electronics,
WCPEC-3, Osaka, May 11-18
T. Mizuno, Y. Noda, H. Koizumi, K. Nagasaka, K. Kurokawa, H.Kobayashi: The experimental results of islanding
detection method for Japanes AC modules, WCPEC-3, Osaka, May 11-18
Batsukh, D. Ochirvaani, Ch. Lkhagvajav, N. Enebish, Ts. Baatarchuluun, K. Otani, Koichi Sakuta, A. Amarbayar, K.
kurokawa: Evaluation of solar energy potentials in Gobi desert area of Mongolia, WCPEC-3, Osaka, May 11-18
Junsetsu Tamura, Hiroyuki Nakamura, Yoshinori Inoue, Kenji Otani, Kosuke Kurokawa: A new method of calculating
in-plane irradiation by one-minute local solar irradiance, WCPEC-3, Osaka, May 11-18
A.Adiyabat, K. Kurokawa: An Optimal design and use of solar home system in Mongolia, WCPEC-3, Osaka, May 11-18
N. Okada, H. Kobayashi, K. Takigawa, M. Ichikawa, K. Kurokawa: Loop power flow controll and volatge characteristics
of distribution system for distributed generation including PV system, WCPEC-3, Osaka, May 11-18
N. Okada, T. Nanahara, K. Kurokawa: Estimation of distribution system load characteristics with time series data of PV
system output, WCPEC-3, Osaka, May 11-18
Namjil Enebish, M. Battushig, M. Altanbagana, K. Otani, K. Sakuta, A. Adiyabat, K. Kurokawa: Performance
monitoring of PV modules for VLS-PV systems in Gobi desert of Mongolia, WCPEC-3, Osaka, May 11-18
K. Sakakibara M. Ito, K. Kurokawa: A resource analysis on solar photovoltaic generation by a remote sensing approach,,
WCPEC-3, Osaka, May 11-18
B KB ES AT LOE K &ZOFREME, KEEHRETRy NV —VRITDERT VR T T L, EERT
&Y, 2003.5.24
B WO L2 0FEDER, %20 BEKEIEHEE S AT LY AP T A, 2003.7.1-3
B KBNFEE S AT LOFFEBFE O G, 520 BIKBEEIHEE S AT LV AR T A, 2003.7.1-3
U, i, \R, B a7 VA EERBLEES AT AL Ly I ab—v gy - Y — L DOBE%,
BRFERES - =X —HMARE, FOLEMEKS, 2003.8.6-8
WS, R, R EERH Y —ﬁvfr‘”‘ HRKBHFBEL AT L, BEXRFRE) « 2RV —FIRE, SUEK
K, 2003.8.6-8
mill, FE, B REHERECS T 5 BTB Av—7" 2 s —F QR
MR, HUREMICF, 2003.8.6-8
FLb, B, ==, A, g T a7 vk R E O, ERERES) - XS, BUR
R, 2003.8.6-8
M. Ito, K. Kato, K. Komoto, T. Kichimi, H. Sugihara, K. Kurokawa: An analysis of very Large-scale tracking PV
(VLS-PV) sysytems in the world deserts, 2nd Mogolian PV Conf., Ulaanbaatar, 2003.9.4-6
A. Adiyabat, K. Kurokawa: An optimal design and use of solar home system in Mongolia, 2nd Mogolian PV Conf.,
Ulaanbaatar, 2003.9.4-6
K. Kurokawa: The State-of-art in Photovoltaic Research and Development, 2nd Mogolian PV Conf., Ulaanbaatar,
2003.9.4-6
K. Komoto, K. Kato, K. Kurokawa: Scenario Study on Very Large Scale Photovoltaic (VLS-PV) Power Generation
System for the Sustainable Growth, 2nd Mogolian PV Conf., Ulaanbaatar, 2003.9.4-6
K. Kato, K. Otani, K. Komoto, M. Ito, K. Kurokawa, J. Song, D. Faiman, Peter van der Fleuten, L. Verhoef, D. Collier
and N. Enebish: Study on Very Large-Scale Photovoltaic Power Generation System on Deserts Extended Activity of
IEA/PVPS Task 8 from 2003 to 2005 —,2nd Mogolian PV Conf., Ulaanbaatar, 2003.9.4-6
K. Kato, K. Otani, K. Komoto, M. Ito and K. Kurokawa: Cost estimation of Very Large-Scale Photovoltaic Power
Generation System on World Deserts, 2nd Mogolian PV Conf., Ulaanbaatar, 2003.9.4-6
M.Battushig, N.Enebish, M.Altanbagana, Ch.Lkhagvajav, K. Otani, K. Sakuta, K. Kurokawa, A.Amarbayar:
Performance monitoring of PV modules for VLS-PV systems in Gobi desert of Mongolia, 2nd Mogolian PV Conf.,
Ulaanbaatar, 2003.9.4-6
A. Adiyabat, K. Kurokawa: Techno-economics analysis of PV /Wind/ Diesel Hybrid systems in Villages of Mongolia,
2nd Mogolian PV Conf., Ulaanbaatar, 2003.9.4-6
K. Kurokawa: Very Large-Scale PV (VLS-PV) System: Its background and concept, 2nd Mogolian PV Conf.,
Ulaanbaatar, 2003.9.4-6
T. Shimada, K. Kurokawa, T. Yoshioka : Grid-connected Photovoltaic System with Battery, STORE, Aix en Provence,
2003.10.20-21
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(43) M. Tto, T. Nishimura, K. Kurokawa: A Preliminary Study on Utilization of Desert with Agricultural Development and
Photovoltaic Technology - Potential of Very Large-scale Photovoltaic Power Generation (VLS-PV) systems -,Desert
Technology 7, 2003.11.9-14

(44) K. Kato, K. Otani, K. Komoto, M. Ito, K. Kurokawa, J. Song, D. Faiman, Peter van der Fleuten, L. Verhoef, P.Menna, D.
Collier, N. Enebish: ‘Energy from the Desert’ - Feasibility Study on Very Large-Scale Photovoltaic Power Generation
System on Desert Areas -, Desert Technology 7, 2003.11.9-14

(45) K. Sakakibara, M. Ito, K. Kurokawa: A Resource Analysis on Solar Photovoltaic Generation System on the Gobi Desert
by a Remote Sensing Approach, Desert Technology 7, 2003.11.9-14

(46) K. Kurokawa: Considerations on technological standardization in sloar photovoltaics, 1st Renewable Energy Forum in
North-East Asia, Nov. 10-11, 2003

(47) KB, /AR, BIIL KRG FEMAE KEARES AT LOFIAFIEORSE, BARKGE R L -2, EFl
TR, 2003.11.6-7.

(48) N, B EEBCRIE R LED Y — 7 — v R 2 L— X OJFUERER, BAKBT R -5, BRI TERT,
2003.11.6-7.

(49) P, IR, BN ERHE N BRI R 2 VT2 PV A N — ZRRBREEE O SR, A AR = 1L —5
&, RFITIHEKRY, 2003.11.6-7.

(50) B RO VX — « KEGRRES AT A, DNSSHFTEGERE, 2003.11.15.

(51) B2 100 D6 RTH L S -Fre L ¥ — « BN & EFR S OMEE, FERIDT LCA M5ttt v & — @ Hilk
JaH~0 LCA OFri=72 B, 2003.11.21.

(52) B 21 g &40 5 = 3L ¥— « KEEOEFE, ATIA T ha=2 22004 41 A 7, 2004.1

<2004 ££>

(N B 21 A28 9 =L — « KPDEFEE, ATIAT hr=27 22004 41 475, 2004.1
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So far, voltage control methods of the distribution
system during voltage decrease and voltage increase have
been researched. In the grid side voltage control methods,
a static var compensator (SVC) has been used by
controlling reactive power. However, the reactive control
makes power loss in the distribution system. Line drop
compensator (LDC) and scheduled voltage operation
methods have been performed controlling substation
voltage tap. But, it is known that it can not rapidly control
the distribution voltage when voltage variation occurs.
Also, a dynamic voltage restorer (DVR) has been used in
the grid system. However, it depends on the capacitor size.
If the power increases, the capacitor size will increase 21,
Autotransformer based step voltage regulator (SVR) has
been used but it takes 100[ms] to several seconds to
control the voltage.

Also, PV side voltage control methods, which solve
mainly voltage increase conditions, have been developed.
The first method 1s to restrict the PV output power when
the distribution voltage reaches the over-voltage limit. For
the second method, the reactive power control from the
PV imverter can avoid the over-voltage limit. Finally, the
PV mverter with battery system can assist to prevent
over-voltage conditions in the distribution system. Gnid
and PV side voltage control methods are summarized mn
Table 1.

Table 1 Summary of grid and PV side voltage control methods

Grid side voltage control methods

Reactive power control — SVC
Substation control - LDC, Scheduled operation
Voltage tap control — SVR

PV side voltage control methods

Power restriction control - PV output power restriction
Reactive power control - PV output power factor change
Battery control - PV output power to battery charge

Here, the proposed D-UPFC is the grid side voltage
controller. D-UPFC has advantages compared with other
grid side voltage controllers. For example, it controls the
distribution voltage during forward power flow and
reverse power flow. Tt controls the distribution voltage
within several cycles. It has linear voltage characteristics

when the converter is performed because of PWM control.

TUAT Kurokawa Laboratory
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This paper begins by studying D-UPFC topology.
Voltage control method and switching pattern of
bi-directional ac-ac converter are analyzed. In the
transformer, transformer power rating calculation is
studied. Distribution model is simulated using the
ATP-EMTP program. Finally, D-UPFC is injected mnto the
distribution model i order to verify voltage increase

control in the distribution system.

2. D-UPFC Analysis

2.1 Bi-directional ac-ac converter topology
The bi-directional ac-ac converter consists of four
MOSFET switches and mput & output LC filters. The

converter topology 1s shown in Fig. 3.

[ o | r 1 [ ™ 7 7 1
o —— ¥ T o
I3 1l s & s !
| o Swi1 Sw2 J 1 |
I 1 Swa I 1
Vir1 I C =+ 11 : I C2 —+ : Vir1_o

| | |
I : | Swa J 1 1 |
L 1| =2 |
| 1| |
ol dm L || 2 I
I 1 : ] : 0
| | |
| LC filter ! | Four MOSFETs | LCfilter |

Fig.3 Bi-directional ac-ac converter topology

Tnput and output voltage relation of the converter is the
same as the de-de buck converter Pl Thus, the ac-ac

converter voltage equation can be expressed,

Vtrl_u :DVtrl (1)
where, D 1s duty ratio of the ac-ac converter.

2.2 Converter control

In the bi-directional ac-ac converter control, the
reference signal to mject PWM should be used after
transforming the de signal. So far, one of methods uses
single phase direct-quadrature (d-q) transformation [, Tts
main advantage is that it can control the transient response
quickly. The other option is to use root-mean-square
(RMS) function. Tt 1s easy to design both in simulation and
experiment. Here, the ac-ac converter uses rms function in
the simulation. Bi-directional ac-ac converter control

method 15 shown in Fig. 4.
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In the control method, ac-ac converter output voltage 10 can be created using a logic circuit as shown in Fig. 11.

Vii o is injected into RMS function and then it is This logic circuit of bi-directional ac-ac converter is
transformed to dc signal The reference dc voltage ¥, performed in the simulation.

compares with ¥5; o 4. The value of ¥, is used through

PI and PWM controls. Finally, the switching patterns from o = o
S, to S, are decided by phase detect function with logic } 4 | e ? G2 31 =
circuit. vl &3 o = JUN Swa e o= g v
‘ ‘zl Swd _2__
LFTL ATHTL
Fig. 5 Active mode during forward power flow
i, Ja—o—c. L U
LJ Swi Swe r I— *
1 — Swi Cz — é Wil o
Iy Ly
) Swa 3
IVITL

Fig. 6 Dead-time mode during forward power flow
Fig. 4 Bi-directional ac-ac converter control method

. Lo ol Lol =

2.3 Converter switching patterns +J:§‘ S S{ﬁﬂ]“"’ 7

The switching pattens in the bi-directional ac-ac Vit | e e = JUN Swa o= || vine
converter offer safe commutation without high-voltage L L
spikes using intelligent PWM switching patterns. Also, the com, S o
switching patterns are decided by the polarity of the input Fig. 7 Freewheeling mode during forward power flow
voltage F;. Figure 5 to 7 shows the switching patterns
during forward power flow condition and the input voltage m oL L] m |
V7 is positive. When ¥, is positive, S,; and .S;,; act PWM ; z | W™ E Sﬁﬂ]“" 2 j
switching reversely. At the same time, .S),; and S, turn on. vl @ o= JUN Swa Gz 2 | v P
If the sign of the ¥},; is changed, the switching patterns are B 4 - : -{
reversed. In the switching patterns, active, dead-time and o —
freewheeling modes are divided by converter operation. In Fig. & Active mode during reverse power flow
the active mode, S,,; ; perform PWM and S, tum on as
shown in Fig. 5. Thus, the inductor current flows through - o o . |
input voltage. The dead-time mode occurs during Sww;; as . 3 | swi Sw2 =
they turn off together. The current paths can be formed by Virt ci L Swa e 2| Ipv
the direction of the inductor current as shown in Fig. 6. In - L L
the freewheeling mode as shown in Fig. 7, the output filter cim. S sim

inductor current flows to the load through switch S5, A
Figure 8 to 10 shows the switching patterns when

reverse power flows from clustered PV system to the grid.

P ] T ]
The clustered PV system is regarded as the curent source. swiy S-‘tﬁm"_, 2 I
Switching patterns from Fig. 8 to 10 are the same as Fig. 5 Virt = 1inn Sw3 G S v |
to 7 because the sign of ¥ is the same. If the sign of ¥;,; .
wid 2
N

is changed, the switching patterns are also reversed.

Switching patterns of the ac-ac converter from Fig. 5 to Fig. 10 Freewheeling mode during reverse power flow
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1 9
‘ q\) %’:}j}_ﬁ, Vel Zngfm +E'Tf§rzfzr2 (6)

Vin 20

._BZ_D— (5wt Swe Swa sw
[ e p

PWM ON PN

4D_ j}-’ Vi1 <0
1 <3 Sw1 Sw2 Swd Swd
_-_D;D_:)_")HS-«‘

ON PWK ON WM
-

Vit

Vawm

Fig. 11 Logic circuit of the converter switching pattern

2.4 Transformer power rating and D-UPFC
voltage control

The transformer is an essential component to design

D-UPFC topology. In the D-UPFC voltage control, the

transformer mainly takes charge of the input voltage in the

distribution systern. D-UPFC topology is shown in Fig.
12

I L. I oed |
Is : T1 | T Ty al :

T AL
1 ! |
" :<< :‘i‘ZTVW AC-AC : Lo
< Converter | Vioad | | | Load
3 | [
3 |
3 |
T

¥z

D-T'PFC

|
_________________ 4

Fig.12 D-UPFC topology

D-UPFC consists of T5, which is transformer, and ac-ac
converter. The primary side of 77 is comnected with
secondary wvoltage V., of the pole transformer. The
secondary side of T7; is divided two transformers and the
upper transformer is connected with ac-ac converter and
the lower transformer supplies a part of constant voltage to
the converter”.

In order to calculate the power rating of 77}, the value of
turns ratio #;, #; and ny are assumed to 1, 0.2 and 0.9,
respectively. Considering the power rating of 77,

P =VI, 2
Fpt = Firtdie (3)
Bpa =Vl (4)

Total power of T7 is,

E =R+ 8 &)

TUAT Kurokawa Laboratory
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AC-AC converter input current f,,; is decided by,
Iy = Dl (7)

If duty ratio D of ac-ac converter is 0.5 during normal
condition, the equation (6) can be rewritten as,

1 9
VoI, = Vi lpy +—Faal 8
545 ]Omm 1On'2xr2 ()

If the value of load is decided,
Iy = I3 = joaq (9)
Finally, equation (8) can be rewritten as,

1 2
VI =—0 I +—FaqI 10
570, wlts 10 s ( )

If the transformer is ideal, the transformer power rating
can be calculated by equation (10). The relationship of the
value of #1;, #; can be shown in Fig. 13.

winding n 2
oo oo - o - -
[T I R T )

0 01 02 03 04 05 06 07 03 09 1
winding n;

Fig. 13 Transformer power rating calculated by 7, and 113

In the D-UPFC voltage control from Fig. 12, the load
voltage is decided,

Visad = Vfrl_o * V2 (11)

where, ¥, , is output voltage of ac-ac converter and ¥} is
output voltage of the secondary of 7.
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1
Vtrl_o :EVSD (12)
Vipr = 2y (13)
ir 10 g
where, n;nsm=1:02:09.
The goal of D-UPFC voltage control is,
Viaad = Vref (14)

where, V., is the reference wvoltage. It is assumed
202[V,tms] which is the pole transformer secondary voltage.

If the increasing voltage condition occurs due to reverse
power flow from the clustered PV system, the load voltage

INcTeases as,
Viaad :(1+H)Vrej (15)
where, » means the increasing voltage per unit.
Rewrite from equation (11) to (15),
Ao vy = e ny7, (16)
3 s 10 S5 ref

Inthe end, ac-ac converter duty ratio 2is calculated as,

D= {1 +"‘)Vref _E
1 2
E 5

(17

[~
Other feeders

Tr1 Tr2 Tr3 Trd

QO

Substation
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3. D-UPFC Simulation Results

In this section, the distibution model 1s simulated. In order
to verify D-UPFC voltage control during increased voltage
conditions, D-UPFC is injected to the distribution model.

3.1 Distribution model

The distribution model using ATP-EMTP program is
shown in Fig. 14. The distribution model is assumed to be
a residential area in Japan. Total feeders of the distribution
model are eight. The length of one feeder is 10[km] and
the pole tranformer is located every 2[km]. Each pole
transformer connects with 20 houses and divided by 4
nodes. The distance between node 4;; and A4;; is 40[m].
Each 5 houses commect with the node from A; to A, in
parallel. The distance between node to each house is
15[m]. The capacity of each PV output power is 3[kW].
Distribution model parameters are shown in table 2.

Table 2 Distribution model paramneters

Substation 66KV/6.6KV, 20MVA
6.6KV/202V(101V),

Pole transformer SOV A
HYV line impedance( Z;toZs) 0.626+0.754[C 2km)]
LV line impedance(Z to Zz;) | 0.025+0.020[<¥40m]
Lead-in wire imp.(Z;;toZ;z;) | 0.0552+70.037[£20m]

Light load 4,082
Total load ol [

Heavy load 1.02[€2]
Each PV source(1 to 20) 3[kW]

Tr5 TrE

66KV / 6.6kV Low voltage Low voltage Low voltage Low voltage Low voltage
2MVA grid system grid system grid system grid system grid system
=#—

—
# | Pole transformer
< 6.6KV / 202V(101V)
P S0KVA
Ll ]
y
A N VA P

Fig. 14 Distribution model in the ATP-EMTP simulation

e
N
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There are three constraints in the simulation:
(1) Each feeder is radial topology.

(2) Loads only consist of resistance.

(3) PV output power factor is 1.

3.2 Distribution model simulation results

The pole transformer secondary voltage range 1is
202420(10146) [V,ms]. In the light load condition, total
power is consumed 20[%] of the pole transformer power
rating. 80[%] of the pole transformer power i1s consumed
during heavy load situation. In the reverse power flow
condition, 20 PV systems from node 4, to A, connect
with pole transformer. Each PV system generates 3[kW]
and thus, it totally generates 60[kW]. From clustered PV
power supply 10[kW] for the load and remained about
S50[kW] flows to the pole transformer.

Tt means that the reverse power flows to the pole
transformer side with maximum power capacity of the
pole transformer.

The voltage curves during light load, heavy load, and
light load with reverse power flow are shown in Fig. 15. In

the light load condition, the pole transformer secondary

—4—Light load
Heavy load
Light Ioad with reverse power flow
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| | |

| | |
Y 2 S I Lo a

| |

| |
95 = 4

A21 A22 A23 A24
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Fig. 15 Voltage curves at the pole transformer secondary side

== Light load
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T
I
|
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: I
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8 | |
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& I I I
8520 b - - —— -l e i TR
| | | | |
| | i | |
6500 b — - ——— T-———= q---==-= e — - — - — q
| I | |
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™ T2 Tra Tr4 Tr5 TrG
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Fig. 16 Voltage curves at the pole transformer primary side
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voltage decreased 100.55[V,rms] at node A4, to
99.65[V,rms] at node 4, In the heavy load condition, the
voltage decreased 99.3[V.ms| at node 4, to
95.75[V,rms] at node 4, In the light load with reverse
power flow condition, the voltage increased
101.45[V,rms] at node 4,, to 106.15[V,rms] at node 4.,.
Here, the A4,; voltage is not the same as pole transformer
reference voltage 101[V,rms] because the clustered PV
system with loads are located in T, which is 10[km] far
from the substation.

The pole transformer primary side voltage curves are
also drawn during light load, heavy load, and light load
with reverse power flow conditions which is shown in Fig.
16. Similar with the pole transformer secondary side
voltage, the voltage decreased during light and heavy load.
In the light load with reverse power flow condition, the
voltage increased 6600[V,rms] at T,; to 6627[V,rms] at
T

In the reverse power flow simulation, D-UPFC is
injected to the distribution model. D-UPFC parameters are
shown in table. 3.

Table 3 D-UPFC parameters.

Vg 202[V,rms] C &G SO[MF]

Ny N 1:0.2:09 Vier 202[V,rms]

Vi 40.4[V,rms)] Kganof P | 0.025

Vi 181.8[V,rms] Kgainofl | 0.001
Switching

Li &L, | 50[uH] B, 20[kHz]

The reverse current increased 250[A,rms] from 0.02[s]
to 0.1[s]. Figure 17 shows the reverse current waveform
from the clustered PV system.

E2.4[Arms]

£2.4[Arm

€2.4[Arms]

B.afarms]

Y

1004

2004

—300

T T T T
0.00 004 008 012 ¢18 [s1 D20
(fills olustars dtast? ph:x-vart) & XX0527-XX0065

Fig. 17 Reverse current flow from the clustered PV system
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Figure 18 shows D-UPFC voltage waveforms during
voltage increase condition. V., is 181.8[V.rms] and ac-ac
converter input voltage V,; is 404[V.ms]. V. 1s
decided by D-UPFC control. F,; and F,, , of the
bi-directional ac-ac converter are close to the same phase
angle and thus, it does not generate reactive power to
control the distribution voltage in the ac conversion.

t Vir2 Virl

200

Virl_o

042 044 o.48
(Flle raverss 104 pld; xovar 1) wAENTES  VIABAES-HDETS  wEAOSOL-XABELS

Fig. 18 D-UPFC voltage waveforms during voltage increase
control at node A,

Fig. 19 shows the simulation results of D-UPFC voltage
control in the distribution model. As mentioned from Fig.
15, the pole transformer secondary voltage increased from
101.45[V,rms] at node 4; to 106.15[V.rms] at node 4,4
during reverse power flow condition. D-UPFC 1s injected
into node Aj; to A,y In the D-UPFC voltage control, the
reference voltage is 101[V,rms], which is the pole
transformer secondary voltage. When D-UPFC controls
the distribution voltage at node A;;, the controlled voltage
is 101.7 [V,rms]. The controlled voltage is affected from
the reverse power of the PV system thus, it does not
follow the reference wvoltage 101[V,;rms]. D-UPFC
controls the distribution voltage to 101.7[V,rms] at node
Az, and 101.25[V,rms] at node Ay In the node A,
D-UPFC controls the voltage to 100.95[V,rms].
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(a) D-UPFC installation at node A4,;.
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{d) D-UPFC installation at node 4,,.

Fig. 19 D-UPFC voltage control in the distribution model
during reverse power flow condition

Through the D-UPFC control simulation, D-UPFC only
controls the distribution voltage at the installation area and

it has a voltage control limit due to the distance.
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4. Conclusions

Distribution model and D-UPFC using ATP-EMTP
program for controlling voltage increase condition are
gimulated in this paper. D-UPFC consists of bi-directional
ac-ac converter and transformer. The converter topology,
control method and switching patterns are shown.

Transformer power rating calculation is performed.
Distribution model simulations show the voltage curves
during load and reverse power flow conditions. D-UPFC
partially controls the voltage increase when it is installed
for each node.
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Insolation Forecasting Using Weather Forecast with Weather Change Patterns

Takae Shimada™™, Member, Kosuke Kurokawa™, Member

This paper reports an insolation forecasting method for photovoltaic power predictions. The method of proposal

forecasts the global irradiance every one hour by using weather forecast every three hours. The weather forecast is
classified into 14 kinds of weather change categories by weather change patterns, and the insolation forecasting accu-
racy is improved. The forecasting accuracy was examined based on the measurement data and the weather forecast

announced in Tokyo. In the result, using weather change patterns decrease mean absolute error ratio of hourly forecast-
ing from 32.6 to 30.2% and the error ratio of daily forecasting from 24.7 to 23.5%. The result also shows the possibility
that the error ratio of hourly forecasting is decreased to 24.5% and the error ratio of daily forecasting is decreased to

17.8% in Tokyo when the weather forecast accuracy is improved.

F—7—F: RKBHFEESAF L, BETH, RETH

Keywords: photovoltaic system, insolation forecasting, weather forecast

1. EC®IC

ACEBEEEE OB L, T RhIC kS BRI = H1E
TR RN EEE T TEY, BENEI L
~OBFITET 2T, BEATERF VvV OE
WEKBAREECAFLIL, BREEHEHEAENIOESRED
AR TRET 2 RMER AT L L LTERFIE LTV
Bo LML KBARECREERE, REEUTH A
BREBICARE(ERSNL, 5, SSERGREENE
FlLTw i, FEMELE L, BIRE~DOEE
EERBETSELEEEN LR A F 0BT ST
VN RBEAREFIANF-FEES CMAShE
TAFLTE, TANVE-OCHEVHHELSHES OREFH
RO P, REFTIAMCTE LTI AT LOHE
CERT 2T, DA ZYAFLARBETEL LN
HESNTWwE oW,

REERE I 2HERZTFHNT 2200 BT
LTiE, ChITtRraFEMRESRTEL, BEPs
BELLLPEOZEEFOTET 2FEY £, SREHEC

* (%) BT BLERTH AR
T 319-1202  HIZ A4 2T 7-1-1
Hitachi Research Laboratory, Hitachi, Ltd.
7-1-1, Omika-cho, Hitachi 319-1292
*EERELAE
T 184-8588 ardFiiRET 2-24-16
Tokyo University of Agriculture and Technology
2-24-16, Naka-cho, Koganei 184-8588

FHFE B, 127 F 11 5, 2007 5

1219

IoTHEB e cHEEMEPFET AFEC, SERR
Foa— Ay b7 BRI AELFEO S R]RES AT
Vb, —H, BESHLAZRBERE AT LEERBICATF
TELRBHRL LT, REFHEFHEVWZERTFH KT SR
T, 3BH T ORETFEHTH 2 BBFRFTH-ES
FEIT 2 FES 2, BERBRESFIHTLFEY, RAER
RETFAPLFHT AFE@IRELATHE, ZhE
i, Wih b EE LTHREHHESFET 250 TH S,

LA Lt BEEN MO KRREELR 74T, 10
BEZIALME-HBPZERT LD, HHAEFER
A 1 EMETTET A 2 AET R, BEIC D, 1
MEHETT AT - BEN 2 FEIRED Sh, FEBEN
HE iz o 2,

AT, HESNIKBEREY AT 2 AHEMIC
BiET 2R A BEEL, BETHCRRET 2 BB RRT
oo oo, EERANES 1 BHETTHT 23
EERRE Ui, AT, REOEMSY — v EERLT
FREEEAMNESELHLVERTFRHREZREL, Tl
WERREET 5,

FF, 1990~1999 £ 10 £, FETEZ A CHF
Ashifa 7 —4 PoAHFHCLERT— ¥ REEL
720 JKIZ, 2000~2003 £¢ 4 E£MIC, ERICSETICE
FENL3ENILEORETFHTH L WRERTITHL
WU, REFHICIDVEFOLTEEHES 1 FHETTHE
Lo FRMKFMILL HE, EREMRSY — 2 HEw
EEEEORLEIRES N, MEMNESEEICTUTES

March 22, 2008
29

RS

N

o



* 10th Anniversary TUAT Photovoltaic Student Think-in

CEBHER SN DCEET D,
2. HHEFAFEORE

(2:1) BEFEOBE RBETHHETEHTETR
KATHERCTTIFEFEESKHERET 1 BN &I
T35, AIMTARATME LTI, 3RHIEDOREA
FHERE LS, UL, RRTLOLMBMISRTHRE L
TRERIREREN, GETk— o~V THENTETH S
i, HRCHBEBENTEHY AFEIZERS,

RETETCE, 7, FURSFEECENT 2L, £
DRHORATF W 6 AR MEEE L, KIS, BEROR
B ORR[TFHESIE L CRAE Sy — 2 EEL, &
FHEEMEHIE L TRANLTEMEE T4,

(2-2) BSFEFE FEHILAN (AM, BD),
B b (IFE], ZOBHONETHRW P, RAICLD
BAMEN Gowp(W, M, D, 1) %515 T 2,

Gesr.b(vvs Mﬁ Ds h)
1
312G aaW. M. 1)+ Goe(W, M =1, 1)} (1=D<10)

= G(lut(wMah) (]]SDSZO)
1
g{Zde(W, M, W+Gy(W,M+1,h)} 21<D<31)
.................... (1
Gua(W,M,B) : KR W, B M, 8% h [EF&] 12
BUYARE - B - BEBBST— 5
Wi R0, 1185, 2:%, 3:W (Z%

XN
MT<1~12>(0, 134, 12 )], 1 T & LTH5)
hEEE C0~23) (WG

DI C1~31>

L5 Gu(W, M, h) i, R 1 - BERRIBLC S - H
METF— 7 ThY, 4x12x24 OEHFT—% & LTE52 5
Nh, hd, ARG LARHEMTTE, REFELELS
ZEDPBLNOBERE LTHE S, 72, WS OEH
TREFHPEOLNLVEACL B2 FElT 47201001,
KEOHNTHHAL L WK O T— ¥ W ETh bH,
INICE Y, REOMEEW, 1Y, B, &, Wo45EEL
b,

1D, 17055 LE -1 - TRHOECEINET S /-
BIZAWE, ALATH->TL LEE TETIEHSHRTIZ
L eER L, WA, 3 A EMIZIE2A, 3A N
A4 AO OGN E IR 5, THIFEIZ - - T8
EZETHIOTHR, BHhs 1ES 36 0RIZSHET S
FiEER, HFEF— Y OSHEL I FO LIS T I L
MTEH, THIZLY, FHEOT > TVEFEmML,
A ZXDLHECOFHT— 9 DERIZHFST S,

B DEARHEFE Gou s (W, M, D, h) 12, #0F T AT
HREHRE L THWAE I L TEXLY, RIEFOTHETET
&, RSy — 2 2B L CFRABELsMFEYT A, B

TUAT Kurokawa Laboratory

WXE 30

1220

RIS, TR REELORE THROMIZ, AiiOrEEw O
RIFHMHEBML, ZOBMMLEN Y -2l &
BMEENE Gosrp(W, M, D, h) % HHIET 5, 24> B TH~B
REZALA 7T Wee, REAZEALSY — 2 #IERE y(Wee)
FHWT, KRS Y BHO T EFME Gy 245,

Gmr = ')/(WCC) . G(“[J)(I/V’ M$ D’ h) ............... (2)
y(Wee) | RRZE LYY — A%
Wee | REELA 7T

(2-3) X= - A -BZBBEHT—20%ER 1990~

1999 £ 10 £ W2, [ET RIS TR SN2 8 7 —
&, ARORS - B - BANEHT — 8 Guu(W, M, k)
EHRL 7.

I, BRkeEEEREOBRAT—- ¥y vy, FREI0FEED
K& &, 3BT, 2, WOIEEICTELL, &
7O —% Fig. 1137, SOT, BABE LT RD A
3EBHOBKkEER W, £/, EEOBENT— 5133 1K
MEEXTHLHI0, BEELTIEIRD S 3RO MG ORE
N B D EEOFHEE A7z,

O LTS NIRAOHIRMEE % Fig.2 12
Yo Fig.2() i3, AZEoHIEESRLTHE), AR
OMZEL L 8% e 52 5, Fig.2(b) i, BEEF &
DHBHEELZRLTBY, IS Z L% W),
WP T B $72, MOHEBERDEGHEEHFIZL ST —
ETH D

RI, ERHEE | BREEOBN -7 2 XK, A, #i
WKEoTHEL, #RFAONEICETNE DYEOTFEY
HEEH LT, Rl H - BABIANT— % Gae(W, M, h)
oL 7.

=
I
=

n(W.M,h)

Grsr,
=0
(W, M, k)
Grgr FHIHE (SR BYE 1 BFEORE 7 — %)
nW.M B . & W, M, hOFEIZEEND G
DHF— 5

Gudl WM )= ———— (3)

Fig. 3 12 Gyl W, M, ) D—f1% 7R3, Fig.3(a), (b) i, &

Yes
Precipitation 2 1 mm
0

€s

Fig. 1.

Weather classification flowchart.
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Table 1. Weather change categories and correction factors.

Wecather change categories Fair Cloudy Rain
Wee 1-1 1-2 1-3 2-1 22 2-3 2-4 2-5 2-6 3-1 3-2 3-3 3-4 3-5
Correction factor y (Wee)|1.051 |1.016 [0.881 | 1.483 [1.345 |1.217 |0.950 |0.713 |0.592 [1.315 . 1.250 10.958 0.779 |0.702
Appearance frequency | 4305 | 1229 | 1733 | 189 | 1215 | 676 | 2696 489 | 782 | 185 | 307 279 | 304 | 211
11111 11112] 112 121 122 12221 ‘ 12223122223 123 131 331 133 1 13331,33333
Weather change patterns 11113 113 221 12222122222 32222| 223 132 | 332 | 233 [13332
21111 211 22221 3222132223 | 321 231 13333
Fair: 1 31111, 311 ‘ } 322 | 232 23331
Cloudy: 2 211121 212 ! I 323 23332
Rain: 3 21113‘ 213 23333
31112 312 33331
31113 313 33332
Table 2. Classification method of weather change TIREL - O8TFHFEORE AT %, 2000~2003 4
patterns. 4R, EH 18 uﬂm?ié M7= F M )5 O R bl R 77
01234567 8 910111213 141516 [o’clock] MICHEDWC, BEFRICLVBHO 1 REVHETE S
Mlb ﬂ4h d7h mh11ﬂm1ﬂﬂn h A IRER T EICTHEIL 72, 28, MRS THRE

2 / % //// /// / w KA, Aim, Br 3B TTRLZLOTHY, 22

TRRADOTFHOAT AV, K, 1B, 2, W, B0
AETTIHRENL 2D, TRWEE Lo 7/, 2
OFHRITEH 3 5% i«%xnzmx, T 18 B (2007 AR

ERIEEBCT, GFEEBBY Gy &, B AR IABMIRITH) KHRESNAZN 4 BETE TR
Gos (W, M, D, h) Wch/cﬂﬁrzr ) Wee 84210 4/ boaRwv, Jré-zalh BEL, | BERSPI94 R B SH5hEE o FE
PR L7 Th b, Table 112, RDI-BIERE y(Wee) & AR E LT, RBITRGHITOBIE 7 — 2 & v/,
e R) ch~®ijﬂ$Hr“%TLf%éo T, I (3-1) MBERGIFEEER  Fig.4id, % 1 HOHAYT
BiZonwlld, ORTFNOEEERIFH 618 KA S 4 SR & FRERE R LT b, [XH, Using weather fore-
DO 3EHICOWTOAMEBRERE Y ¥ LTz, FRK cast D7 £ 1%, KRBy —vHFEx LhnwEBLoT
T, WERB y(Wee) LB 2 2 L1280, Hl20E Ik WA, TbbAEAMEEERL TS, —J, Using
Tz (Wee =2-1) 1, WICHHRZL 22 (Wee = 2-6) weather forecast with WCP (&, EAIECME T RALEN
CHBL, HEREAH 250 THLERLIENTE b, L OB LSS, TabbRETEICLATH

(2-5) RREHTIVOEEFE KIREORFE EHES mL Twh, $72, 70y b2 7HEIZRLS
b3 — ‘/%ﬁ? ICTARTFRREL 2 FRGICEET 5720 KBTI, HiHIZBE SN N TRERLTEY, &
{243, Table 1 [ORL72REELATF TV &, ZHIET S FERIEDHIGEFEIR L@ TH A,

mdL/\&~/}:rﬁt)J CEHETHZENEETH L, E Fig. 4(a) 13 2001 £ 3 A 24 ADERFRL T b, 20
EOH W, THRRRROTROMREY £ T2l 5 3o HoOEREGIE, 9~ 15 ik, 2R OBMIIHE & FHah
Byl ek s LS, 2o 3 F—e ol (M111] QAVAR 9~15u10>611#”3 ERT L &, KEEMY —
[222] [333])) ERDBEDOM, & 5IHEORINE T S VHILE L WEESIZE, 3 A TS0V B%ﬂm
THIHE L, L7222 T, SRZIZIEET S L, 347 ECHhAH 400W/m2 GIEES k?(“ﬂ*ﬂ THY, 200 W/m? FErr
OETHOMEEIL @Y, SHOKRTHIOMEEIZ9 & UTOEAFKRLYIRELLTHENL TS, —FH, K&
W Thadrs, ERFUIF 1T HEY) ORFREN NS — T YAk — L HHIE zﬂﬂmf&%%’:&ﬁ* T, FE ORI

BREND, SRERTONGE NS — 22 3 B MO TR H L HEREADIEHEP LT D, J?ﬁ%&ﬁ#au
BECHEMREETEL, MEMEMLC, WERED RV DEERERILH T Y 2-6 (Table 1 &) 12580, O

NE =V EFEELTRAEY T T 2k L7, BIaE A /NS CRBEL A2 Lic kY, EflE %c;ﬂlw%iﬂu
FFEOTETCRELLY 7)) 2 ERTIUL, FRED HEER TV

FHTEH#MOMTIILEETEIDLEZTVLY, Z0 /2, Fig.4(b) 2002 4E2 B 17 HORRIE, 9EETE T

MEE I A OIE & L 72w, 5, O~ ISTED R E FHEN Tz, BETHTI, 9~12

; = H*@T%qu LA 5 ) 2-2 (Table 1 Z208) 29 LT,
3. FHRANSE ORI

e TR L ) b HHREL K E RIS D, EEE R
ABITHHERIZERSNIRATHREAVT, fIEL ENFEFESN TS,

1222 |IEEJ Trans. PE, Vol.127, No.11, 2007
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Fig.4. Examples of time-series insolation forecasting results.
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Fig.6. Daily insolation forecasting error ratio.
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D-UPFC Voltage Control in the Bi-directional
Power Flow Condition

Kyungsoo LEE *!

Kenichiro YAMAGUCHI*!

Kosuke KUROKAWA *!

Abstract

This paper proposes distribution voltage control using distribution-unified power flow controller

(D-UPFC) during forward power flow and reverse power flow condition. During forward power flow

condition, voltage sags, swells, under- and over-voltage occur due to fault occuring or load conditions.

In the reverse power flow condition, voltage increase happens because of reverse power flow from

clustered PV system. D-UPFC consists of a transformer and bi-directional ac-ac converter. The

transformer maintains a part of reference voltage and bi-directional ac-ac converter regulates the

voltage to keep the reference voltage. Bi-directional ac-ac converter provides direct ac to ac conversion

without storing energy. Also, distribution system model is used in order to analyze distribution voltage

patterns and to verify the D-UPFC voltage control. Simulation results using ATP-EMTP program show

the voltage control in the power flow and reverse power flow condition.

Key Words : Forward power flow, Reverse power flow, D-UPFC, Bi-directional ac-ac converter, ATP-EMTP

1. Introduction

In the power flow condition, faults occuring in power
distribution systems or facilities in plants generally cause the
voltage sags or swells. Also, power systems supply power for a
wide variety of different user applications, and sensitivity to
voltage sags and swells varies widely for different applications
[1].

A few voltage control methods have been developed. Static
var compensator (SVC) regulates over- and under-voltage
conditions by controlling its reactive power. Autotransformer
with line drop compensator based step voltage regulator (SVR)
selects suitable voltage using a switch during voltage change.
Also, scheduled operation controls distribution line voltage in the
substation [2].

These voltge control methods concerns during forward power
flow condition. Also, they are performed not the low-voltage
distribution system but the high-voltage distribution system.

Reverse power flow happens when clustered PV system
connects with distribution system. Voltage increase phenomenon

happens due to reverse power flow. When the voltage increase

*1 Kosuke Kurokawa Lab., Dept. of Electronics and Information Eng.,
Tokyo University of Agriculture and Technology (2-24-16, Naka-
cho, Koganei, Tokyo 184-8588)
e-mail : onnuri@cc.tuat.ac.jp

(A2t © 2007427 H4H)

Vol.33, No.6

occurs in the low-voltage distribution system, it affects to stop
generating power from clustered PV system or to trouble
distribution system equipments.

D-UPFC is proposed in the bi-directional power flow
condition. It can fast control distribution voltage during voltage
decrease as well as voltage increase condition. D-UPFC consists
of a transformer and bi-directional ac-ac converter. The
transformer maintains a part of reference voltage and
bi-directional ac-ac converter regulates the voltage to keep the
reference voltage during voltage decrease and increase condition.

This paper begins by studying D-UPFC analysis. D-UPFC
voltage control concept is explained. Bi-directional ac-ac
converter shows the voltage decrease and increase control
methods, switching patterns. The transformer and bi-directional
ac-ac converter capacity calculation is performed. Using the
distribution model, voltage patterns are shown. Finally,
ATP-EMTP simulation tool is employed in the D-UPFC voltage
control. ‘

2. D-UPFC analysis

2.1 D-UPFC voltage control concept

D-UPFC is proposed in order to control voltage decrease and
increase phenomenon in the power flow and reverse power flow
condition. The transformer and bi-directional ac-ac converter are
the components of D-UPFC. Proposed D-UPFC topology uses
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transformer ;" and N, but other reference papers uses N,, N,
and N; [3,4]. Proposed D-UPFC topology has the advantage of
minimizing the transformer capacity. Proposed D-UPFC
topology is shown in Fig. 1.

Fig. 1 Proposed D-UPFC topology.

V5 is the distribution system side and ¥, is load side. In the
D-UPFC control, D-UPFC output voltage V,,, is decided by ¥,
and V,,; ,. The value of V,,, is decided by the transformer voltage
ratio N;. ¥, ,, is decided by bi-directional ac-ac converter and it
controls voltage decrease and increase using pulse width
modulation (PWM) control. In the normal distribution voltage
condition, V,;, keeps constant voltage by controlling the
converter duty to 0.5. Thus, D-UPFC output voltage ¥, is the
same as reference voltage V... If the voltage decrease happens,
the ac-ac converter duty ratio increases over 0.5. Reversely,
when the voltage increase occurs, the converter duty ratio
decreases under 0.5. D-UPFC output voltage can be expressed,

g g g
Vour =Vmi+Vu2 o (8]

D-UPFC voltage control diagram is shown in Fig. 2.

Voltage increase control Voltage increase control

Reference voltage y Reference vollage
Vir2_o}  voitage decrease control Vt2_of  voltage decrease control
i . i
Vief Vraf
Vin | Virt + Vir2_o = Vout Virt { Virt + Virz_o = Vou
0 0

(a) Normal state (b) Voltage increase control

Voltage incroase control

Reference voltage

Vu2_of'  voitage decrease contrai

Vart Vi1 + Viz_o = Vou

(c) Voltage decrease control
Fig. 2 D-UPFC voltage control diagram.

2.2 Bi-directional ac-ac converter
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Bi-directional ac-ac converter consists of four MOSFET
switches, input and output filters. The converter is the step-down
converter as the dc-dc buck-converter. The output voltage is
always less than the input voltage and thus,

Via_0=VypxD @
where, D is duty ratio of the bi-directional ac-ac converter

The converter provides direct ac to ac conversion, thus there is
no energy storage device except input and output filters. The
bi-directional ac-ac converter circuit is shown in Fig. 3.

Vi

Fig. 3 Bi-directional ac-ac converter circuit.

The switching patterns of the converter offer safe
commutation without high-voltage spikes using intelligent PWM
switching patterns. Switching patterns are decided by the polarity
of input voltage V,,,. When V,,, is positive, S,,; and S,,; act PWM
switching, reversely. At the same time, S,,, and S,,, turn on state.
If the sign of the ¥, is changed, the switching patterns of four
switches are reversed [5]. The converter switching diagram is
shown in Fig. 4.

0 or

Fig. 5 Converter circuit and its input voltage, output current

waveform.

Referenced paper shows the conveter switching patterns
during power flow condition [3]. However, the reverse power
flow switching patterns are necessary to control over-voltage
phenomenon. The clustered PV system can be expressed as the
current source and it connects with ac-ac converter. When the
reverse power flows, the converter output current is reversed 180
degree. The converter circuit conneced with clustered PV system

— 36— 20074
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Distribution model is proposed in order to analyze distribution
voltage characteristics according to load patterns. The second is
to verify the D-UPFC voltage control when voltage decrease and
increase happens in the bi-directional power flow condition. The
distribution model using ATP-EMTP simulation program is
shown in Fig. 9. This model is referenced from NEDO report [6].
It is assumed the residential area in Japan. The total feeder lines
are eight. The length of one feeder is 10[km] and the low voltage
grid system is located every 2[km]. Here, only one feeder line is
scaled down and simulated. In the node 4; to 4, and node 4,; to
Aj4, each 20 PV houses connects with the pole transformer. Node
number 4, to 4, at O[km] from substation is shown in Fig. 9 (a).
Node number A4,; to 4, at 10[km] from substation is shown in
Fig. 9 (b). Detailed distribution model parameters are shown in
table. 1.

T T2 L] ™ ™ T

anDm I 7 hzz h z h £ h z
um:w Uowvelge m-nup;l Tow voltage Low valtage

________

(b) Node 4, to 4,4 of the distribution model
Fig. 9 Distribution model.

Table 1 Distribution model parameters

voltage V. 4 is the same as V. The switching frequency is
20[kHz]. In the Input and output filter design, input current and
output voltage harmonics are should be removed [7].

Table 2 D-UPFC parameters

Substation 66kV/6.6kV, 20MVA

Pole transformer 6.6kV/202V(101V), 50kVA

HV line impedance(Z; to Zs) 0.626+j0.754[€/2km]

LV line impedance(Z,; to Z;;) | 0.025+0.020[€¥/40m]

Lead-in wire imp.(Z;; to Z;) | 0.0552-+j0.037[€¥20m]

ot load Light load 4.08[€2], 20% of pole trans.
Heavy load 1.02[€2], 80% of pole trans.

Each PV source 3[kW]

There are a few constaraints in the simulation:
(1) Each feeder is radial topology.
(2) Load is assumed to resistance.
(3) PV output power factor is 1.
D-UPFC parameters in the simulation are shown in Table 2.
The input voltage V; is 202[V,rms] and thus, the reference
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Vs 202[V,rms] Cin & Coyy | 50[pF]

N;: N;%: Ny | 1:0.9:0.2 Vier ds 202[V,rms]
; K,=0.025

Vi 181.8[V,rms] PI gain K:’=0.001

; Switching
Vi 40.4[V,rms] fieg, 20[kHz]
| Lin & Lou 50[uH] Viret duty 0.5
4. Case study

4.1 Voltage changes during load patterns

Light load and heavy load from forward power flow, reverse
power flow conditions are simulated using distribution model.
As mentioned earlier, the low-voltage distribution system
voltage range is 202+20[V,rms]. In the simulation result, voltage
range is shown in 101+ 6[V,rms]. The simulation results due to
load patterns from node 4, to A, are shown in Fig. 10. In the
light load condition, total power of light load is 20[%] of pole
transformer capacity. The low-voltage is decreased 101[V,rms]
at node 4; to 99.65[V,rms] at node A,. In the heavy load
condition, the load total power is 80[%)] of pole transformer
capacity. The low-voltage is decreased 101[V,rms] at node 4, to
95.75[V,rms] at node A, The reverse power flow condition
caused by clustered PV system is simulated.

Node number

Node number

(a) Node 4, to A4 (b) Node 4,; to 4,4
Fig. 10 Distribution voltage changes due to load patterns.

In the light load with reverse power flow condition, 20 PV
systems from node 4, to 4, connect with pole transformer in the
Fig. 9 (a). The simulation result of voltage increase pattern is
shown in Fig. 10 (a). In the Fig. 9 (b), 20 PV systems from node
A3 to A4 connect with pole transformer. The simulation result of
voltage increase pattern is shown in Fig. 10 (b). Each PV house
generates 3[kW] power. 20 PV houses totally generate 60[kW]
and then 10[kW] supplies to the light load condition. The
remaining 50[kW] flows to the pole transformer. Thus, total
reverse power is the same as pole transformer capacity. When
the reverse power flows from clustered PV system, the
distribution low-voltage is increased 101[V,rms] at node 4, to
106.15[V,rms] at node 4,,.
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4.2 Voltage decrease control using D-UPFC

In the Fig. 11, D-UPFC voltage control during voltage
decrease phenomenon of forward power flow condition is
simulated. As mentioned Fig. 10, heavy load affects voltage
decrease in the distribution system. The simulation condition is
the same as Fig. 10 thus, the voltage decrease from node 4; to A4
is 101[V,rms] to 97.4[V,rms], respectively. The voltage decrease
from node A,; to 4,4 is 99.3[V,rms] to 95.8[V,rms], respectively.
Fig. 11 (a) and (b) show the voltage decrease before injecting
D-UPFC. In the Fig. 11 (c) to (j), D-UPFC controls the voltage
to 101[V,rms] at its installation place. The controlled voltage
ranges are 101.4[V,rms] at node 4, to 101.3[V,rms] at node 4,,.
D-UPFC assists the voltage patterns with keeping in the
distribution voltage range.
102

L e

Voltage(V,rms]

95 -
A a2 A At A2 A22 A23 A2
Node number Node number

(a) Node 4; to A, with no control (b) Node 4, to 4, with no
control

—5~VoRtage decrease with no control
@ control at A2Y

~+~Vohage decrease with no control
-V

Voltage[V,ms]
-
H

A3 A22 A2y A24
Node number Node number

(c) Node 4, to A, with control at 4; (d) Node 4, to A,; with
control at 4,

Al A3 A2
Node number Node number

(e) Node 4, to 4, with control at 4, (f) Node 4, to 4,, with
control at A,

——Voltage decrease with no control ——Voltage decrease with no control
- e s el

H

Voltage[V,rms]
2 8

A3 Azt A22 A23 AZ4
Noda number Node number

(g) Node 4; to A, with control at 4; (h) Node A4, to A, with
control at 4,3

Vol.33, No.6

o with no control
Varage Sorar s

Volage[V.ms]
g 8

H

At A2 Al A4 a2 an Az Az

Node number Node number

(i) Node 4, to A, with control at 4, (j) Node A4, to 4, with
control at 4,
Fig. 11 Voltage decrease control using D-UPFC.

Fig. 12 shows the D-UPFC waveform at node A24 when
voltage decrease occurs from 0[s].

W Viri Vi Vi o

~200

040 ! 042 044 0.46 048 "] 050
(file losd 104 pl4; x-var ) vXX0878  vXXO524-XX0554  vXXO526-XXO554

Fig. 12 D-UPFC voltage waveforms during voltage decrease.

4.3 Voltage increase control using D-UPFC

In the Fig. 13, D-UPFC voltage control during voltage
increase phenomenon of reverse power flow condition is
simulated. As mentioned Fig. 10, light load with reverse power
flow affects voltage increase in the distribution system. The
simulation condition is the same as Fig. 10. The voltage increase
from node 4, to 4, is 101[V,rms] to 105.7[V,rms], respectively.
The voltage increase from node 4,; to A, is 101.5[V,rms] to
106.2[V,rms], respectively. Fig. 13 (a) and (b) show the voltage
increase before injecting D-UPFC. In the Fig. 13 (c) to (j),
D-UPFC controls the voltage to 101[V,rms] at its installation
place. After D-UPFC control, the voltage patterns during voltage
increase are regulated. The controlled voltage ranges are
102.1[V,rms] at node A4; to 101[V,rms] at node A4, Thus,
D-UPFC assists the voltage patterns with holding in the
distribution voltage range.

tor [ =+ Revarsa powes fiow wth o conirol 107
b e s 108 e SRR
=105 108
E £
%'ll %ﬂll
103 S103
2 3
102 2102
101 ; 101
100 : . 100 .
A1l A2 Ay A4 A2l A22 A23 A24

Node number Node number

(a) Node 4, to A, with no control
control

(b) Node 4;; to A»4 with no
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Node number
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i
A Az A3 a A2
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(e) Node 4, to A, with control at 4, (f) Node A4,; to A,, with
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i
533

H
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H

H
B

(i) Node 4, to 4, with control at 4, (j) Node A,; to A, with
control at 4,
Fig. 13 Voltage increase control using D-UPFC.

Figure 14 shows the D-UPFC waveforms at node A24 when
voltage increase happens due to reverse power flow from 0.02[s].

w Vh’] v(‘rz Vlrz o

2004

. - — . T -
040 042 044 045 048 fs] 050
(file reverse_104.pM; x—var ) vXXD738  vXXO584-XXD614 wXX0502-XX0814

Fig. 14 D-UPFC voltage waveforms during voltage increase.
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5. Conclusion

This paper proposes distribution voltage control using
D-UPFC during forward power flow and reverse power flow
condition. D-UPFC consists of a transformer and bi-directional
ac-ac converter. The transformer maintains a part of reference
voltage and bi-directional ac-ac converter regulates the voltage to
keep the reference voltage. Bi-directional ac-ac converter
provides direct ac to ac conversion without storing energy. In the
case study, D-UPFC controls the voltage not all distribution
nodes but it controls the voltage at its installation site. Thus,
D-UPFC assists the voltage patterns with holding inside the
distribution voltage range. Finally, voltage sags or swells due to
rapidly changing irradiation and load condition in the clustered
PV system should be prevented using proposed D-UPFC. Thus,
dynamic characteristic of D-UPFC voltage control is verified in
the future study.
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rsearcn A Comparative Study on Cost
and Life-cycle Analysis for
100 MW Very Large-scale
PV (VLS-PV) Systems in
Deserts Using m-Si, a-5i,
CdTe, and CIS Modules

Masakazn Itol*’T, Kazuhiko Kato’, Keiichi Komots, Tetsuo Kichimi* and Kosuke Kurokaws

1Tm’cya Institute of Technology, 2-12-1 Ookayoarma, Meguro-ku, Tokye 152-8550, Japan
*National Institute of Advanced Industrial Science and Technology (AIST), Japan
*Mizuho Inforimation & Research Institute (MHIR}, Japan

*Resources Total System (RTS}, Japan

STokye University of Agriculture and Technology (TUAT), Japan

This paper is a study of comparisons between five types of 100 MW Very Large-Scale
Photovoltaic Power Generation (VLS-PV) Systems, from economic and environmen-
tal viewpoints. The authors designed VLS-PV systems using typical PV modules of
multi-crystalline silicon (12-8% efficiency), high efficiency multi-crystalline silicon
(15-8%), amorphous silicon (6-9%), cadmium tellurivm (9-0%), and copper indium
selenium (11-0%), and evaluated them by Life-Cvcle Analysis (LCA). Cost, energy
requirement, and CO, emissions were calculated. In addition, the authors evaluated
generation cost, energy payback time (EPT), and CQ), emission rates. As a result, it
was found that the EPT is 1-5-2-5 years and the CO; emission rate is 9-16 g-C/kWh.
The generation cost was 11-12 US Cent/kWh on using 2 USD/W FV modules, and
19-20 US Cent/kWh on using 4 USD/W PV module price. Copyright © 2007 John
Wiley & Sons, Ltd.

KEY WoRDS: VLS-PV; LCA; desert; energy payback time; COy; cost

Received 16 November 2006, Revised 23 March 2007

INTRODUCTION

supply in the world in 2030 will be twice as much as in 2000. Too much energy consumption causes

serious environmental problems such as global warming and acid rain.
Renewable sources of energy are expected to resolve both the energy and environmental problems.
Photovoltaic power generation systems are one of the promising sources of renewable power. The PV system

ﬁ ccording to an International Energy Agency (IEA) report,' total CO, emissions and the primary energy

* Correspondence to: Masakazu Ito, Tokyo Institute of Technology, 2-12-1 Ookayama, Meguro-ku, Tokyo 152-8550, Japan.
E-mail: ito @iri titech.ac jp
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Figure 3. Design drawings of a 30-degree filted basic array when using m-5i: (a) basic array design of m-5i case; (b)230kW
array wumnit

support structures for power transmission by the Insiitnie of Electrical Engineering in Japan. Material
composition of the concrete is determined in order to obiain 240 kg/om® of concrete strength.

Wiring

The short and simple wiring was designed in order to prevent miswiring, The cable is considered to be of current

capacity sufficient to make the voltage drop to be less than 4%. It was determined from Japan Industrial
Standards-JIS.

Transmission
The electric transmission system is asswned io be 100km, two channels, and 110KV for comnecting to the
existing transmission. It consists of steel towers, foundations, cables, and ground wires. We asswmed a wind
velocity 42 m/s (standard). Afier calenlations, transmission lines and ground wires were decided to be TACSE
410 &q and AC 70 8q. A wiility company designed ihe transanission towers, A 22-0tomne steel tower and a
22-1m’ foundation are required for each of the 334 towers for 100km transmission. Table VIis a summary of
required materials for a 100MW VLS-PV sysiem.

Taking into account arid or semi-atid land areas, large paris may be far from existing power grid lines,
Therefore, if the VLE-FV systems are installed in such areas, transmission cost has to be discussed. This section

500 kW array unit
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Figure 4. 300kW array unit layout for LO0MW system
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Figure 5. Initial cost of a 100 MW VLS-PV system using 30-degree tilted, five module types (per MW)

level in each VLS-PV system. However, initial costs, except for PV module cost are different between systems
because of the different system sizes, steel, and foundation requirements. High efficiency module systems have
lower support requirements per Wp installed. Therefore, an m-Si PV system has the lowest cost. On the other
hand, Photon International wrote figure'® which says the price of systems over 10kW, including mounting, grid
connection, and VAT is about 3000 Euro/kW in 2004 and 5700 Euro/kW in 2006. It is about 20% higher than the
initial cost using a 4 USD/W PV module as in this study. However, it should be considered that module price in
2004 is higher than 4 USD/W. This information is from a survey from Solarbuzz.'*

Annual cost

The 100 MW VLS-PV systems installed in the Gobi desert are designed, and their potential evaluated from an
economic perspective. 100 MW VLS-PV systems are assumed to have 30 vyears of lifetime and a 30-year
depreciation period. A 3% interest ratio, 10% salvage value rate, 1-4% annual property tax, and 5% overhead
expenses, operation, and maintenance costs are accounted for in the annual cost. Figure 6 breaks down this
annual cost. The major cost component is the PV modules in all systems. BOS and property tax are second and
third, respectively. Even if the module price is reduced to 1 USD/W, it is still half of the annual cost.

Generation cost

Table VII shows the results of the generation cost of the 100 MW VLS-PV systems with a 100-km transmission
line in the Gobi desert in China. These results were obtained by dividing the annual cost by the power generation.
Power generation at a 40-degree tilt angle is the highest and wind pressure is the highest cause for cost increase.
Tt requires thick steel for the array and a large foundation. Therefore, the minirmum generation cost is obtained at
a 30-degree array tilt angle in each PV module system. The generation cost is around 19-20 US Cent/kWh at

o Property tax
W O&M + Overhead
330
B Canstruction
300 205
00 | 286 28s 291 M Transmission

aoq 238 234 93 Transport
W EBOS
M PV module

Anmual cost [Thousand USD]
b
g

w
=3

Madule price= 4 USD/W

Figure 6. Annual costs for 100 MW VLS-PV systems with five module types and a 30-degree tilt (per MW)
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Investigation to Estimate the Short
Circuit Current by Applying the
Solar Spectrum

Jun Tsutsui*"¥ and Kosuke Kurokawa®
Tokyo University of Agriculture and Technology (TUAT), Naka-cho 2-24-16, Koganei, Tokyo 184-8588, Jopan

The influence of the solar spectrum is investigated to estimate the outdoor short circuif current (I,.) of various
photovoltaic (PV) modules. It is well known that the solar spectrum always changes. Hence, it is rare to fit the
standard solar spectrum AMI-3G defined in standard IEC 60904-3. In addition, the spectral response (SR) of
PV module is different depending on the material. For example, crystal silicon (¢-Si) has broad sensitivity that
the wavelength range is between 350 and 1150 nm; meanwhile, amorphous silicon (a-Si) has relatively
narrow sensitivity comparing to c-Si. Since I, of the PV module decides by multiplying the solar spectrum and
SR together, it is necessary to investigate the solar spectrum fo estimate the outdoor I, in addition to the solar
irradiance and module temperature. In this study, the spectral mismatch is calculated and the outdoor I, is

estimated in the whole year. Copyright ©; 2007 John Wiley & Sons, Ltd.

KEY WORDS: solar spectrum; spectral mismatch; spectral response

Received 1 May 2007, Revised 14 July 2007

INTRODUCTION

The performance evaluation for photovoltaic (PV)
module is defined by the international rule, which PV
module must be measured on standard test condition
(STC), that is, solar irradiance: 1kW/m?, solar
spectrum distribution: AM1-5G, module temperature:
25°C. However, actual outdoor conditions rarely meet
STC. For example, the junction temperature reaches
about 60°C in the summer, influenced by the ambient
temperature and outdoor wind. Moreover, the outdoor
solar spectrum distribution changes during a day
because of the aerosol and water vapour. Hence, it is
rare to fit the standard solar spectrum AM1-5G defined

*Correspondence to: Jun Tsutsui, Tokyo University of Agriculture
and Technology (TUAT), Naka-cho 2-24-16, Koganei, Tokyo
184-8588, Japan.

'B-mail: 50004834704 @st fuat.acjp

"Doctoral Student.

fProfessor.

Copyright © 2007 John Wiley & Sons, Ltd.

in standard IEC 60904-3. Figure 1 shows a certain
spectrum at 12 o’clock on 5 April 2005, and shows the
spectral irradiance does not fit the standard solar
specttum. The reason why the upper limit of this
measurement is 1050 nm depends on the specification
of the measuring device. Practically, it is preferable to
measure within the area which the PV module can
absorb the sunlight.

In this study, the outdoor [ is estimated using the
indoor I, on STC and environmental parameters. If
environmental parameters, which are the solar
irradiance, spectrum and the module temperature,
are not substituted in the estimated equation, the
estimation is impossible. It is easy to substitute the
solar irradiance and module temperature; meanwhile,
it is difficult to quantify the influence that the solar
spectrum  gives to PV module. Nowadays, some
laboratories have tried to quantify the influence. For
example, average photon energy (APE) is an index that
indicates a spectral irradiance distribution.’* APE is
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AM1S and actual measured spectrum

ig 1 AMLS (IEC 60904.3)
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Figure 1. The sclar spectrum af selar neon on 3 April 2005

caleulated from measurements of speciral irradiance,
usnally taken 1-88eV when the solar spectram
distribution becomes AMI1-5G. However, 1t 15 dis-
advantageous not to reflect the influence that APE
gives the PV module immediately. Spectral mismatch
which is introduced this time includes spectral
regponse (SR) in the equation, so it is possible to
reflect the influence that the spectral mismatch gives
the PV module.

EXPERIMENTAL

To wverify the estimation of I, we have installed the
measuring syetemn, which was sei toward the southern
orientation and at an nclination angle of 30°. Our
system has both mono-crystalline and multi-crystalline
silicon modules, and copper indivm gallivn diselenide
(CIGS) module. The modale characteristic 1s defined
by carreni—voltage (1-V) curve. The imterval is
measured every minute. One minute sampled data
have been obiained with the measurement facilities
installed on the top of a building ai our campuos
(353°6F N, 139°52°E). I-V curve have been monitored
with EKO MP-1601-V curve tracer and solar spectrom
have been monitored with EKC MS-700 grating
spectrotadiometer which is declined at the same io
module angle. The module iemperature has been

Cepyright @ 2007 John Wiley & Sons, Ltd.
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obtained by a thermo couple that is atiached to the
backside of each module at the same tine as I-V curve,
Figure 2 shows a component of ithe measurement
facilities. The data for the analysis is an annuoal data
from Oct 2004 to Sep 2005,

This time, when I is estimated, it is necessary to
consider the dependency of the incident angle io the
phyranometer or the module. The reflection of swilight
on the surface of the module ncreases around in
exceeded 50° which is the incident angle. Thus, the
transmittance to the inside of the module decreases
inversely. The ratio which total solar irradiation of the
tine zone when the incident angle is more than 507
occupied the annual total solarirradiation is calculated
under an actual outdoor environment. As a result of
caleolation, the total irradiation when the incident
angle is more than 50° is only aboat 9% of an annual
irradiation (Figure 3). To investigate that the speciral
mismateh influences I, n this stady, the data of time
zone for the incident angle to occupy more than 50°
was intentionally removed from an annual data for the
analysis.

Additionally, to cancel the measurement error of a
pyranometer which cannot follow rapid change of the
solar itradiance, we selected the data which the change
of irradiance is within 3-0% every 5 min of the back
and forth, and the difference of the rradiance on
adjacent moduole is within 1-0 Wim”. Figure 4 shows
certain petiod data which are the irradiance and a ratio
of the I, on arbitrary condition and 5TC, before and
after selecting. This figure indicates the data before
selecting depant from a regression lne, which the
standard deviation (SD) is 3-1%:; meanwhile, the data
after selecting is that SD improves 1-0%. In ihis study,
we analysed an annoal data corresponding to three
conditions, which is the incident angle is less than 50°,
the change of Iradiance is within 3% every 5 min and
the difference of the rradiance on adjacent module is
less than 1 W/m®.

ESTIMATE METHOD
Spectral mismatch

The speciral mismaich M is expressed by Equation (1"
meanwhile, Equation (2} is described in IEC 60904-7
which discusses in IEC TC82 WG2. Both equations are
very simndlar, bot SR of a reference cell in Equation (2)
is handled as a constant value in Equation (1). It is
because a reference cell in Equation (1) corresponds to

Prog. Photovolr Res Appl (2007
D01 10.10024pip
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Figure 2. Meamurement instruments

a pyranomeier. The Equation (2) consists of fouwr
parameters, which is the standard solar specirum E ¢
(A}, the actual measured solar spectram E., . (4), the
relative SR of a reference cell SB¢ (), and the relative
SR of measured solar cell SR rppe (A} In the Equation
(1), it 1s asswmed that the relative SE of a reference cell
as a pyranometer has stable sensitivity in relation io the
ncident light, so the value of a SR becomes a constant
number, and moves outside an integral. As a result, the
constant tenm disappears in the denominator and the
numerator. Thus, Equation (2) mdicaies a spectral
mismaich which is ofien expressed by the Equation (1).
A speciral mismaich usually takes between about 0-95
and 1-05, and approaches to 1.00 when the arbitrary
gpectrum is extremely similar to AMI-3G, or a SR of

Copyright (@ 2007 John Wiley & Sons, Ltd.

measured solar cell is exiremely simdlar to a reference
cell.

o

[ Ent(h) - SReamgo () - dh [ Euxg (1) -

M g (1) SReamge () -1 [ Es(2) - O

(1)

S Exet(2) SRumple (A ) dA/ [ Ereg (3] SRpee (1) -2
fEe@[}”)'SRsample (A}'dlffEe@ [-l SRmf(}‘-) -

{2)

M=

Hew to estimate the shovt oireidt ciorrent
First time, two Kinds of equations without considering
the speciral mismaich were Introduced, which were
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Figure 3. Histogram of solar avadiation for each incident
angle in 2005

Equations (3) and (4). Equation (3) 1s a simple equation
which crosses the imadiance E measured by the
pyranometer and the short cireuit current on S5TC
Iic_gre, which divided by reference 1sun Irradiance g,
and moreover, Equation {4) is very popular equation
which add the term to compensate the temperature to
Equation (3}.5 The temperatare coefficient o in this
squation is different depending on the kind of module.
The temperature coefficient a; for crystal silicon (¢-51)
usually takes between about 0-04 (%/°C) and 0-05 (%/
*C), so we have applied 0-05 (%/°C) in Equation (4);

120

Befomeselecting  » Aferselecting Lie e

1.00

0o
&
= 040
=
a2
e

040

0.20

/-—‘- —mpmasion hne
0.00 "' n i i 1 L
000 020 0.40 0.60 030 1.00 1.20
Irradiance [KWTnd]

Figure 4. Selecticn of the data
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meanwhile, we have applied ap =001 (% C) for
CI1GS module.

E
ISC:_' e '3
= sTC (3)
L2 Al =y gn (T—-25)} (%)
sc—Eﬂ se STC Tar2

Next time, Equation (3) is an equation considering
the spectral mdsmatch. In this equation, M, g and Mg,
indicate the spectral mismatch on each module which
ig ¢-51 and CIGS modules; it is expressed by Equations
(6 and (7). Figure 5 shows annual data that is reci-
procals of those speciral mismaiches, which is from
October 2004 to September 2005, The vertical axis of
this figure indicates reciprocal of the spectral
mismatch, becanse the aciual measured solar spectrum
becomes basis in case of non-reciprocal; meanwhile
standard spectrumn AMI1.5G becomes basis In case of
reciprocal. Since the aim of Equations (3)—{5) is to
estimate the actoal measured I from ST, it becomes
easy to undersiand by showing the reciprocal. In case
the reciprocal of the spectral mismaich is bigger than
100%, the measured [, is bigger than calculated 7, on
the reference spectram.

From Figure 5, the speciral mismaich increases in
the winter, inversely decreases n the summer. This 1s
because the relative speciral irradiance around 500 mm
that is the wavelength of the blue light increases in
summer, as air mass is lower. When air mass is larger,
the specirum moves to red shifi, because the blue light
is scatiered to a greater extent by the atmosphere. Thus,
the spectral mismatch of the moduole which hardly has a
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Figure 3. Transficon of the reciprocal of the spectral mis-
match on each module
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sensibility around 300nm tends to increase in the
winter, and decrease in the sumimer

1 E

= M Soa o ste {1 — @ era- (T—25)}
(5)
M - J B (2) - SRe si() - da
T S Ews(2) - i
. S Eup(2) -
T Eesp(3) - SRe s[A) -
M. =urErﬁf[:'J")'SRcigs[)h)'d}u
- (Bt - .
S Eexp(2) - i

. fEenip['J‘-) ’ SRcigs['J‘-:' -

The wvalues caleulated by Equations (3)—(3) is
investigated by Equation (8), which is defined as the
squation to expresses the error. Equation (8) divides
the absolute error of the calculated value and actual
measured value by the shor circuwit current on 5TC.

Absolute error

Error (%) — (8)

Lo (o)

RESULTS

Calculation of I, using the trradiance measured by
a pyrancmeter

Table 1 shows the resolis o verify mean and 5T of all
errors in annual data that is shown by Equation (8). It
is found that SD of Equations (3) and (4) for ihe
estimation is within about 1-0%, but SD of Equation (4)
does not change compared to Equation (3), though ihe
gstimation of Equation (4) is compensated by the module
temperature. Moreover, 5D of Equation (3) increases by
0-4% compared to Equation (4), so that the caleulation
accuracy of L. using the irradiance measured by
pyranometer was not good, even if it is compensated
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Figure 6. Change rate of the pyrancmeter and 7, from 13:00
to 13:30

by the spectral mismaich. One of the causes that the error
is about 1-0% is that a pyranometer respond to a small
change of the irradiance excessively. Figure 6 indicates
the raie of change of the back and forth for 1 min of the
pyranometer and I of ¢-51 module at solar noon on

Table I. Investigation of the caleulation accuracy in Equations (3)-(5)

¢ & CI38
Mean (%) 8D (%) Mean (%) 8D (%)
Equaticn (3) —054 -89 032 099
Equaticn (4) 0-37 100 012 0-98
Equatian (5) —033 1-38 —0-63 132

Caopyright 3 2007 Jobhn Wiley & Sons, Ltd.
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17 September 2005. Assuming that I can reflect acen-
rately in response to the irradiance change, the pyrano-
meier can follow io the iradiance change at 13:07.
However, at 1%:05 or 13:12, the rate of change of the
pyranometer is about 1.0% more than 7. The mean
difference of the rate of change between pyranometer
and I, becomes 0-1%, and ST becomes 0-8% in 30 min.
Hence, in case of the estimation using the pyranometer,
which measwes by making use of a thermoelecttic
poweer, the errors of about 1-0% might be allovwed.

Calculation of L. making wse of another
PV module’s I,

In previous section, it was found that the measurement
errors were caused by a pyranometer. To solve this
problem, we investigated how to estimate I, without a
pyranometer, and applied the irradiance calculated
from I . of adjacent module. This time, the PV module
to estimate I, is CIGS module, and the adjacent
module is ¢-51. Thus, the equation to caleulaie the
speciral mismatch changes from Equations (6), (7)
to Equation (12), since the SR of both modules is
different. Simdlarly, the equations to estimate I
change from Equations (3)-(5) to Equations ($)—(11).

I s8]

1. =
I STC{S)

(%)

Ay STC(eips)

Leo(si)
I stegi 11— ay - (T —25))

Isc =

Ay STC(eigs) {1 —ap- (T2 — 25)} (10
1. — l jlsc:(Si]
UM Ie stesyc{l—a (T —25)) (11

T sTCfgg " 11 — a2 (T2 — 25)}

s Pucl0) SRags(1): A/ [ B (3} SRe si(h)- dt
[ Eeig () SR} 1/ f g (1) SR 510)- O
(12)

Figure 7 indicates the transition of the spectral mds-
maich calenlaied by Equation (12). This speciral mds-
match differs from Equations (6) and (7), and shows the
corrent ratio of CIGS modole to ¢-51. Therefore, the Ine
of Figure 7 changes opposite to it of Figure 5. Table T
shows the calculation accuracy in Equations (99113, In
addition, the data wsed o verify the caleulation accuracy
in Table I used the same daia as Table I Comparing the
Table 1, 5D of each equation improves from 1.0% io

Copyright @ 2007 Jobn Wiley & Sons, Ltd
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Table II. Investigation of the calculatien accuracy i
Equations (9)-(11)

CIGS

Mean (%) 3D (%)
Eqguaticn (5} 023 041
Equatien (103 —049 0-50
Eguatien (113 —029 0-42

0-5%, and this method has succeeded In reducing SD by
half. In the meantime, 5D of Equations (9) and (11} is
equivalent, because the speciral mismaich at this time
becomes a small value, between — 1-0% and 2-0%, that is,
SR of both ¢-51 and CIGS modules was comparatively
stmdlar. Hence, when the SEs of both modoles are
different, the caloulation accuracy of Equation (%) might
be lower. Summarizing Table T0, it was found that the
calevlation wsing the current of the adjacent moduole is
supetior o the calewlation using ihe irradiance measored
by the pyranometer.

CONCLUSIONS

In case of the estimation for outdoor L, the comrection
coefficient that is a spectral mismatch is needed, dnee
the solar spectrum always changes and rarely meeis
AMI1-5G. In this sindy, two kinds of the caleulation
equation and the speciral mismaich were applied. As
the result of the calculation, ST of the error whose
equation is Equation (8) becomes less than 0-3%, by

Prog. Photovolt: Res. Appl (2007)
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making use of I of the adjacent PV module. Com-
paring how to make use of the pyranometer, this
method has succeeded in reducing SD by half. Hence,
it is found that the current of the adjacent PV module is
suitable for the estimation of exact [, compared to the
pyranometer. In addition, it is expected that the
spectral mismatch is needed, when I, of the PV
module which has quite different SR is estimated.
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FURTHER CONSIDERATIONS ON SOLAR PY COMMUNITY CONCEPT
CONSISTING OF MASSIVE ROOF-TOP PYS AND DOMESTIC LOADS

Kosuke Kurokawa
TUAT - Tokyo Umiversity of Agriculture and Technology
2-24-16 Naka-cho, Koganei, Tokyo, 184-8588 Japan

ABSTRACT: According to Japan's R&D roadmap “PV20307, a base-case scenario is showing that the mass
deployment of 100GW PV aggregation will supply 10 % of national electricity up to 2030. About a half of this PV
installation is assumed to be brought still from residential roof-top applications. In such a state, PV penetration will
reach almost 100 % in the majority of urban areas. Since the classical grid formation approach does not seems to be a
good solution to deal with this issue, the author has already proposed “Autonomy-Enhanced PV Clusters (AE-PVC)”
to realize a less dependent PV aggregation on the existing power grids in conjunction with grid power electronics and
battery stations. Main contents are: (1) Case studies for residential towns and cities, (i1) Town grids mainly composed
of massive residential PVs by considering fluctuating supply and demand; bidirectional power flows; daily cycle and
irregular  components, autonomous and decentralised control of town grid; necessity of battery stations or
controllable power sources; own frequency and voltage, (iii) Inter-grid coordination by autonomous and
decentralised principle: interconnection through national grids with power producers; inter-town intercommections;

asynchronous power routers and so on

Keywords: Power Conditiomng, Battery Storage and Control, PV Cluster, Power Router

1 INTRODUCTION

Japan set up the long-term R&D roadmap titled
“PV2030” in June 2004. According to this scenario, it is
known that mass deployment is expected up to 100 GW
totally, more than 40 % of which will be brought from
residential toof top applications. To make this story
realistic, the author proposed “Autonomy-Enhanced PV
Cluster” concept [1-6]. In such a state, PV penetration
will reach almost 100 % in the majority of wrban areas
and might become unable to be harmomnised with the
conventional power grid beside these regions by ordinary
grid-connected system approach allowing frequent and
apparent reversal power flow from PVs. The authors has
proposed detailed concepts to realise a less dependent PV
aggregation on the existing power grids consisting of a
large number of PV systems including power electronics
and energy storages.

The author organised and completed the “Autonomy-
Enhanced PV Cluster” (AE-PVC) feasibility study for 1
and a half year time frame by the New Energy and
Industrial Technology  Development Organisation
(NEDO) for achieving the targets stated in “PV2030”. As
the results of study, the author has deepened his
conceptual proposals to remove the restrictions which are
arising from the existing rules and regulations for

introducing a large number of distributed, small
generators along the grid.
There are proposed various  strategies  to

accommodate a large number of (residential) PV systems
into urban power networks.

3 kinds of voltage compensation to solve voltage
distribution problems for accepting maximum mimber of
PV houses, i.e.,

- Passive line improvements,

- Active series voltage control,

- Distributed storage devices to decrease occasions

of reversal power flow.

By utilising storage functions, the following 3
categories are proposed, i.e.,

- Installation and operation of individual (PV +

battery),

2889

- Installation of individual (PV + battery) but
harmonised operation each other,

- A local battery station for whole community to
reduce total battery capacity

- The same for giving additional finctions to
stabilise power level from/to external utility
according to pre-specified profile.

As protective measures, a combination of 3 kinds of

protection are also mentioned, i.¢.,

- Isolating  operation for  extermal  ufility
faults/shutdowns at the battery station by self-
detection and/or signal transfer from upper grids,

- Community faults/islanding detected/operated by
the battery station and/or broadcasted to
downstream for further operation by individuals,

- Distributed protection for faults in individual PVs
and loads.

2 MOTIVE OF CONCEPTUAL STUDY

2.1 Residential PV deployment scenario

Figure 1 shows an image of residential PV
development scenario in urban area, where distribution
grid is indicated by a 1-dimensional solid line.

STAGE 1 Earier Stage

STAGE 2

Higher Density

STAGE 3 Passive Deployment
by individuals

Deploy. Limit
Figure 1. Residential PV deployment scenario in urban
area
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Although already installed PV houses have reached
the range of 300 thousand, most may be still
corresponding to Stage 1. In some cases, Stage 2 with
higher density might be able to be luckily seen. If much
higher density is sought for than Stage 2. the
corresponding area should be considered as 2-
dimensional area as shown stage 3. Then, optimisation
for the 2-dimensional area as a whole can make another
type of solution possible apart from the existing grid
restrictions. Stage 4 is presented as an image example of
this kind.

As shown in Japanese PV2030, average deployment
fraction of single family houses is assumed much more
than 40%. This means that we should consider the case
of a commumty provided with PV capacity as much as
100% of its local consumption. To make it happen, quite
different type of distribution grid should be developed.

2.2 The Main Objectives
Main objectives of this study may be directed to the
following way:

- Maximise PV installation into a residential
comumunity.

- Allow grid power flow downward and upward
equally.

- Stabilise the fluctuation of power flow specified by
| PV~Load | to raise added value for purchase &
sale.

- Minimise storage capacity by conumunity-scale
optimization.

- Extend to regional management of other type of
distributed energy resources, DER from longer-
term view.

3  RESTRICTIONS AND SOLUTIONS

3.1 Restrictions on voltage distribution

Traditionally, power sources only exist upper-grids
and no power source in the distnbution grid. This means
that power flows in a directon from upper-stream to
down-stream. Therefore, sending voltage at a substation
is the highest and the far side of the grid becomes the
lowest as shown in Figure 2. Often at the md-stream of
the grid, a step voltage regulator (SVR), which is a kind
of autotransformer, is employed for the compensation of

vaoltage drop.
Narrow Upper
Allowance
Allowdble
Volt. Window

\ﬂfk\
Fluctuated|[Byistributed li‘ l__L|
Loads

P=ZPV(T)- ELoad(f)

Substation

External &rids

Figure 2: Restriction by allowable voltage window

When some PV houses are provided, reversal power
flow slightly raises grid voltage at the terrminal of
individual PV houses in case of small domestic
consumption as shown. PV houses at the lower stream
may suffer from the higher voltage rise. The severest
case mat be often observed near the SVR. If the voltage
rise 18 observed by a PV conditioner reduces its output
power automatically and its uses looses some part of
availability.
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p=LPV(H) - ZLoad(t)

ety voltage distribution is not the issue. h—
OO0 odn
B Rk A A

Figure3: A case of higher density deployment

External Utility

Ahore PYs

For the case of PV houses increased much more,
voltage nises would be observed more clearly and
frequently. In this case, investments by individual owners
cannot be merited at all. To solve this circumstances, The
adoption of power electronics may become a good
solution as described below.

3.2 Interference of islanding protection

In case of massive PV clusters if total PV power
tends to become the same level of total consumption,
effective power P and reactive power Q watched at the
breaker of a substation becomes nearly equal to zero.
Under this condition, even if the breaker shut down, this
cannot be detected by so-called passive methods.
Therefore, a so-called active method is also forced to be
adapted in parallel with a passive method by the Japanese
regulations.

ix0(Zpr~0, Lg=0)

oo

More PVs

individual PCUs

In case of Massive PV Cluster as shown in Figure 4,
the probability of P/Q-balance state apt to be higher.
Moreover, the present arbitrary choice of active method
may cause some mutual interference. However, this
higher number of parallel operation makes testing
method practically more difficult.

Several numbers of PCUs may be able to be certified
by the existing test bench like JET Laboratory, which is
the National Certification Body. Well then, is it possible
to prepare a new test bench for 100-parallel operation?
Or, in case of 1000-parallel? At the moment, it is felt that
it is an endless issue and different methodology how to
assure the function of massive PCUs other than means of
individual, jumbling detection approach based on ‘Worst-
Case Philosophy’.

4 SOLUTIONS:
CLUSTER

AUTONOMY ENHANCED PV

As shown in Figure 5, the author has been proposing
‘Autonomy Enhanced PV Cluster’ approach [3-6].

To realise 100 % PV deployment of PV houses, it is
necessary to solve restrictions mentioned above by
develop another type community network.

In addition, the author believes that the higher degree
of the autonomy of the community network, which
means less-dependent PV clusters, will give the higher
bargaining power to buy or purchase energy from or to a
utility operating network.
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Figure 5 illustrates a basic image of “Autonomy-
Enhanced PV Clusters (AE-PVC)” by utilizing power
electronic devices and battery storage stations. The
former will bring network control functions to improve
grid parameters along the community internal grids by

utilizing shunt/serial active components, meshed network,

n{-r:‘zsmm- N % Series i Py Series
€ Power Device|—
— e

(el

Shunt
Pov er Devicel

%POWGF Device

Inter-Utility
Connector
{Router)

IAC Storage
Device

Community
Substation

Inter-Feeder
100% PV Clusters Roufer LPC)

Shurt =
ey bl

AC Shorage il nr'lm
Device AE-PVC Concept

Figure 3: Autonomy-Enhanced, Community-base PV
Cluster Concept by employing active control

External Utility

Autonom

Enhance

Community
Grids

To compensate voltage rise (or drop), a kind of
automatic voltage regulator may be introduced by power
electronic devices.

As one of candidate, compensating voltage can be
injected in series on 3 phase HV line or 3 wire single
phase L'V line after pole transformer to keep line voltages
within allowable voltage window. This has been being
developed by the author and named D-UPFC. [6-10]

Advanced power electronic circuits and power
devises such as SiC are expected near future.

Wide
Allowance

V. Controlled
Inter-connect

Anchored to centre

External Ltility

Figure 6. Possible solutions 1 — Active voltage control

When the voltage rise happens, excess PV power is
diverted to individual storage devise to suppress reversal
power flow and discharged to domestic loads during
evening time.

To follow the present, practically-allowable manners,
energy from the batteries cannot be discharged to loads
outside individual houses. Therefore, battery should be
dimensioned for each PV system and its internal load.

This results higher initial cost without any house
owner’s incentives.

>
&=
=
>
=
=
=
[
-
x
w

Figure 7. Possible Solution 2 - Storage Battery A

If discharge to outside is allowed for excess energy
utilization in other houses as shown in Figure 8, total
optimization becomes possible to reduce the battery size.

2891

This may result less initial cost, but still no incentives
for house owners.

>
=
=
]
o
<
=
]
i
X
w

Smaller §H
Batteries [

Figure 8: Possible Solution 3 - Storage Battery B

Local Battery station for the community can be
provided for massive PV clusters through larger size
conductor or higher voltage grid by reducing voltage
drop to accept 100% reversal power flow as shown in
Figure 9.

This battery station can control power level between
its community and external utility to keep it in a pre-
specified profile. This may raise the value of PV energy
by reducing its fluctuation. [11-13]

To reduce the risk, PV output forecast in advance
becomes meaningful and necessary.

er Sqmm Conductor or

i Lar
Anchored to centre H‘Q%Qr Line Voltage

External Utility

i
3

Pre- =2
Specified
FProfile

Figure 9: Possible Solution 4 - Storage Battery C

Figure 10 1llustrates a methodology to raise the value
of PV energy. The excess power defined by [ PV~Load ]
is stored when it is positive and discharges when
negative. In addition, when electricity is bought outside,
its power level can be kept constant by absorbing
fluctuating component through discharge or charge as
shown in the figure. Thus, orderly interconnection can
become possible.

" ® Battery Storage
Discharge for Load | Ag-py: Fum"fn’
100 — Fallowung Fast Laad
! Orderly PW Purchase

# Mecessary Info

= Load Next Day Load
" Profile MNext day PV Gen
& Battery SOC

Next Day

Shortage

Discharge Power Poal Trends

P/t Zero Connection or Lsolating
Winter Termi PCP Shortage)

Purchase Plan for
every 30 min prior
to 24 hours
before at laast

QOrderly Purchase from outside

Figure 10: Orderly Strategy for External Utility

Local Battery station for the community can be
provided for massive PV clusters in conjunction with
voltage distribution compensation by power electronics
to accept 100% reversal power flow.

Furthermore, this battery station can control power
between its community and external utility to keepitina
pre-specified pattern. As shown in the previous case,
orderly intercommection can also become possible.
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100V
2 battery stations in parallel
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Figure 16: An example of parallel operation by F-droop

Z outer. Z

P P
5| &= |5
BS ’ BS

outer.

@

Ex: BTR
sVe sSVe
D e i C0
o

5ve SVC
Figure 17: Different functions of decentralised,
autonomaous power router.

Figure 18 shows an image of autonomously
interconnected community PV aggregation in order to
form a regional electrical network. Town grids are
mainly composed of massive residential PVs by
considering fluctuating supply and demand, bidirectional
power flows; daily cycle and irregular components;
autonomous and distributed contral of town grid;
necessity of battery stations or controllable power
sources; own frequency and voltage.

In this case, any centralized control unmits are not
preferred to realize real decentralised system like internet
in the field of telecommunication network. Key technical
requirements for this concept of “encrgy Internet” with
power routers may be illustrated as follows: Power router
concepts may also become useful device to form global
scale network.

External PP
or

Reuter omousl
Power Market ntrollable Fower

Transmission
Infrastructure

Toward Solar PV
Confrallable City Concept

Power Flow

Figure 18: AE-PVC Extension to Wide Area
Autonomous Network

6 CONCLUSIONS

There are proposed various strategies to
accommodate a large number of (residential) PV systems

into urban power networks.

(1) 3 kinds of voltage compensation to solve voltage
distribution problems for accepting maximum mumber of
PV houses, i.c., i) passive line improvements, ii) active
series voltage control, and iii) distributed storage devices
to decrease occasions of reversal power flow.

(2) By utilising storage functions, 3 categories are
proposed, i.e., iv) installation and operation of individual
{PV + battery), v) installation of individual (PV +
battery) but harmonised operation each other, vi) a local
battery station for whole community for reducing total
battery capacity and vii) the same for giving additional
functions to stabilise power level from/to external utility
according to pre-specified profile.

(3) As protective measures, a combination of 3 kinds
of protection are also mentioned, 1.e., viil) isolating
operation for external utility faults/shutdowns at the
battery station by self-detection and/or signal transfer
from upper grids, ix) community faults/islanding
detected/operated by the  battery station and/or
broadcasted to downstream for further operation by
individuals, x) distributed protection for faults in
individual PVs and loads.

(4) Basic operation of Power Router are also defined
by V-droop and j~droop very clearly. This will expand
the possibility of community-scale PV clusters as well as
global scale network.

Finally, the author concludes as follows:

- AE-PVC Concept is a solution to maximise PV

deployment for urban communities.

- Power Router is an asynchronous power interface

connecting different network areas.

- This adjusts power flow by decetralised,

autonomous way.

- Power router concepts may also become useful

device to form global scale network.
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STUDY OF ISLANDING TEST METHOD USING MULTIPLE INTERCONNECTED
PHOTOVOLTAIC INVERTERS
- EXAMINATION BY DIFFERENCE IN MOTOR LOAD INSTALLATION CONDITIONS -

Hironobu Igarashi W& Kiiti Tanaka'", Takanori Sato™, Takuya Watanabe™
Hiroyuki Sugihara ®, Yusuke Miyamoto®, Norio Fukuoka @
Kousuke Kurokawa
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ABSTRACT: There are high expectations for photovoltaic (PV) power generation systems as a means of curbing the
carbon dioxide (CO,) emissions that cause global warming. Recently there has been rapid growth in the use of PV
power generation systems installed locally (i.e. concentrated interconnection) to a specific power distribution system,
and therefore there are issues regarding the safety of such systems and the quality of the electric power generated,
such as rises in system voltage, increases in higher harmonics, and the emergence of the phenomenon of islanding
operation.

This may be attributed to the lannch by the New Energy and Industrial Technology Development Organization
(NEDQ) of verification research for concentrated interconnection PV power generation systems as a five-year
program beginning in fiscal 2002 to aid the smooth and reliable growth of residential PV power generation systems
in concentrated interconnection. The research and development concerned has included engineering development to
meet the technical requirements for performing concentrated interconnection, such as the construction of systems
allowing the effective utilization electric power generated by PV power generation systems. However, since no
method of evaluating devices for detecting islanding operation during concentrated interconnection of PV power
generation systems exists, there is an urgent need to establish a method of testing multiple interconnected
photovoltaic inverters, and this has resulted in the lannch of a two-year program of basic experiments and study of
test methods beginning in fiscal 2006.

In this report, we identify issues that need to be resolved when developing the testing method, and perform studies
mnder different motor load installation conditions, one of the issues to be examined.

Keywords: Photovoltaic, Interconnected, Intercormected photovoltaic inverters, Islanding, Motor Load, Resonance
circuit,

1 INTRODUCTION In this report, we identify issues that need to be

resolved when developing the testing method, and

Recently there has been rapid growth in the use of
PV power generation systems installed locally (i.e.
concentrated interconnection) to a specific power
distribution system, and therefore there are issues
regarding the safety of such systems and the quality of
the electric power generated, such as nises in system
voltage, increases in higher harmonics, and the
emergence of the phenomenon of islanding operation.

This may be aftributed to the lannch by the New
Energy and Industrial Technology Development
Organization (NEDQ) of verification research for
concentrated intercomnection PV power generation
systems @ as a five-year program beginning in fiscal
2002 to aid the smooth and reliable growth of residential

perform studies mnder different motor load installation
conditions, one of the issues to be examined.

2 OUTLINE OF RESEACH

2.1 Development of method of testing multiple
interconnected photovoltaic inverters

No clear method of testing and evaluating multiple
intercomnected photovoltaic inverters has been offered to
date, because the tapid spread of PV power generation
systems was not taken into acconnt in devising the JET
test @ setting method “Guidelines for technical
requirements for interconnected electric power systems”
@ which has as its main purpose the evaluation of

PV power generation systems in concentrated performance in islanding operation. However, due to a
interconnection. recent increase in  the installation of multiple
The rtesearch and development concerned has interconnected photovoltaic inverters in the same

included engineering development to meet the technical
requirements for performing concentrated
interconnection, such as the construction of systems
allowing the effective utilization electric power
generated by PV power generation systems. However,
since no method of evaluating devices for detecting
islanding operation during concentrated interconnection
of PV power generation systems exists, there is an urgent
need to establish a method of testing multiple
interconnected photovoltaic inverters, and this has
resulted in the lannch of a two-year program of basic
experiments and study of test methods beginning in fiscal
2006.

2092

distribution line, the Japan Electrical Manufacturers'
Association (JEMA) has determined the testing and
operation methods required for multiple interconnected
photovoltaic inverters, and begun to release the results of
tests “ for use in the installation of inverters.

Issues concerning methods for testing multiple
interconnected photovoltaic inverters to be examined are
identified on the basis of the JEMA testing methods.

2.2 Issues for study concerning testing methods for
multiple intercomected photovoltaic inverters

The test results published by JEMA are the results of
tests conducted by PCS manufacturers on their own

March 22, 2008
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premises, not of tests conducted under identical
conditions, due to differences in equipment and the like,
however do reveal that evaluation is performed using
motor load under the load conditions. In addition, the

Grid cut-off point

Simulated power

|
conditions of distribution lines and suchlike are not Supply of system
clarified, because the test is performed for the purpose of
confirming mutual stopping of the PCSs. In terms of the L;i‘:'fzzlﬁ ' .
conditions of the distribution line, there is a difference in = |  Bimlated photovoltaic € porer
the size of the PV power generation system in which a % % %
grid will be cut off, depending on the grid severance
point of the distribution line. For instance, there may be a @) @) @ @
ten-fold or more difference between the amount of PV Simlated photovoltaic DG pover
power generation on the secondary side of the cylindrical % £ % 5
transformer and the PV power generation separated by
the section switch as shown in Figure 1 “Outline of grid
cut-oft”. Figure 3: Setting up motor load-concentration

3.2 Result of experiment on method of motor load
installation

Bullching mhlnil,z

(grid cut-att Iinlllnu nltch -
L l'.'..'r,.l'c!zf," The result of the experiment on islanding operation
OD—EEE é é': é Faultransforar shows a similar tendency under load condition (Q=0)
Substat lon i (erld cut-off . T e
for | wirt (3] except when reactive power is in equilibrium, even when
datrluitlon / ’—ﬂ—‘ the motor load is dispersed or concentrated and installed
: fas dastbal dl ittt In) e and the number of interconnected PCS is changed. In
: 1 (erid cut-sff palnt (4)) y L. . . o
! X ; addition, in the case of reactive power in a state close to
: i equilibrium (Q=0), a tendency to extended islanding
i S R operation is confirmed.
; 0 g | n In terms of the minimum duration of islanding operation,

it can be confirmed that no notable difference exists even
5 . : d when the motor load is dispersed or is concentrated and

Figure 1: Outline of grid cut-off installed and the kinds of PCS or the number of
interconnected photovoltaic inverters for the PCS is
changed. However, in terms of the maximum duration of
islanding operation as shown in Figure 4 (for motor load-
dispersion installation) and Figure 9 (for motor load-
concentration installation), it can be confirmed that a
difference in the duration of islanding operation exists,
due to a difference in the number of two kinds of
interconnected photovoltaic inverters respectively for
Company B and Company D.

3 EXAMINATION Of EXPERIMENTAL
CONDITIOS

3.1 Experiment examining method of motor load
installation.

The motor load 1s a load that makes inspection of
islanding operation difficult when the power supply is cut
off in the system © Therefore, when examining the
testing method, the number of loaded motors and the

conditions of motor load installation and the like become
Duration of Ebndig opetation faxiun tie)

critical issues. Lo00n s
; : : : ; ; —eC A - B —C c ¢ D
In this study, islanding operation time is measured 3008 3 L 2l L e
with regard to the effect of motor load on each PCS in B00m s

the following cases: (Case 1) The proportion of PCSs for Totn s I—ﬁk—"\
T B00ms

the number of the loaded motors is made equivalent (i.e.

i

1:1) and the motor load is dispersed for installation as  H0Es
shown in Figure 2, and (Case 2) The motor load is 9 ditng e~
concentrated on one point and installed as shown in #in s ;Q\/ ~Z

200m 5

Figure 3. In addition, the types of PCS are defined as
four and the number of PCSs increased in the order of 1,
2,4, 6 and 8 to perform verification.

100m s

Oms
1 2 4 [} &

Nun ber of hterconnected ghotovoltal hverters for FC S
Grid cut-off point Figure 4: Result of setting up motor load-dispersion
(maximum time}

Simulated power

Supply of system

Load for power
flow balance

Simulated photovoltaic DC power supply

Figure 2: Setting up motor load-dispersion
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Figure 9: Result of setting up motor load-
concentration (average time)

4 Conclusion

The above results show that whether the motor load
is dispersed or is concentrated and installed has no effect
on the duration of islanding operation; however a
difference in duration of islanding operation can be
confirmed when the number of interconnected
photovoltaic inverters for PCS is changed. Our next step
will be to study conditions such as impedance between
PV power generation systems, and also to identify the
duration of islanding operation depending on differences
in the number of interconnected photovaltaic inverters
for PCS.
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STUDY ON THE OVER VOLTAGE PROBLEM AND BATTERY OPERATION
FOR GRID-CONNECTED RESIDENTIAL PV SYSTEMS

Yuzuru Ueda!, Kosuke Kurokawa?, Takayuki Tanabe?, Kiyoyuki KitamuraZ,
Katsumi Akanuma®, Masaharu Yokota®, Hiroyuki Sugihara®
1 Tokyo University of Agriculture and Technology, 2-24-16 Naka-cho, Koganei, Tokyo 184-8588, Japan
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3 Kandenko Co., Ltd., 4-8-33 Shibaura, Minato-ku, Tokyo 108-8533, Japan

ABSTRACT: “Demonstrative research on clustered PV systems” has been conducted since December, 2002 in Ota,
Japan. Approximately 2.1 [MW] of PV systems which are composed of 553 residential PV systems are installed with
lead acid batteries and grid-connected in the demonstrative research area. Battery is used as an over voltage
avoidance system which will prevent the over voltage at the power distribution line and avoid the output energy loss
due to the high grid voltage. “Voltage control mode”, “Minimizing reverse power mode” and “Schedule mode” are
tested in the real grid-connected condition, results are quantitatively summarized followed by the charge / discharge

efficiency in this paper.

Keywords: Battery Storage and Control, Grid-Connected, PV System

1 INTRODUCTION

“Demonstrative research on clustered PV systems”
has been conducted since December, 2002 in Ota, Japan.
The main objective of the research is to investigate about
the over voltage problem that is anticipated occurring in
the clustered photovoltaic (PV) systems. [1]

In clustered PV systems, many of residential PV
systems are intensively installed and grid-connected in
the small urban area’s power distribution network. In this
case, voltage at the power distribution line will rise

because of the reverse power flow from each PV systems.

[2] Thus PV system’s output needs to be regulated even
with the enough irradiation if the grid voltage becomes
high. To minimize the output energy loss due to the high
grid voltage, newly developed battery integrated PV
systems are installed in this research. Approximately 2.1
[MW] of PV systems which are composed of 553
residential PV systems are installed with batteries and
grid-connected in the demonstrative research area. The
purpose of this paper is to clarify the requirement of the
battery operation to avoid the over voltage problem and
to compare the different types of battery operation mode
for grid-connected residential PV systems.

2  BATTERY INTEGRATED PV SYSTEMS

2.1 Overview of the battery integrated PV system

Lead acid battery with a capacity of 49 [Ah] for
single cell are used for the systems, 96 cells are series
connected and installed in the outdoor storage box for
each PV gystems. A capacity of the battery is
approximately 9.6[kWh] which is chosen based on the

simulation result and the regulation of the fire department.

Only the power from PV arrays will be charged to the
battery, charged e¢lectric energy will be used in the in-
house load. Charge-controller monitors a power flow at
the connecting point, more than 150[W] of a forward
power flow is required for discharging in order to prevent
the reverse power flow from battery to the grid. The
maximum depth of discharge is set to 70 [%0] in order to
avoid the 100 [%] discharge condition which may cause
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the reduction of the battery’s capacity and affect the
battery life. Periodic full charge is performed in order to
recover the capacity of the battery. Batteries are fully
charged every two weeks and judgment condition of the
completion of recovery charge is that the charging
current becomes less than 1 [A] and continue this
condition for more than five hours.

Two types of charge-controller are developed in the
demonstrative research. One is the additional charge
controller for commercial PV systems and the other is the
unified PCS which controls both PV and battery.
Schematic drawing of the additional battery system is
shown in Figure 1 and that of the unified PCS’s is shown
in Figure 2.

PV array

PCS
el Grid

Charge >
controller

In-house
load

Figure 1: Schematic drawing of the battery integrated
PV system with the additional charge controller

Lead acid
battery

Unified PCS
(<]

T In-house
— load
Lead acid
battery
Figure 2: Schematic drawing of the battery integrated

PV gystem with the unified PCS

PV array

Grid

2.2 Over voltage and energy loss

The voltage at the power distribution line needs to be
controlled within 101[V] +- 6[V] or 202[V] +- 20[V] in
Japan. If the voltage becomes higher than this limitation,
PV systems need to reduce its output to prevent over
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average nominal power of ecach PV systems is
approximately 4 [kW], so most of the battery will be
fully charged around noontime in clear day. As a result,
this mode often fails to avoid output energy loss in
afternoon due to the lack of the remaining capacity to
charge. SOC will be kept high in this mode which may
prevent degradation of the battery.

“Schedule mode” will charge the battery based on the
schedule. For example, battery will be charged from
10:00 to 14:00 everyday regardless the voltage. Since
most of the over voltage occurred in between 10:00 to
14:00, this mode can avoid most of the output energy
loss. Charging current is also limited in this mode. 0.2
[CA] which is equivalent to 9.8 [A] and 0.1 [CA] are
used in the schedule of 10:00 to 14:00 and 9:00 to 15:00
respectively. Both combination aims to avoid full charge
situation until the end of the schedule time.

3 RESULTS AND DISCUSSIONS

3.1 Battery operation results

An actual operation data of each mode are
summarized on two weeks basis which period starts right
after the recovery charge and ends right before the next.
One minute averages of secondly measured data are used
for the analysis. Data from January 1st, 2007 to January
11th, 2007 which period includes sunny days and cloudy
days are summarized in Figures 7, 8, 9, 10 and 11. Each
figure shows 10 days average of PV array output, AC
power at the connecting point (Positive=reverse (sell to
the grid) / Negative=forward (buy from the grid)), load,
Battery DC power (Positive=discharge /
Negative=charge), PCS output terminal voltages and
battery’s SOC in an increment of one minute. Operation
modes in Figures 7, 8, 9, 10 and 11 are “Voltage control
mode” which start charging from 104.5 [V], “Voltage
control mode” which start charging from 105 [V],
“Minimizing reverse power mode”, “Schedule mode”
which charge from 10:00 to 14:00 with 0.2 [CA] and
“Schedule mode” which charge from 9:00 to 15:00 with
0.1 [CA] respectively. Numbers of the PV systems
assigned for each operation mode are 19, 22, 18, 27 and
26 in the same order with the explanation of operation
modes.

Grid voltage was not so high in this period, average
voltage at PCS’s output terminal around noon is
approximately 104 [V]. Thus 104.5 [V] and 105 [V] are
chosen in “voltage control mode” to avoid “never
charged” situation. Minimum SOC is not 30 [%] but
around 40 [%] in each mode, this is mainly because of
the few systems which don’t have enough clectric loads
to discharge all the electric power in the battery during
the night.

To review these operation results, percentages of the
electric power charged to generated, 10 days averages of
SOC at 12 o’clock and average daily peak SOC are
summarized in Table 1. The first criterion is to compare
the battery usage. The second criterion is to compare the
remaining capacity of the battery which can be used for
over voltage avoidance. The third criterion is to compare
the possibility of battery degradation. Lower average
SOC is better for the over voltage avoidance, higher peak
SOC is better for the battery’s life.
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Figure 11: Battery operation results of “Schedule mode”
charge from 9:00 to 15:00 with 0.1 [CA]

Table 1: Comparison of the battery operation results

% of power SOC [%] Daily Peak
(Charged/Generated)  @12:00 SOC [%]
Voltage (104.5V) 23.9 52.1 62.8
Voltage (105V) 20.7 47.0 53.6
Min. reverse power 38.1 69.3 80.1
Schedule (10-14) 29.4 599 71.1
Schedule (9-15) 27.6 60.4 70.2

As a result, both of the “voltage control mode” had
lowest SOC through a day and the smallest battery usage.
Only the 0.5 [V] difference of the charge-start voltage
had enough impact to differentiate the results.
“Minimizing reverse power mode” had the highest
average SOC and the peak SOC, easily became high
SOC during the day and had the highest usage of the
battery. “Schedule mode” was in between these two
modes. Both combinations of the time and current
limitation controlled both an average and a peak SOC
well.

3.2 Charge / Discharge efficiency
Charge / discharge efficiencies are calculated and
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summarized in Table 2. Evaluation period is the same as
the period in section 3.1 but including post recovery
charge because the state of charge need to be 100 [%] in
the beginning and the end of the calculation period in
order to correct the measurement error of the cumulative
ampere hour. As a result, charge / discharge efficiencies
are almost the same value regardless the operation mode.
Although the ampere hour efficiency of the battery’s DC
output was around 96 [%] as expected, watt hour
efficiency of the charge-controller’s AC output was less
than 70 [%] including the loss in the battery and the
charge controller.

Table 2: Comparison of the battery charge / discharge
efficiency

kWh efficiency kWh efficiency Ah efficiency
(DC) [%] (AC) [%] (DC) [%]
Voltage (104.5V) 85.8 68.9 96.2
Voltage (105V) 852 62.9 95.0
Min. reverse power 85.7 69.1 96.5
Schedule (10-14) 85.6 68.9 96.7
Schedule (9-15) 87.2 69.4 96.9
4 CONCLUSIONS
Actual operation results of battery integrated

residential PV systems are summarized in this paper.
Real grid-connected battery operations are successfully
demonstrated, SOC changes and efficiencies are
quantitatively analyzed. Due to the low efficiency of the
current battery systems, small usage of the battery is
better for total efficiency at this moment. Thus “voltage
control mode” can be the first choice of the operation
mode. Further research will be continued until the end of
the project.
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THE SIMULATED POWER CONDITIONER FOR PV SYSTEMS BY ELECTRONIC DEVICES
FOR THE ULTRA SCALED-DOWN NETWORK SIMULATOR
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ABSTRACT: PV systems have spread rapidly around distribution network. In case of a large number of PV systems
are connected to the distribution network, safety issue by islanding and degradation of power quality which is caused
by the over voltage and the harmonic can be happened. Therefore, it is necessary to evaluate PV system at the
condition which a large number of PV systems are connected to the distribution network. The ultra scaled-down
network simulator which emulated the distribution network by electric devices was developed to evaluate the
condition. It has some advantages in comparison to full-scale network simulator, the scaled-down network simulator
and simulation using personal computer. Consequently, this paper proposes a simulated power conditioning system
(PCS) for PV system which is composed of electronic devices to test cheaply a PCS at the condition by using the
ultra scaled-down network simulator on small space. Field Programmable Gate Array (FPGA) is used to design
functions flexibly in control system of the simulated PCS. The required functions of the simulated PCS are functions
which general PCSs equip for grid-connection. In this paper, synchronize control, constant current control, over
volatege relay and under voltage relay in functions which will be equiped are reported.

Keywords: Grid Connected, PV system, Power Conditioning

1 INTRODUCTION

Dispersed Generators (DGs) for grid-connection has
spread rtapidly. In case of a large number of DGs are
connected to the distribution network, safety issue by
islanding and degradation of power quality by the over
voltage and the harmonic can be happen. Therefore, it is
necessary to evaluate DGs in the condition which a large
number of DGs are connected to the network.

There is a full-scale network simulator for testing
such a condition directly. However, it is very expensive
and needs large space. Therefore, a scaled-down network
simulator was developed [1]. It makes a full-scale grid
downscale, but it still needs large space. In others
assessment methods, digital simulation methods by a
personal computer have advantages in size of test
equipment, cost and usability. However, long time is
required to obtain a solution under a complex network.
Moreover, it’s difficult to simulate the real performance
of DGs. On the other hand, assessment methods
employing analog circuits can obtain a real-time result
from experiments in a timely manner. To evaluate a
complex network including actual DGs is an advantage
of these methods.

Consequently, the ultra scaled-down mnetwork
simulator was developed at laboratory as an analog
simulator [2]. This simulator has advantages in size, cost
and extensibility for adapting to the condition which a
large number of DGs are connected. It is composed of
electronic circuits include Active Power Interface (API)
[3]. By using the APIL, an actual DG and this simulator
can be connected in the equivalent per API. However,
connecting a large number of actual DGs to this
simulator is difficult because of cost to purchase a large
number of DGs and large space for installing a large
number of APIs. If a downscaled DG is developed as an
electronic circuit, it is possible to simulate condition
which a large number of DGs are comnected to the
network in small power level.

In this study, actual DGs are enmilated by electronic
devices. Fnnctions of the simulated DG have to be the
same of general DGs. In addition, if functions of the
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simulated DG are user-selectable, large variety of DGs
connecting to the network can be emulated. The
simulated DG can perform the various types of actual
DGs by using FPGA. In this paper, the simulated PCS for
PV systems which is composed of electronic devices for
the ultra scaled-down network simulator is proposed.

2 REQUIRED
SIMULATED PCS

SPECIFICATION OF THE

Requisitions of the simulated PCS are shown below.

e To equip same functions and control which general
PCSs equip for grid-comnnection.

¢ Fnnctions and parameters for control are selectable.

e Small size

s Comnectable to the
simulator

e Qutput of the simulated PCS is ideal sine waveform
with no switching noise.

ultra scaled-down network

The last requisition is a requisition as test equipment.
In the case of it evaluates an actual PCS in the condition
which a large number of PCSs are comnected to the
distribution network by using a large number of the
simulated PCS, operation of an actual PCS is clear if the
output of the simulated PCS is ideal sine waveform with
no switching noise.

FPGA is used in control system of the simulated PCS
to suit as requisitions above. FPGA has an ability of
parallel processing. Therefore, some fnnctions which
control frequency is different can be installed in a chip of
FPGA and the simulated PCS becomes small size. And
also, functions of the simulated PCS are designed
flexibly because internal logic of FPGA is custormzable
by rewrnting Very High Speed Integrated Circut
(VHSIC) Hardware Description Langnage (VHDL).
Table 1 shows specification of the sirmulated PCS. Rated
output power, rated output voltage, rated output current
and frequency are designed to connect the simulated PCS
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A STUDY ON THE INFLUENCE OF AN INDUCTION MOTOR
FOR ISLANDING-DETECTION POWER CONDITIONING SYSTEMS
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ABSTRACT: The power conditioner used for a generic PV system has the protection devices to connect with a utility
grid. The one of the devices is an islanding detection function. There is a knowledge the islanding detection function
was influenced from an induction machine load. The finding obtained by analyzing the experiment result is described.
In this study, we focused attention on the power generation phenomenon of the induction machine after the power
supply to the induction machine was cut off. In the beginning, our purpose is to know the phenomenon of a
monadelphous induction machine. The findings obtained by analyzing the experimental results are described in this
paper. As a result, we confirmed the generated electricity from the induction machine after the power supply was cut
off. The external circuit condition makes changes in the duration and the electric power of the generation
phenomenon. The relation between the calculated kinetic energy of the rotor and the generation phenomenon is
shown by comparing each one. There is the possibility that the generated electric power by the induction machine
disturbs a sudden change of other electrical equipments, furthermore the power causes that power conditioners can't

detect the islanding phenomena.
1 INTRODUCTION

1.1 Background

The installation of the PV systems for houses is
advancing in Japan aiming at PV2030 by NEDO. They
are almost a grid-connected type. The PV systems for the
commonly installed houses are cormected with a utility
grid. The power conditioner is a device that has both of
the inverter which converts a direct-current to an
alternating-current and protection functions to connect
with a grid. The islanding detection function is one of the
protection functions. The islanding phenomenon means
the electrical power is supplied to a distribution line from
the distributed generators. The islanding phenomenon
causes many dangers. For example, repair or ordinary
person gets an electric shock, the electronic products to
be broken and so on. Therefore, we must prevent the
islanding phenomenon.

However, there is knowledge 12 that the islanding
detection functions become difficult to detect the
islanding phenomenon when the induction machine load
exists in the same distribution line. That phenomenon
was checked by comparing with the case of the RLC
resonance load only. As affairs stand, the cause is not
clarified. Then, authors are aiming to wverify the
difference between an induction machine load and a RLC
resonance load, and to make the standardization model of
the induction machine. Finally, the authors aim to be able
to estimate the performance of the islanding detection
using the model.

This paper describes the analysis about the generation
phenomenon of the induction machine after the power
supply was cut off. This paper's experiments didn't use a
power conditioner, because of to get characteristic of the
induction machine only.

1.2 Approach

The power generation phenomenon of an induction
machine has experimented after the power supply was cut
off. A single phase induction machine (1oIM or SPIM)
was selected in experiments as follows, because of the
power-conditioners which was used in houses outputs a
single phase electric power.

How clectricity is generated by 1oIM, after a power
supply is cut off, is analyzed by measuring of power
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consumption by the resistance load which connected in
parallel with 1¢IM. The slip is also calculated to know
the generation of the loIM. Moreover, the electrical
energy and the kinetic energy of the rotor are compared
to examine an origin of the generation.

SW (triac open: ¢ =)

—»
Ian * I IR*
Ve Vir
N [ 100Vims s 19IM </ R _

SOHzZ 7\ > (resistance load)
fﬁ:xov
(tachometer)

T3

Figure 1: Experimental circuit to measure the generation

2 EXPERIMENTAL SETUP

2.1 Circuitry

Fig. 1 shows the experiment circuit. The detail of
1pIM which is used in the experiments is describe.

The power supply was decided that its voltage is
100V, and frequency is 50Hz This is a general
condition used in eastern Japan.

The switch SW was made by using triac. A triac is a
three-electrode semiconductor device that will conduet in
either direction when triggered by a positive or negative
signal at the gate electrode. The triac switch was used to
unite the cut-off timing of the power supply, and to
secure a reproducibility of the experiments. The triac
switch cut off the power supply from the induction
machine in zero-crossing point of the current [ that
occurs immediately after the input of the trigger.

The rotational speed fpuor Was measured by photo
SEensor.

To consume the generated power from the induction
machine, the resistance load R; is connected in parallel
with the induction machine. The resistance load R; was
changed within the range from OW (opened circuit) to
800W (about 1202).

The wvoltage Vr between the induction machine
terminals, the current 7, of the induction machine, the
resistance load current I, and the rotational speed frorr
are measured after the triac switch has turned off. The
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measuring equipment used a power analyzer "PZ4000"
which was made by Yokogawa Electric Corporation.

2.2 Specification of 1pIM

In these experiments, a grinder is used in these
experiments as a split-phase induction machine. A
grinder is often used in factories and houses. The phase
of the current that flows to a main-winding and a sub-
winding of the induction machine are divided by the
capacitor. That divided phases makes a torque to rotate.

Table I: Specifications of using induction motor

Input 645 (W)

Output 400 (W)
Phase lp

Source Voltage 100 (V)
Frequency 50/ 60 (Hz)

Rotation (@ no-load 2960 (rpm)

Current @ full-load 6.5 (A)

The rotor’s moment of inertia (MOT) added the MOI
of an axis and each parts as a grinding stone. The MOI of
each part is calculated from the equation 1. The equation
1 can calculate that the MOI of the column which has
rotation axis on the center of a circle. To calculate easily,
the MOI of each part which composed the rotor
approximates to the column with a uniform mass
distribution. Where J is the inertia moment (Kg » m?), M
is mass (kg) and D is diameter (m).

1
J= gMD2 ey

Table I1: Component and inertia moment of Rotor

Parts of ~ Mass  Diameter MOI Percentage

rotor (kg) (m) {kg-m’) (%)
Lef[ 1.37 0.205 720-10° 48 .4
grind stone
R'l.ght 1.36 0.205 7.14-107 48.0
grind stone
Others 352 0035 53910° 36
(axis etc)

TOTAL 1.49-10° 100.0

Table 1I shows the MOI calculation results of each
part. As the result, the rotor MOI is 1.49x10-2 (kg » m®).
It is understood that the MOI of the rotor consist mainly
of the grind stones.

2.2 Experimental procedures

The triac switch is tumed on, and waiting until the
rotational speed of the induction machine became
constant. The experiments are carried out in each
condition of the resistance load R;. When the gate input
of the triac is turned off, the triac can pass the current
until the time of I; = 0, after that the triac switch is
opened. In this paper, this timing is defined to be zero on
the axis of time.

Transients in the circuit which has the induction
machine and the resistance load R; are measured.
Following analysis are based on these measured results.

3 RESULTS AND DISCUSSION

3.1 Shift to the power generation mode

Power consumption by resistance load R; can be
calculated from the measured results of the induction
machine voltage V, and the resistance load current 7.
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Figure 2 shows the power consumption by the resistance
load R; that were 0W, 335W, 505W, and 860W. Figure 2
shows that the resistance load R; had consumed the
electric power during 0.6 seconds approximately after the
power supply had cut off. The electric powers observes
after the power supply had cut off. It’s explained that the
electricity was supplied by the induction machine.

The generating durations were different depending on the
condition of the resistance load. Figure 3 is a summary of
the durations of the induction machine voltage Vi up to
2% of ratings. The power consumption of the resistance
load R; has been changed within the range from 0 to
860W. The attenuation of the induction machine voltage
Vi means the stop of power generation.

1000 ; i ; ;
g0 T L] 0w o 335W
T As0sW o S60W
g 00 | s SaCET SEEE e
s | | | |
L . e A B
DO-4 | | | |
200 b--- o
0 | | :
02 00 02 04 06 08 10
Time (sec)

Figure 2: Transients of the electrical power (Resistance
consumption were set in OW, 335W, 505W, 860W)
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Figure 3: Dwation up to 2% (2 V.o of the rating
voltage (100 V)

3.2 Confirmation of power generation by a slip

The power generation of the induction machine can
be understood by a "slip". A slip in these experiments is
calculated from the rotational speed fz.. (1/sec) and the
frequency fiz, (Hz) of the induction machine voltage 7,
frar is0't obtained as the voltage V), attenuates. Therefore,
a sfip calculated within the duration dr.

S fVM _fRaﬁur

T (2)

Figure 4 shows calculated slips. The sfip calculates
from equation 2. The sfip has changed from positive to
negative at zero-second. It was shown that the induction
machine was a power generation mode from the sfip.
Moreover, it became a comparable result in all the
resistance load conditions.

However, the duration of the induction machine
voltage Vyyr is different as shown in Figure 4. Therefore,
the generated power is different depending on the
resistance load condition. It’s also understood from the
difference of the sfip 's magnitude.
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Figure 4: Transients of the slip (Resistance consumption
were set in OW, 335W, 505W, 860W)

3.3 The kinetic energies calculations

As previously stated, the energy source of power
generation is thought to a kinetic energy by the inertia
movement of the rotator. Then, the kinetic energy of the
rotator is calculated from the change of the rotational
speed, and it compared with the generated electric power.

=27 [ (3)
Ir=J-o Y]
P=w-T (5)
E,..=P/ldt ()

Equations (3) - (6) are used to calculate a kinetic
energy of the rotor. The MOI .J and the duration df has
already been shown in previous. Where e (tad/sec) is the
angular rate, «b (rad/sec?) is the differentiated angular rate,
T (Nm) is the torque, P (W) is the kinetic power and
Lo (1) is the kinetic encrgy. w & w is calculated from
the rotational speed change of the rotator.

The calculated kinetic energy is approximated by
using exponential, and shown in Figure 5. It
approximated to remove the superimposed periodic
vibration of the calculated kinetic power and to
understand its tendency. It's thought that a periodic
vibration was caused by the blur of the rotor axis.

Figure 5 shows that the atteruation time and tendency
of the kinetic power are similar to those of the generated
electric power. The tendency of the kinetic energy of the
rotor and the tendency of the generated power are similar
by comparing Figure 2 and 5.
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Figure 5: Transients of the kinetic power (Resistance
consumption were set in OW, 335W, 505W, 860W)

3.4 Comparison of kinetic energies of the rotor and the
electrical energy

The mechanical loss that was one of the losses
originated in the induction machine was measured, before
the kinetic energy was compared with the electrical
energy. A mechanical loss was guessed by the
approximated straight line. Figure 6 shows that the
mechanical loss was measured by the actual experiments
in many rotation speed conditions.

50 4 e Actual measurement . .
Approximated line
=40 - -
e o W N SRS S NN (O st S S
=
F 20
& Fr—-r--r- y =23.192x- 50.356-
- |
210 PO
| | | | | | | |
0 1 1 | 1 1 | 1 1
24 26 28 30 32 34 36 38 40 42
Rotation [kRPM ]

Figure 6: Actual mechanical loss and approximated line

The equation (7) was obtained from the result. Where
ML (W) is the mechanical loss, and x (kRPM) is the
rotational speed. Needed mechanical losses were
calculated by substituting the adequate rotational speed.

ML =232-x+350.4 (N
Table II1: Comparison of kinetic energies and electrical energies
Resistance load (1) Power consumption (2) Power consumption (3) Sumof (4)Kinetic  (5) Ratio
condition by resistance load by mechanical loss (&) energy 3/ (DH
(W) U] ) J J)
0 0.00 0.71 0.71 1.94 0.37
80 0.0l 0.70 1.32 2.27 0.58
160 1.26 0.73 2.01 3.07 0.65
250 1.84 0.74 2.62 3.65 0.72
330 2.07 0.73 2.87 3.93 0.73
420 2.31 0.73 3.15 4.09 0.77
505 2.98 0.75 387 4.62 0.84
500 3.40 0.77 435 5.06 0.86
670 2.98 0.77 3.96 5.00 0.78
760 3.13 0.75 413 5.32 0.78
860 3.32 0.78 4.39 5.68 0.77
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- - Future tasks in this research, the model which is
© (1) Power consumption by resistance load : .
{2) Power consumption by mechancal loss enable to simulate the generation phenomena of the
3 8; Isiuél“et"l{ g&fgy@) induction Ipachiqe will be r1_1ade. Deﬁnjtely, the i_nﬂuer_lce
X Ratio (3)/(4) that the induction machine gives to the islanding
60 Lo detection devices will be estimated by the model.
; = .
L °
5 o xx XS %kxx (083 5 REFERENCES
2 40 - o X o © @ A A A 1 06 =
B30 rTe ado%oee | g 1] H lgarashi, T Sato, H Kobayashi, | Tsuda and K
= xo0, %50 {04 8 [1] garashi, T Sato, obayashi, I Tsuda an
g 207 e o oz 3 Kurokawa, "Result of Review by Electric Energy
10 5o . : : o Amount Comparison with Resonance Load Tumned
0.0 0.0 To Motor Load Standardization", Proceedings of
L H A0 @B ) WCPEC-4, pp. 2415-2418, May 2006.
Resistance load condition (W)
Figure 7: Comparison of kinetic energies and electrical [2] H Igarashi, K Kurokawa, S Suenaga, T Sato,
energies " About the Influence on the Islanding Detection
Device by the Difference in the Motor Load ",
Table 111 and figure 7 shows results of the TECHNICAL DIGEST of PVSEC-15, pp. 1234-
comparison by energy. The calculated kinetic energy of 1235, Oet. 2005.

the rotor was always bigger than the amount of the
electric energy and the mechanical loss. Because of the
power consumption includes the iron loss and the
excitation reactance. However, they were not considered
in this time. Because of the iron loss and the excitation
reactance has the frequency charactenistic which was
confirmed by the experiments. To caleulate those things,
it is necessary to use the moment changed ¥, and I, and
its difficult now. This issue is future tasks. Moreover,
when the MOI was calculated, the mass of each part was
approximated as it distribute uniformly. It can be thought
that the error margin influence to the result.

The calculated wvalue was not corresponding
accurately, because of some losses. But, the electric
energy takes almost its 70% or more of the kinetic encrgy
when the resistance load is 250W or more.

If other induction machine which 1sn't used in this
paper has a similar phenomenon, the induction machine
generates the electric power by the influence of the MOI,
and there is a possibility of supplying the clectric power
to the load on the same line. There is possibility that the
phenomena interferes the islanding detection of power
conditioner.

4 CONCLUSIONS

From the both "Power consumption in the parallel
resistance load" and "Calculated slip from the s
frequency fizr (Correspond at a synchronous speed in the
usage usually) and the rotational speed fg.", the
generated electricity was confirmed. The 1oIM generated
electricity in a short time, when the power supply had cut
off.

As for the power generation phenomenon, the
correlation with the kinetic energy of the rotor is seen. It
is understood that the kinetic energy of the rotor
contributes to the power generation phenomenon of
loIM. However, the calculated wvalue was not
corresponding accurately. Because of there are some loss,
such as the iron loss, the excitation reactance and the
error of calculation. These will be examined in the future.

The phenomenon that the induction machine supplies
the electric power to outside influences the equipment of
the same distribution line. This will have some influences
on the islanding detection devices.

One induction machine is only analyzed in this paper.
A similar examination will be requested to be done about
other induction machines in the future.
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DESERT PV RESOURCE ANALYSIS
BY DETECTING SEASONAL CHANGES AMONG SATELLITE IMAGES

Yuki Hamano ', WMasakam Ito ~ and Kosuke Kurokawa
*1: Tokyo Untversity of Sgriculture and Technology, 2-24-16 Naka-cho, Koganei, Tokyo, 1848388 Japan,
Fhone/Fa: +81-42-388-7445, e-mail: 50006645127 @ sttuat acjp
*2: Integrated Research Institute, Tokyo Institate of Technology, Tokyo 152-8550 Japan

LBSTRACT: Fecently, a Very large scale photowoltaic power generation (WL3-FV) systermn has been studied
order to resobve the world energy and environmernt problems. & desert 15 very sulted for VL5-PV system and has
wery large resource, becanse a desert has a lot of solar iradiation and a large unnsed land. Howeewer, it 15 very hard to
install PV systems to all area, because a desert has varions ground swrfaces. Moreover, it 15 distant to make firsthand
obzervations. Therefore, a remote sensing approach using satellite images was selected for detecting a suitable area
easily from wery large desert area. The wegetation level was analyzed more accuracy than the previous method by
installing the wearly maxirnam HDVI & resomce of solar photovoltaie generation in Gobi deserts has been evaluated

VEIY large.
Eewywords: Remote sensing, Satellite image, VLE-FV

1 INTRODUCTION

& Wery large scale photosoltaic power generation
(WLI-PV) swstern has been studied in order to resolve the
world enerzy and ersirormment problems in recent vears.
Itz corteraplated that a desert iz wery suited for VLE-PV
aystern and has very large resowmce, because a degert has
a lot of solar fradiation avd a large wnnsed land. For
exatple, the resowrce of VLE-PV systern in Gobi desert
is a8 mnch armonnt as of world privaary energy supply in
theory. But, deserts have somme ares which is wery hard
for install the PY systerm. In this paper, it is defined that
zand dune, mountain and oasis area were not suitable for
PV systern installation. Sand dune area is unsnitable for
PV gystern, because 1t 15 unstable and PV modules may
be covered with sand by sand storm. In addibon, PV
gystemn should be constucted at the area without oass,
becanse, 1t 15 usefiul place for not only animals and plants
but also hurman.

To caleulate concrete resowce of photovoltale
gystern in deserts is wery wseful for energy plan and
nstallation plan of VL5-PV systern. Buf, it iz almost
iepossible to conduct a field surve vatall area. Therefore,
in this study, a remote sensing approach using satellite
irages was selected for finding a snifable area easily for
the WLS-PV swefem from wery large desert area.
Sakakiara et al. M estimated the potentials of six major
world deserts. Howewer, the estimation didn™t enough
congider the disparity of the images acguisition date.

Purpoge of this stodwy iz invention of the tethod
which iz ahle to estirate suitable area  without
dependency on the irmage acquisition date even if
estimation area bestrides many images. Furthenmore, the
anthors made the PV potential map in Gobi desert.

2 SATELITTE IMAGES AND SUBJECT ARES

2.1 Satellite images and subject atea

LANDEAT-T ETWH+ (Erhanced Thematic Wapper
Flus) images and Momnalized Difference Vegetation
Index (HDVI} dataset were used for this study, Thess
images are available to download free.

LANDEAT-T maages which are 30w x 30m
resolution are released at the website of the Global Land

3IE6T

Cover Facility (JLCFIFL This database pblishes one
irmage per scene which are obtained ahout wear 2000
That iz to sayw, accuisition date and sensor setting of
irmages are different. Therefore, authors correrted from
raw data by sensors to reflectance. This corsersion
uniformed itmages level between tnages. The expression
is released at Landsat? Science Data Users HandbooksFl
The pixel walues were doubled, because the walue of
teflecion is very staall.

The NDVI dataset are released at the website of the
Center for Exvwvironmental Fermote Sensing (CERES)[”. It
is the Pathfinder global 10-day composite & krn Global 4-
minute Advanced Wery High Resolution Radiometer
(LVHEER) MDVI data. NDVI is one of the most famous
evaluation approach of vegetation level. It is calenlated
from atmosphencally comected reflectance from the
wizble red (Red) and near infrared (IR):

(TR~ Red) "
(TR + Fed)

&t AVHEE, Redis Chl in the reflective wavelengths
(0.528-0 68 um) and IR iz Ch2 in the reflective infrared
wavelengths (0.725-1. 1 urey. One year data consist of 36
(=3 x12) 10 day composites data. The authors used five
years data from 1995 fo 1999,

& subject desert is CGobl desert in China and
Mongolia. The desert has many types of land swfaces.
The LANDSAT-T itnages of 60 scenes were used for the
analysiz. The subjectarea iz about 152 x 10t kra?,

[y
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Figure 1: &nalysis area in Gobi desert
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2.2 Defirdtion of potertial stea for PV apstem

Dieserts are not dl suitable area for installation of PV
grstem. For example, a sand dune is the most unsuitable
land, because it 15 easy to remove and PV modes are
covered with sand by heavy sand storms. A precipitous
mowtans area is fiot auitable land too. Moteowvet, an
oasis in deserts does not have to construct PV gpstem,
dance it is very valuable land in deserts. Therefore, inthis
papet, authors defined that the most switable land 1s
gable, flat and litfle vegetation area as stony desert. In
sone case, a steppe vegetation land is possible to set up
for PV system.

3 ANALYSIE METHOD

An analyds method consists of three layers, ground
guface classificaion by Most Likelihood Classifier
(ML, extraction of edge line, and wegetation analysis
The method provided a detad]l estimation resdt by
wiforming LANDEAT-T images level to reflection and
detecting seasonal diff erences am ong satellite im ages.

LANDSAT? AVHRR
ETM+image NDWVI dataset
i ¥ ¥
| vc | [ Edee | [NDVigm]
¥ v
Integrate by multiplication of three
layers
¥

Analysis result of possible
area for vVL3-PY sysetm

Figure 2: Flow chart of the analysis method

3.1 Clasafication by MLC

At first, authors classified the ground swface of Gokd
desert into maj or five types by MLC. MLC is one of the
mosg famous classificat onmethods for remote sensing

1 1 2
Lix.c)= Exp{——d M(I,C}} iy
an?aps L

o : dlassification class
Lixc)  :likelihood

dde) : Maharanobis distance
i : covatiatice mattix

The five classes are shown below . Authors thought
that the Storgr desert and Steppe cdasses are dhle to install
PV system. Three bands data of Ch of green (0.52-0.60
), CHE of red (063-069 v and Cha of near infrared
(0.76-0.90 wm) were chosen as patameters of MLC.

& Storry desert
* Zand dune

& Steppe

* Forest

e Water

Traiting data of MLC are chosen 10 points of 100
picelz x 100 pixels per clags It is duown in Figare 30 4
reslt of MLC in a test site is shown in Figare 4. The
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classified atea was painted black and others area wete
paitited white. The subject atea ate arouwnd a lake innosh
with at area of 60 ki x 45 k.

T

(.a:lTest s'itﬂehj.mla$

3 _,-._'l : i o - ] s
() Fotest class (f) Water class
Figure 4: Fezult of ML at a test ste

3.2 Extraction of edge line

The MLC is fint able to idertifyy the wp and down
latid It is able to find the wnsuitable areas which are satd
chane, mowtanous area and flood mark The up and
dowrny of terrain were extracted with the use of Gaussian
filter and Laplacian filter for bands. Gaussian filter is
uged for amoothitg of images. It is weighted by distance
from the target pixel. Laphlacian filter is used for edge
extractionn. The windowr size of these filtersis 3 pixelsx 3
pixels. The filtering resalt 1mages were divided to tero
lewels of white and black by a thweshold lewel. The
tht eshiold s changed by differertisl of a grownd suface
chistribngion if threshold roamber is set the mumber a the
percertage to the all nmuamber of pixels in one umage.
Therefore, the authors decided ore threshold Inadditon,
trro lewels image reduced noise by filtering of dilation
atud et osiot.

& result of edge extraction is shown in Figure 5. The
test site 15 same place of MLC. The rugged area was
patted in white, The lower half of the image was
extracted as wp and down landes The mooantainous area
was picked up finely by the effect of dilation and erosion
operation Howewver, this method was extracted too much
area Some flat area by visual observation was estimated
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as rugged lands. It is most important future problem.

{(a) Band2 of a test site {(b) Result of edge extraction
Figure 5: Result of ¢dge extraction

3.3 Vegetation analysis

The authors can not know the seasonal difference,
since LANDSAT-7 images of GLCF are used only one
image per scene. Arid area has very large variation widih
vegetation change. For example, even if the place was very
dry, we can not estimate the ground condition in rainy
season. Therefore, the authors used the NDVT dataset. Ti
consists of yearly variation of vegetation. However, the
resolution of this dataset is lower than one of LANDSAT-7.
Though the original resolution of AVHER is 1 km, the
dataset was processed resampling to 4 minute (about 8
km). It is problem for detail analysis to use different
resolution data. However, next two points were
emphasized; one is that the vegetation level changes very
smoothly, and the other is that it has the detailed yearly
seasonal vanations. A vegetation level of the point was
decided by the yearly maximum NDVT (ND V).

Figure 6: World yearly maximum NDVI

Figure 7: Estimated result in Gobi desert

Moreover, yearly change of vegetation is very large
in arid and semi-arid area. The relation of NDVI to
vegetation level is not defined, because NDVI is affected
by not only vegetation but also ground surface. Gamol”
classified the desertification area by NDVIy,. In this
paper, it is defined that area of NDVIy,, > 0.53 is

abundance of vegetation and excluded from possible area.

In addition, NDVI,,, was separated by color by 0.1
from 0.05 to 0.55 according to the classification.

4  RESULT AND VALIDATION

4.1 Analysis result

The potential of VLS-PV system installation was
estimated by integrating with three layers. For example,
the suitable land for PV system is the land which is
classified stony class or steppe elass by MLC and which
is estimated flat land by extraction of edge line and
which is presumed arid area. In addition, the authors
estimated the potentials by 20 pixels x 20 pixels for VLS-
PV system, because a very large arca was required for
installation of a PV system.

Authors analyzed Gobi desert (1.52 x 10° km?) by
these methods. Result was calculated six types of
vegetation level. In case of allowing vegetation at the
maximum, the arca percentage of suitable land was
estimated as 47%. Most of estimated arca as suitable was
very arid desert area which NDVI,, is less 0.135. It
represented that a resource of solar photovoltaic
generation in Gobi deserts has been evaluated very large.

Table 1: Standing waves ratio

MOV | ~0.15 | ~0.25 | ~0.35 ] ~0.45| ~055] Total

percentage] 28.4%) 11.9%] 450 la%] 077M%] 474%
%10° kem? 433 121 59 28 11 721

An estimated result at the test site is shown in Figure
7. High vegetation area of near lake and the mountainous
area in the lower half of image were excluded as
unbefitting area. However, the resolution of NDVIy,, is
much lower than LANDSAT-7 images. The algorithim
was not able to respond to rapid changes of vegetation.

3569
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Figure 8: Estirnated result in a test site

4.2 Ground truth

Suthors werified the accuaracy of eshirnated results by
actual groumd tuth data. Ground troth means accuracy
validation or the field Deestigation for accwacy
validation of remot: sensing. Ground truth data s
obtained by using a GFS recerver and digital camers,
when Sakakibara et al wisited at Moyon souwrn, in
hlongolia in 2003 Septeraber 7. The precise latitnde and
longitude were measured every second by GPS recelver.
& 1ot of photographs were taken on the mnning car or
getting out of the car & GP5-photograph dataset was
tnade by these data. Because some data which is same
GP3 data were excloded from the database, 46 points in
the dataset were available data In this dataset each
photograph was evaluated as 5, & and B rank. The
defirnition of these ranks was shown i Table 2.

Tahle 2: 5 tanding waves ratio

rank condition

3 stable and flat sarface as far as one can gee
L stable and flat sarface, bat mgged area in far
B unbefithng surface. Le. mazged or forest ete.

Figure 9: Leowracyvalidation of estimate d result

Figure 9 1z lied the GPS dats on the estirmated result
inage. The light blue line iz the tracking points of GFS
data. There are few points of Steppe or Forest lands. The
analysls accuracy was 74 %%, The mowndainons area was
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certainly elituinated, but the acowracy at the rich
wegetation area was not validated becauss the test area is
wery anid area. st of mistake points were rejected by
misclassification at extraction of edge line in spite of 5 or
& rank.

The walidation result is far frorm wery high accuracy.
Howeser, the analysis result has a certain atnount of
acouracy because the potentials of desert PV owere
estirnated uniformly by detecting seasomal changes
arong satellite images as shown in Figure 7. Thus, it
means that thiz study can provaded with sufficient
mfbrraation for the planeang of PV syetem nstallahions.

5 CONCLUSIONS

The authors identified the potental of PV system in
desert by the rmemote sensing methods. The method is
consisted of ground swface classification by WILC (Ivost
Likelihood Classifier) method, wegetation analysis by
MOV dataset and edge extraction by fillering. The
alzoristn was developed by corversion from raw image
data to reflection and by adopting the yearly wavirmmm
MOV (WOVT . These methods redused difference of
mmage acqmetion condibon and detected  seasomnal
differences among satellite images. The algonthem iz
adopted to many satellite images in Gobi dessnt. The
unigue each parameteres of the algonthen were nsed for all
images. Nbreover, the accurany of analysis results was
exarnined by cornpared with actual grmund tnath data It is
concluded by the comparattve study with the ground
truth that the proposed method can provide sufficient
nforrmation for the planving of PV systemn installations.
Additionally, a resoarce of solar photovoltaic generation
in Gobl deserts has been evaluated huge. Howewver, the
following futare probleras were left. The edge extraction
method was extracted too much area as mgged land. In
addition, the resolution of WDV, is much lower than
LANDSAT-T irnages. This alzorithen was not able o
respond to rapid changes of wegetation. Lfter finding
solution of these problerns, resomees of other dessris and
serniarid area willbe estimmated by this algorithen.
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BY MEANS OF AERIAL PHOTO IMAGES
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ABSTRACT: This paper presents a method for estimation of photovoltaic systems potential by using aerial
photographs. Rooftops have good conditions for PV system installation. Then, installation areas were assumed as
roofs of residences and buildings. This estimation calculated from extracted roof area by image analysis. Authors
have added new processes to previous roof-extraction method. The new processes are to update traimng data, to set
priority of classification categories, and to apply geographical data. In the result, authors get accuracy improvement
of the analysis. By utilizing this method, PV installation potentials in Koganei city in Tokyo have been analyzed.
The estimation had shown that 216.1 MW PV can be installed in 1.44 km®* of rooftop spaces. This result suggested

that the potential of rooftop PV is large.
Keywords: PV System, Rooftop, Aenal Photograph

1 INTRODUCTION

To install photovoltaics (PV) in cities is predictably-
effective. Because of low energy density of sunlight, PV

systems require large space to generate enough electricity.

There are not empty areas in cities basically. However,
most of the rooftop of residences and commmercial
buldings might be unused area and will have good
condition for PV systems. Moreover, the place of rooftop
is near the demand.

In Japan, residential PV systems have been installed
over 80% of total installation. The “Japan’s PV roadmap
2030 (PV2030)” in Ref [1] was developed. PV2030
outlines possible development routes leading to 102GWp
of PV in 2030. It targets the installation of 45-00GWp
residential PV systems in 2030. Scheduled installations
of natural energy have planned by local governments.

It is important for the target volumes to estimate the
PV installation potential. The estimation could be
guessed the scale and the effect of PV installation.

Earlier studies have investigated the PV installation
according to only statistical data concerning the
construction and land use. However these estimations
cannot grasp the potential distribution. Furthermore the
analysis ranges is limited because the data are also
limited.

This study developed PV potential estimation by
means of aerial photographs. The method solves the
problems of the distribution and the limit. Automatic
program to extract available area for PV installation have
been developed by Taguchi et al. in Ref [2], [3]. This
study is aimed at accuracy improvement by adding a new
process to previous method.

In this study, all toofs including buildings are defined
as available area for PV installation. The developed
program extracts roofs from aerial photographs.
Resolution of using photographs is 25 x 25 cm/pixel.

On test sites, the accuracy of available area by
updated method has been verified PV installation
potential has been estimated in Koganei city in Tokyo.

This paper consists of analysis-flow, new process’s

content, aceuracy verification, assessment and conclusion.

3571

2 ANALYSIS METHOD

The analysis consists of 5 steps including preparation.
Process flowchart is shown in Figure 1.

Preparation:
10 training data are selected per class in order to
classify into land-cover classes by color appearance.
The 8 classes are shown in section 3.2. Each data is
10 x 10 pixels. Authors select the data eveuly by eyes.
See Figure 2.
Each color appearance of each data has calculated.
Hue and saturation have been adopted to the
classification in order to exclude the effect of
photograph’s tone.

Step 1:
An aerial photograph is divided into regions by color
density difference. Each region is labeled. The color
appearance is transformed from RGR model into HSI
model.

Step 2:
The divided regions are classified into 8 classes by
Maximnm Likelihood Classifier (MLC). MLC is
based on the training data of Step 1. Moreover the
regions are classified into Roof areas, Vague areas,
and Non-roof areas. These 3 categones are
determined by possibility that the region is roof area.
See section 3.2 for details.

Step 3:
This step target Vague areas at Step 2. It matches the
regions with geographical data. Then, the tegions can
be judged whether the regions are roof area. See
section 3.3 for details.

Step 4:
The regions that formally decided as roof area are the
following 2 patterns. One is the regions that the
highest possibility of roof area at Step 2, the other is
the regions that judged as roof area at Step 3. These
roof areas are treated by dilation and erosion. The
processes help the result image smooth. Moreover,
total roof areas are counted.

Final:
Roof-distribution image areas and total roof area are
shown.
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Figure 1: Process flowchart for roof areas extraction

3 NEW ANALYSIS PROCESSES

3.1 Update training data

Gray and black color training data were updated. The
training data had been selected at Preparation. Gray color
and black color are treated with same color because they
arc not related to intensity. These colors are called
BLACK. BLACK include roof area and road (parking)
area. Then, roof area isn’t distinguished from road area at
this step. To divide into roof area and road area by color
difference is very difficult.

The training data of BLACK had been selected from
a road area on previous method in Ref. [2]. Road area is
not suitable for residential PV systems. Then, BLACK

have been data to extract unavailable area in this analysis.

This time, BLACK are updated as the data to extract
available area because traiming data of BLACK were
replaced by the data from black and gray roofs.

The 3 data patterns readied data from only road area,
from both of road and roof area, and from only roof area
in order to decide best of BLACK data. The analyzed
results by these 3 data patterns were compared. The
extracted image using data from only road area is the
worst extraction of roof area. The others are similar
results and good extractions.

In order to make casy analysis method, the data from
only roof area are applied. These data help to decrease
wrong cxtraction.

3.2 Set priority of classification categories

8 classes have been set for land-cover classification.
8 classes are red roof, blue roof, orange roof, BLACK,
water (dark navy), forest (green), grass (light green), and

TUAT Kurokawa Laboratory
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bare area (beige). It defines the following 3 categories.
Roof area is that area of red roof, blue roof, and orange
roof. Vague area is that area of BLACK and water. Non-
roof arca is that arca of forest, grass, and bare arca.

red roof [l Il I I N I L I O |
o TG P

Blue roof

Orange roof EER
sLack [ a

Water. .

Forest

Bare area
Figure 2: Training data

Each region which is divided at Step 1 is classified
into the 8 classes by MLC. Morcover, the regions are
classified into Roof areas, Vague areas, and Non-roof
areas. Roof areas are used as available area for PV
installation at Step 4. Vague area is matched with
geographical data at Step 3. Non-roof area is excluded.

This additional process decrease errors of the
extraction.

3.3 Apply geographical data

Vague area at Step 2 is classified using geographical
data. The classification is means to distinguish roof area
from road and water area. The geographical data include
data of road’ s center lines with several widths, and of water
regions.

Figure 3: Geographical data

It matches vague area and the geographical data. If the
pixels of vague area have overlapped 400 pixels with the
object-pixels of geographical data, the region including
these pixels is determined as road or water area. The other
areas are determined as roof area. These roof areas are as
available area for PV installation at Step 4.

4 ACCURACY VERIFICATION

4.1 Verification methodology

5 test sites have been selected from residential area
for the verification. Each site 1s 500 x 500 pixels, and
that is equivalent to 125 x 125 m. In these test sites, roof
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of roof arca is available. However available area is
actual 45% as filling factor set 90 %. The inclinations
are 30°. The surfaces face south.

- Assumption 3: A ratio of all roofs depends on statistics
of construction. See the following and Table 1 for
detail.

Table 1: Roof shapes and available areas (Assumption 3)

Installable -
Roof shape ratio [%] Available area (gray)
Gabled roof 50.0
Hipped roof 62.5
Pent roof 1000

- Inclination of roofs; 20° (40%) and 30° (60%)

- Orientation of roofs; 0° (48%0), 45° (15%), 90° (9%),
270° (9%), and 315° (19%)
Note that 0° shows south.

- PV surface facing south, southeast, east, west, and
southwest are installed.

- Filling factor are all 90%.

PV conversion cfficiency is 150 W/m’. PV possible
capacity is caleulated by the following.

PossibleCopacip{W )= Rcoﬁﬂrea[mz 1=<150[ fmz] (3)

Annual output energy at STC is calculated the
following.

E,=Pyx(H4/Gy)x K ()
Where each parameter is;

E,: Annual output energy [kWhiyear]

P PV capacity [kW]

Hy: Annual in-plain irradiation [kWh/m®/year]

G Trradiance at STC; 1.0 kW/m?

K : Performance ratio; 71.6 %0 based on Ref. [5].

3.3 Results of estimation
PV potentials have been estimated according to 3

assumptions. See Table 2.

Table 2: Results of estimation

Assumption 1 2 3
Total roof area [km'] 2.73 2.73 2.63
Available area [km’] 2.73 1.23 1.44

Possible capacity[MW] 409.5 184.5 216.1

Annual output energy
[GWh] 4536 | 2044 | 2257

The estimation of assumption 3 will be close to actual
potential.

Figure 8: Resultimage in Koganei city
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6 CONCLUSION

This paper presented to add new processes to
previous method. The new processes are to update
training data, to set priority of classification categories,
and to apply geographical data. In the result, we get
accuracy enhancement of analysis.

PV installation potential in Koganei city was
analyzed. In the case of assumption by statistics of
construction, the estimation has been obtained that 216.1
MW PV would be installed in 1.44 km® Annual output
energy is 225.7 GWhivear. This amount is able to cover
about 62,000 households on the assumption of 3,621
kWh/housefyear. This presentation showed that the
potential of rooftop PV is large.

Authors are going to apply the method to 23-wards
in center of Tokyo. Then, potential of the rooftop PV in
big cities including tall buildings and broad streets will
be shown.
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3 EXPECTED RESULTS OF 3*° PHASE ACTIVITY

In 3"-Phase (2006-2008), toward a realisation of
VLS-PV systems, specific case studies from viewpoints
of local, regional and global aspect are carried out, and
financial and institutional scenarios and a general
instruction for practical project proposals are developed.
Also, considerable future technical options implementing
VLS-PV system are analysed.

In 3"%phase, Participants will carry out extended
Subtask 2 and 5, and new Subtask 6.

Subtask 1 Conceptual Study of the VLS-PV
Subtask 2 Case Study of VLS-PV

LCA study M

Subtask 3 Comprehensive

Scenario study

evaluation

Wy Phase H

Subtask 4 Practical Project Proposals
forInitial Stage of VLS-PV Systems

Subtask 2 Case Study of VLS-PV

LCA study [l Potential survey

The Mediterranean Gobi desert
System design & cost | Applications |} 11.c Mid E oot M Westem Australia
1 [ 2 -

Proposals to Realise VLS-PV Systems in the Future

; V Phase

Subtask 5 General
Instruction for Practical

Subtask 5 General InstructioWAor Practical Project |

Subtask 2 Case Study [\af
of VLS-PV

Subtask 6 Future Technical
ptions for Implementing
VLS PVsystems

> Project Proposals to
w, | Realise VLS-PY Systems
>

Figure 4: Overall framework of Task8 activity

3.1 Case studies for selected regions for installation of
VLS-PV systems

Employing the concepts of VLS-PV and the criteria
and other results produced under Subtask 1, Participants
have been undertaking case studies on VLS-PV systems
for the selected regions and evaluating the resulting
effects, benefits and environmental impact. Feasibility
and potential of VLS-PV on deserts will be evaluated
from viewpoints of local, regional and global aspect.
Some activities will carry out the following work for the
regions selected in parallel.

One of the study items on life-cycle analysis (LCA) is
a comparison of PV modules from a viewpoint of the
life-cycle. The latest data of PV modules” LCA will be
added to VLS-PV system analyses. Second item 1s LCA
of concentrator PV (CPV) systems and the discussion has
been started.

To know where a suitable place is for VLS-PV and to
evaluate a potential of arid land area, a solar resource
analysis is carried out. To develop accuracy of the
analysis, NOAA’s satellite images are utilized to identify
vegetation arcas. From our discussion of research topics
in 3% phase, we decided to analyze not only arid land
area but also semi-arid land area. Because the semi-arid
land area would have a high potential, as much as the arid
land area, and a distance between the VLS-PV system
and demand should be close. In addition, a solar resource
map of world arid and semi-arid land area would be
discussed.

From the viewpoint of agricultural field in desert
regions, soil properties such as crusting, salt content, etc.
were overviewed. The risk of careless irrigation under
dry climate was pointed out and it was proposed a new
concept of irrigation combined with desalination
equipments powered by PV as one example. The
necessity of total economy evaluation for cost/clean-
water-ton was pointed out during discussions. As a first
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step, we started an experiment to know how much water
is suitable for irrigation in arid area.

Also, scawater desalination is an important
development in some regions. We’ll perform a case study
on its application using solar energy, for example, in the
Mediterranean region, and some useful information
would be provided.

3.2 General instruction for practical project proposals to
realise VLS-PV systems in the future

Detailed practical instructions and training kit for the
development of other practical project proposals, to
enable others to sustainable implement VLS-PV systems
in the future, will be discussed. Employing the results
developed under the previous activities, financial and
institutional scenarios will be further discussed, and the
guidelines for practical project proposals will be
developed.

A survey and case study of large-scale PV systems is
carried out. Then, existing or planed plants with PV
capacity > 1 MW will be surveyed to collect practical
information  relaing to  planmng, installation,
performance, and guarantee system of large PV systems.
Some selected plants will be further case studied in-depth,
from a series of technological, civil and economical
viewpoints. Desert case will also be included as separated
issues even if it is smaller than 1 MW. Economical
evaluation also will be expected to be surveyed as well as
other items such as utility scale or on-site application, etc.

Based on experts” experiences in the field of PV and
large-scale renewable technology including industry,
project developer, investor, policy-maker, etc., successful
and un-successful factors for VLS-PV project, on both
technical and non-technical aspects, will be clarified.
Existing financial schemes will be overviewed and
available financial and institutional scenarios and case
studies will be also discussed.

For example, carbon finance is becomung a major
financial resource in energy projects. It is thought that
CDM would be one of the promising schemes for
implementing VLS-PV. Working items for raising the
value of VLS-PV were identified and some examples in
terms of PV CDM were prepared. Solar energy projects
exist but are so small part, since even large PV projects
are still considered small by CDM investors. However,
VLS-PV may provide the solution to this barrier of PV
projects, because the transaction ¢ost of the CDM project
is negligible small because of very large size of project.
Also, VLS-PV projects are competitive with other
renewable CDM projects, because of large volume of
CERs.

3.3 Future technical options for implementing VLS-PV
systems

We will propose and analyze various technical
options for implementing VLS-PV systems, including
scenarios for storage and for reliable integration of VLS-
PV systems into the existing electrical grid networks.
From the viewpoint of future electrical grid stability, a
global renewable energy system utilizing globally
dispersed VLS-PV systems as the primary electrical
energy source will be also analyzed.

Considerable technical options to be discussed are,
for example, electricity grid network scenario, energy
storages, concentrator technologies and solar hydrogen
scenario for future.
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As for an issue on electric grid, a precise comparison
between CPV and non-tracking flat PV, as regards their
relative suitability for integration into a utility grid, has
been discussed with some actual hourly load
requirements for a desert city, together with some
performance data of a large PV system.

An experimental study of a vanadium redox flow
battery, that charge and discharge using a large array of
PV panels, will be started. The purpose of the project will
be to study the in/out efficiency of these batteries under
extreme desert conditions, and the degradation rate under
a regime of constant deep charge/discharge cycles.

In addition, because CPV suggests that the ultimate
cost of generating electricity from solar energy will be
around 0.005 USD/kWh, VLS-PV and electrolysis would
be an ideal source for hydrogen. However, the problem is
then what to do with the hydrogen, e.g. the direct-use
path, the path of CO2-sequestration, etc. From such
viewpoints, solar hydrogen scenario will be discussed
with inviting experts on the fields, as well as reviewing
the latest CPV technologies.

4 FUTURE PERSPECTIVE

Toward implementation of VLS-PV  system,
stakeholders targeted to will be policy makers, investors
and project developers including PV industries, which
enable to make a plan and concrete vision to realize VLS-
PV from a viewpoint of global energy and enviroumental
issues, as well as researchers and engineers in the field of
solar cells and PV system technology.

In the 3™-phase activity, Task 8 will elaborate mare
on  socio-economic  considerations, and  give
recommendations to stakeholders and for world
brightness future.

REFERENCES

[1] Kosuke Kurokawa, Energy from the Desert:
Feasibility of Very Large Scale Photovoltaic Power
Generation (VLS-PV) Systems, James & James
(Science Publishers) Ltd., London, 2003

[2] Kosuke Kurokawa, Keiichi Komoto, Peter van der
Vleuten and David Faiman, Energy from the Desert:
Practical Proposals for Very Large Scale
Photovoltaic Systems, James & James (Science
Publishers) Ltd., London, 2007

[3] IEA PVPS TaskB, Task8 Phase II Communique:
Energy from the Desert, IEA PVPS Task8
International Symposium, Makuhan Messe, Chiba,
Japan, 9 October 2006

3487

TUAT Kurokawa Laboratory

WK 102



e
EfE%% International Conference N

22nd European Photovoltaic Solar Energy Conference, 3-7 September 2007, Milan, Italy

SPECTRAL RESPONSE MEASUREMENTS OF PV MODULES AND MULTI-JUNCTION DEVICES
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ABSTRACT: Precise characterization of the spectral response (SR) of the series connected PV devices such as the
modules and multi-junction devices are investigated. The SR measurement of series-connected PV devices show
more complicated features than that of single-junction cells, since multiple component cells are series-connected in
one device. The SR of multi-junction devices is discussed, in conjunction with the measurement conditions such as
the intensity and spectrum of the color bias light, as well as the shape of the I-V curves. As the cells in PV modules
are also series connected, measured and "true" spectral response of each constituent cell have similar relations with
the multi-junction cells. Various factors to affect the SR measurement of the modules are also discussed.
Measurement conditions to yield accurate spectral response results are discussed. Measurement of the SR's of
commercial-size modules are demonstrated for various kinds of modules including crystalline Si, thin-film Si, and

multi-junction structures.

1 INTRODUCTION

The spectral response (SR), or the quantum
efficiency, is an essential feature of the photovoltaic (PV)
devices. In the performance characterization of the PV
devices, information on the SR is necessary for choosing
the appropriate reference device, adjusting the solar
simulator light, and also for correcting the measured 1-V
curves into those under Standard Test Conditions (STC).
The SR measurement of series-commected PV devices,
such as modules and multi-junction solar cells (hereafter
referred to as multi-junction devices) show more
complicated features than that of single-junction cells,
since multiple component cells are series-connected in
one device[l-7]. Recent study has shown that the
measured and "true" spectral tesponses of monolithic
multi-junction cells have a rather simple relation[8]. The
present study further investigates the relation in
conjunction with the measurement conditions such as the
intensity and spectrum of the color bias light.
Measurement of the module spectral response was so far
investigated and carried out by a few orgamzations [9-
11]. In this study, various factors to affect the SR
measurement of the modules are also discussed.

2  SPECTRAL RESPONSE MEASUREMENTS OF
MULTI-JUNCTION PV DEVICES

To measure the spectral response of one component
cell, appropriate color bias light is usually applied to the
multi-junction device in addition to the chopped
monochromatic light, such that the component cell limits
the output current of the device. Since the spectral
response can be dependent on the operating voltage, a
bias voltage may be applied to keep the component cell
at the desired operation voltage, provided the output
voltage of the other component cells can be estimated. In
addition, ambiguity in the measured spectral response is
also caused by measurement artifacts, due to the non-
ideal cell properties and color bias light. This was
discussed in detail by Meusel et al. with respect to 111-V
compound multi-junction devices. In this study,
quantitative relation among the "true" and measured
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spectral responses, and the shape of the I-V curve of the
component cells is discussed.

2.1 Typical expenimental results

Examples of the spectral response of an a-Si/thin-
film ¢-Si double junction cell and an a-Si/thin-film c-
Si/thin-film ¢-Si triple junction cell are shown in Figs. 1
and 2, respectively. The spectra are shown on a relative
scale based on the dimension of A/W. As shown by the
solid lines, the spectral responses of the top and bottom
cells are usually clearly separated. Slight differences in
the spectra are partly due to the variation of the bias
voltage of each component cell caused by the variation in
the balance of the photocurrent. The measured spectra
are also significantly affected by contributions from other
component cell(s) under some measurement conditions,
as shown by the broken lines.

2 10
®
H
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Ei .
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@ 0
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Figure 1. Example of the spectral responses of the
component cells of an a-Si/thin-film ¢-Si solar cell under
various color bias light. The spectra are shown on a
relative scale based on the dimension of A/W. The
various types of color bias light were generated by
filtering the solar simulator light with color filters. R72,
IR76 and IRD-80A filters were used for the top cell, and
(50, HA30, and IRA-25S filters were used for the
bottom cell. The broken line corresponds to the case
where no color filter is used. Bias voltage =0 V.
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Figure 2. Example of the spectral responses of the
component ¢ells of an a-Si/thin-film ¢-Si/thin film ¢-Si
solar cell under various kinds of color bias light. The
spectra are shown in the relative scale based on the
dimension of A/W. Y52 and Y44 filters were used for the
top cell, B410 and B410HW filters for the mddle cell,
and HA30, HA30HW, and [RA-258 filters were used for
the bottom c¢ell. The bias voltage is 1.2V for the dot-
dashed line, and 0 V for others.

2.2 Relation among the measured SR, "true" SR, and the
I-V curves

For example, the operating current I of a double-
junction device is always the same as that of the top cell
I, and the bottom cell I. The operating voltage is the sum
of those of the top cell V, and the bottom cell V,, (Fig. 3).
When chopped light is applied to the device, the I-V
curves of the component «cells are modified
synchronously with the chopped light. A magnified view
of Fig. 3 around the operation point of the top cell A is
shown in Fig. 4. The I-V curve of the top cell, when the
chopped light is off, is shown by the solid line in the
figure. The curve changes to follow the dotted line when
the chopped light is on. In Fig. 4, the "true" spectral
responses of the top and bottom cells SR,, SR, have the
following relationship,

Al =S8R, xAE,  Al, = SR, xAE (1)

Here, AE is the intensity of the chopped monochromatic
light. The definition of Al, is shown in Fig. 4. As the
output voltage of the device is usually held constant by
an external circuit during spectral response measurement,
the operation point of the component cell moves between
the points A and A? in the figure, when the chopped light
is applied. The operating voltage and current of the top
and the bottom cells have the following relationship.

Vi + Vo =V + ¥
Ty =1y, I =1y

@

Here, V., (V. and Vy; (Vy») denote the operating
voltage of the top and bottom cells when the chopped
light is respectively off and on. If the slope of the I-V
curve can be assumed to be independent of the on/off
state of the chopped light,

v,
< (o, - an) e,

a

Ve

3

dav,
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B
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Here, Al is the net increase in the output current of the
device caused by the application of chopped light, as
shown in Fig. 4. The dV,/dl, and dV,/dl, denote the
slope of the [-V curve of the top and bottom cells at their
operation points; i.e., at point A and point B in Fig. 3.
Equation (3} is valid when the slope of the I-V curves at
around the points A, A', and A2 are the same. This
usually corresponds to the case where the photocurrent of
the target cell is much smaller than the other cells.
Therefore, the spectrum of the color bias light should be
chosen to realize such situation. Equations (2) and (3)
lead to the following formula for the measured spectral
response SR ...

av, av,
(Af, - AT)=—=+ (A, - AT}—L =,
o iy @
- _ a b
SRmeas AE dVg % .
dfa dIb
E
£
Q
| _top+batiom
I1=la=ly i
frem—— Ve | Vel |

Figure 3. Example of the I-V curves of the component
cells in a double-junction solar cell.
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! o % lighton
O 4 output current
AlVatlat) ) chopped light oft

Figure 4. Enlargement of Fig. 3 around the operation
point of the top cell (point A in Fig.3).

2.3 Correction of the measured SR

Equation (4) clarifies the relationship among the
measured spectral responses SRy, spectral responses
SR, . SRy, and shape of the I-V curves of the top and
bottom component cells. Correction of the measured
spectral response is possible by applying the equation.
For example, assume a case where the measured spectral
response of the bottom cell SRy e, shows an apparent
measurement artifact due to non-optimized color bias,
ete., while the measured spectral response of the top cell
SRymens 18 expected to be accurately measured (e,
SRumes= SR,), as shown in Fig. 5. Considering that the
short wavelength region of the SRy (e.g., < 950 nm) is
expected to be zero for this device structure, the
(dV/dL)/((@V/dI)+HdV/dL,)) concerning the



EfE%¥% International Conference

22nd European Photovoltaic Solar Energy Conference, 3-7 September 2007, Milan, Italy

measurement of SR, q,; 1s estimated to be 0.07. Thus,
from Eq. (4), SR, is expressed as SRy, = (SRymeus-
0.07xSR,)(1-0.07), as shown in Fig. 5. The calculated
SR, shows good agreement with the measured top SR
where the color bias is optimized, demonstrating the
usefulness of the correction procedure. When the
difference in the slope of the I-V curves at points A, A',
and A2 cannot be neglected, the dV./dl, and dV,/dl, in
Eq. (3) may be modified to include higher-order terms.

1.0

0.5

Spectral response (relative scale)

0 )
300 800 700 900
Wave|ength (i)

1100

Figure 5. Example of the correction of the SR of the top
cell, measured under non-optimized conditions (broken
line). Corrected SR, (solid line) well agrees with the SRb
measured under optimized conditions (broken line).

In the spectral response measurements, the color bias
light should be chosen so that the photocurrent of the
target component cell is much smaller than those of other
component cells, in order to minimize the contribution
from other component cells. Although the photocurrent
of the target component cell should be the same as that
under the standard sunlight, lower photocwrrent may be
allowed if the component cell has a linear response [5,7].
The correction procedure is not always necessary in
practical measurements, since the contribution from other
component cells is, in many cases, not significant in the
measured spectral response. However, there are some
cases where contribution from other component cells
cannot be neglected. For example, when the I-V curve of
the target component cell is leaky, the dV/dI of the target
component ¢ell is not large enough compared to those of
other component cells. Similar situation occurs when we
want to measure the spectral response at forward bias.
For measuring the spectral response of a component cell
at a short circuit condition, the multi-junction device
should be forwardly biased at a voltage close to the sum
of the Voe of other component cells [7]. Although the
contribution from other component cells can be reduced
by choosing appropriate bias voltage [5], varying the bias
voltage can also affect the spectral response of a-Si based
solar cells. Also, ideal color bias light is not always
available for experimental reasons. The correction
procedure is especially useful for those cases.

Equation 4 can be generalized to any kind of multi-
junction device as follows, where n is the number of
junctions. Correction of the measured spectral responses
is also possible for various kinds of devices. The spectral
response may be either in the dimension of A/W or of
quantum efficiency. It should be noted that Meusel et al.
have presented a similar procedure to reduce
measurement artifact in the relative spectral response.[5]
The present results, such as Eqgs. (4)-(5), offer a
quantitative relationship among the measured spectral
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responses SRmeas, spectral responses SR, , SR,, and
shapes of the [-V cwrves of the top and bottom
component cells, thus enabling correction of the absolute
value of the spectral response, as shown in Fig. 5. This is
useful for accurately evaluating the balance of the
photocurrent of the component cells.

< av
;SRT. E (s)

SR =,

meas n dVJ
2

i=1 i

3 SPECTRAL RESPONSE MEASUREMENTS OF
MODULES

There is growing needs for characterizing the SR of
modules without knowing the details of their series
comected constituent cells beforchand. The SR
measurements of the modules have similar features as
that of the multi-junction cells as discussed above,
because of their series connected structures. For example,
similar relation to Eq. (2) is also valid for the output
voltage and current of the modules. However, the
practical procedure for the SR measurement is different,
as each constituent cell in a module is spatially separated.

3.1 Basic apparatus and procedure

The basic procedure of the module SR measurement
in the present study is to measure the SR of each
constituent cell in the module by the following method
(Fig. 6).
(1) Chopped monochromatic light is irradiated on the
target cell for the SR measurement.
(2) Bias light is irradiated on the target cell, in order to
put the cell under an operating condition. For the multi-
junction samples, color bias light is used instead of the
white bias light.
(3) Supplemental bias light 1s irradiated on all the cells
in the module other than the target cell, so that the other
cells do not strongly limit the output current of the
module.
(4) Bias voltage is applied to the module, so that the
operation voltage of the target cell is set to desired value
(e.g., short circuit, open circuitf, or maximum power
condition, etc.). It is noted that during the practical
measurement, the bias voltage should be applied before
the supplemental bias light. Otherwise, the output voltage
of all the other cells is possibly applied to the target cell,
and may damage the target cell.

supplemental biea light

menechromatic
chopped light
bias light
(white and/or colar) :

Schematic SR

Figure o.
measurement apparatus of the present study.

setup of the module

Basic validity of the above procedure was confirmed
by comparing the measured SR's of crystalline Si
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commercial-size module with that of one-cell module, as 1.2
shown in Fig. 7. Here, the modules were specially - o-8i
ordered and the constituent cells were chosen from a E
group of cells where the SR's are practically the same. 3
Good agreement of the measured relative SR's of the =
one-cell module and commercial-size module confirms ‘g
the validity of the present approach. 2
2
12 s
— pSlecal -]
NI
£ 300 500 700 g0 1100 130
gna 3 wavelength (nm)
‘Eo.s L (a) ¢-Si and p-Si module
é 04| 1.2
= . —— Tandom_top
02 - E
. . ‘ , . g
300 500 T00 900 1100 g
Wavelangth [nn] id
{a) p-Si module -
.E
12 77
— oSioel &
1

0
‘:'!DG 500 700 900 1160 1300
wave|ength {nm}

(b) double-junction Si-based thin-film module

o
=

Relative spestral response
=
L

0.4 1.2
—— Tandemn_top
0.2 2 1 —— Tandem_bottom
2
0 - * ; : 2 0.8
300 500 f Lo 800 1100 =
Wavelangth [nm] £ 0.6
{(b) ¢c-Si module 2
2 04
Figure 7. Comparison of the measured relative SR's of a =
commercial size module (red line) and one-cell module 2 0.2
{(blue line).
] 500 700 %00 1100 1300
3.2 Measwement parameters and application to various wavelength (ra)
PV modules ) ) ) _ (¢) double-junction Si-based thin-film module
The most essential experimental requirement is that
the photocurrent of the target cell generated by the 1.2
chopped monochromatic light is not substantially limited @
by other cells. In order to satisfy the requirement, the g 1
irradiance of the chopped monochromatic light should be g
as high as possible, the irradiance of the supplemental E ]
bias light should be also high enough, and the irradiance E 0.6
of the white and/or color bias light should be chosen -
properly. When the shunt current of the constituent cells ; or
are large and white bias light is not applied to the target =
cell, the supplemental bias light may not be necessary. 2 02
when the integrated thin-film multi-junction module are

measured, both the color bias light and the supplemental %o
bias light are usually necessary. Confirmation of the
invariance of the relative SR concerning these parameters

500 00 900 1100 1300
wavelength (nm)

is necessary for checking the validity of the measurement. (d) CIGS thin-film module

Although detailed optimization of the parameters are in

progress, the experimental results (Fig. 8) suggest that Figure 8. Example of the measured relative SR's of
the present procedure and apparatus (Fig.9) are various PV modules.

applicable to many kinds of PV modules including thin-
film modules and multi-junction modules.
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Fig. 9 shows D-UPFC inner voltage (Vin Vio, Viz o)
output voltage (V,,.), output current (1,,,), and ac-ac conveter
switches (S, to S,,) current waveforms at node 4,,. When
the voltage decrease occurs caused by heavy load the
bi-directional ac-ac converter output voltage V,,, , increases
in the (a) of Fig. 9. D-UPFC output current phase lags to
output voltage in the (b) of Fig. 9. Also, switches from S,,; to
S,.+ show the current waveforms without any problem in the
(c¢) and (d) of Fig. 9.

o) Vtrl VtrZ Vtt‘l o

1004

1004

2004

[ 442 04 adt 04 [ 030
{ shustersdhesv st QA b ver ) HITIO  VXMISEI0SRA vNME 0038

(a) D-UPFC inner voltage V1, Pz, Virz o

B.  Voltage increase control

Fig. 10 shows the D-UPFC voltage control during voltage
increase from PV reverse power flow. As shown in Table 1
and 2, parameters are used in the simulation. Voltage
increase from node 45 (a) to Az (g) 18 101[V,mms] to
105.3[V,rms], respectively. These node voltages are
controlled through D-UPFC from 101.3[V,rms] to
101.1[V,rms], respectively. Also, voltage increase from node
Az (b) to Ay (h) is 101.3[V,mms] to 105.6[V,rms],
respectively. D-UPFC  controls the wvoltages from
101.5[V,rms] to 101.3[V,rms], respectively. From the Fig. 10,
D-UPFC controls the distribution voltage at the installation
site as the voltage decrease control.

107 | 9= Feverse pover and RL 1oad with o conirol o
8- Voltage conircl at A5 I
T

—5—FReverse power and AL 10ad with o cortrol
-8 Voltage control at 421 I

vohage [y ms]
1

Node number

{b) D-UPFC control at 4;;

Node number

{a) D-UPFC control at 45

Vot I
26251
¢ 107 —#-Reverse powsr and RL load with no control ‘ 107 _‘ —4—Reverse power and RL load with no control
sl = Voltage control ot 46 I = votage contral af Az2 I
108 i ! ]
o5 108
3
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4754 210z
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(c) D-UPFC control at A s (d) D-UPFC control at 4,
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(b) D-UPFC output voltage V. output current fou 17 ([ TeverSe poer and R s Wil o carrel = Reveres pawer and RL o3 Wi o contral
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(c) AC-AC converter switch S,z Sys S
s
S
[ 0
7 100
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Fig. 10: Voltage increase control in the reverse power flow condition
2]
S 40| . .
Fig. 11 shows D-UPFC inner voltage (V,.., Vi, Viz o),
™ output voltage (V.,.), output current (I.,,), and ac-ac conveter
switches (S,,; to S,,4) current waveforms at node 4,4 In the

4050 spae 04064 Q4068 04058 [ o470

(dy AC-AC converter switch Sy, Sy4

Fig. 9: Voltage and current waveforms during voltage decrease at A4
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D-UPFC control, ac-ac converter output voltage V.., is
decreased in the (a) of Fig. 11. The second waveforms show
the V., and I, of D-UPFC. Here, I, phase is 180° different
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decrease period. Also, it shows the voltage decrease as the
rms value. Fig. 12 (b) shows the D-UPFC output voltage,
current waveforms and D-UPEFC controls the voltage to
201.1(100.55)[V,rms] during 0.3[s] to 0.4[s]. Fig. 12 (c)
shows the substation output current and pole transformer
primary current. Here, current from the substation increases
due to heavy load during 0.3[s] to 0.4[s]. Fig. 12 (d) shows
the ac-ac converter duty ratio and it controls the D-UPFC
output voltage during 0.3[s] to 0.4[s].

186+

1844

1

026 03 o 046 ost [ osp
e revarse s 22 ridst v 1) €T

(a) D-UPFC input voltage ¥y a

Vout Lo
\Z

200+

100

100

- 200

046 o051 [l gss

a6 a3t 035 041
e vetarse e 22 paidetd oo 1) O8] 30521-300051

(b) D-UPFC output voltage ¥, output current [,

026 a3t 036 o4l 045 ost [ oss
CFle vevaria i es 422 pidetd v 1) GSKOSET0D311 200031000533

(c) Substation current 7, pole transformer primary current J,

926 031 436
CFle reverse Jat e 22 haidebd xove 1) € 0238

(d) AC-AC converter duty cycle

Fig. 13: PV reverse power flow during 0.32[s] to 0.48[s] and D-UPFC
installation at node A4
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Dynamic voltage control during the voltage increase
condition is shown in Fig. 13. From the Fig. 7 (a), PV reverse
power increases 9[kW] to 47.6[kW] at pole transformer. PV
reverse power flows at random from 0.32[s] to 0.48[s]. The
maximum reverse current of PV output is 236[A,rms].
Distribution voltage at node 4, changes 200.5[V,rms] to
206.14 (103.07)[ V,rms] during reverse power flow period.
Fig. 13(a) shows the voltage increase as the rms value. Fig.
13 (b) shows the D-UPFC output voltage, current waveforms
and D-UPFC controlling the voltage 1is 2033
(101.65)[V,rms]. Fig. 13 (c) shows the substation output
current and pole transformer primary current. Substation
output current decreases 0.32[s] to 0.48[s], because the
reverse current of PV output flows to other pole transformers.
Finally, Fig. 13 (d) shows the ac-ac converter duty ratio and it
controls the D-UPFC output voltage during 0.32[s] to
0.48[s].

Iv. CONCLUSION

This paper shows distribution voltage control using the
proposed D-UPFC topology in the distribution model
D-UPFC controls the distribution voltage during voltage
decrease and increase conditions. Also, dynamic
characteristic of D-UPFC voltage control is verified through
the simulation results. D-UPFC protection study will be
performed soon.
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Abstract— This paper focuses on distribution voltage control
when over-voltage or under-voltage occurs in the low-voltage
(LV) distribution line. The distribution voltage control is
performed by transformer and ac-ac converter. Transformer
supports a part of settled voltage and ac-ac converter controls
voltage disturbance. Bi-directional ac-ac converter employs
digital control using Field Programmable Gate Array (FPGA).
This method enables simple and fast the distribution voltage
control. In this paper, voltage control concept is explained.
Scaled-down experimental result is shown, when load condition
is changed.

I INTRODUCTION

In recent years, photovoltaic (PV) systems for grid
connection have rapidly spread to solve energy and
environmental problem. However, when the clustered PV
systems connect with the power distribution system and
reverse power flows, there is a possibility that the distribution
line voltage increase and exceed the allowable voltage limit.
This condition is called over-voltage.

In the present distribution power systems, autotransformer
with line drop compensator based step voltage regulator
(SVR) have been used. Also, the scheduled operation have
controled distribution  line voltage in the substation.
However, these method are not designed for over-voltage by
reverse power flow. Also, the power conditioner of PV is
equipped over-voltage relay (OVR). Thus, the electric power
from PV systems can not be effectively used.

Therefore, some voltage regulators used power electronics
technique have been proposed [1]. Distributed-Unified
Power Flow Controller (D-UPFC) is a voltage regulator and
able to regulate bi-directional power flow in the distribution
systems  [2]. D-UPFC consists of transformer and
bi-directional ac-ac converter. it can convert directly ac to ac
and keep the distribution line voltage to reference voltage.
This method enables simple and fast distribution line voltage
control.

In this paper, voltage control concept is explained.
Scaled-down experimental results are shown, when load
condition is changed.

Distribution power system connected clustered PV systems
1s shown m Fig. 1. When the clustered PV systems connect
with distribution system and reverse power flow, the
distribution line voltage increase. In this condition, SVR can
not control distribution line voltage level. Distribution power
system controlled D-UPFC is shown in Fig. 2. D-UPFC
controls the voltage to be fixed to reference voltage in
allowable voltage window [3].

~ Over Voltage

Reverse power flow @/’

normal condition SVR Allowable voltage
window

Distribution
substation

;J

Fig. 1: Distribution power system connected clustered PV systems

Distribution
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Reverse power flow

— =
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condition a window

AhA

o
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=
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5y
iy
5
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=
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Fig. 2: Distribution power system controlled D-UPFC

I VOLTAGE CONTROL CONCEPT

A Voltage control circuit (D-UPFC)

Fig. 3 shows the voltage control circuit. V; is distribution
system side voltage and V7, is clustered PV systems side
voltage. This circuit is installed between distribution the pole
transformer primary side and clustered PV systems.

. %.NS

Vs N+ ‘

% Nz ‘ Vire
4 PWM
_‘DD—-{ Feedback control F—qﬂi

Voltage sensor

AC-AC
Vi

72 l Vir2 o
Converter

Vout

Fig. 3: Voltage control circuit of D-UPFC

Distribution voltage control is performed by transformer
and bi-directional ac-ac converter. N, N, and N; are turmns
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Fig. 13 show waveforms of bi-directional ac-ac converter
Vs switching pattern. This result is the same switching pattern as
10,00V rme] ™A table 1. Fig. 14 shows waveform of PWM signal inputted 5;
' and 5z, when reference voltage 5,y is 10.0[V]. This result
Virz_o shows that duty cycle 0.5 of ac-ac converter. Fig. 15 shows
05[V.rms] waveform of dead time between 57 and 55. In this result, dead
Vo R time is 250[ns].
= 1| .
9 5[V, rms]
Vs : o .
toome ™ AN g
Virz o Y
100 rms]
Vot f. S
Fig 13 Switching pattern waveform of swatching pattern S5; Sp S3and S
1000V, rms] during converter duty cycle 0.5, Scales: 5Wdiv, 5Widiv, 5WVidiv, SV/div,
Sms/div
(b) Iris 10.0[V rms]
""""" T B e e e
Vs :
5 b Poocrbooh ecomloood foochoooh koo
1000 rms] e
Vizo |
1.50W rms]
Vo A
10,50 rmsg)

(€) Pyris 10.5[V,rms]

Fig. 14 Swatch Srand Sywaveforms dunng converter duty cycle 0.5, Scales:
2V diw, 2Vidiy, 25usidiv

Fig 11: Waveform of D-UPFC input woltage (¥}, ac-ac converter output

wvoltage (Vpg o), and D-UPFC output voltage (F,m), when the reference

woltage (Mg changed innormal condition. Scades: 10V div, 10V div, 2V/div, L TP PP PP PP EPREDPPEPED FOOOpooAEaoo- :

10%/div, 10ms/div. 5 E : N ;

Fig. 12 shows relationship of reference voltage I, and 5y
D-UPFC output voltage I7,. I, increases in proportion to : ;
Ve .
_ 53
g ; ; ;
>' I I I
ERDL R oo cos PocsosE oo
3 | | |
® 10 - oo R
3 : : : Fig. 15 Dead thme waveforms of 5; and 53 Scdes: 2V, 2V/idiv,
E 95 F--—< Seses —‘r ————— T ————— 250nsidiv.
g, l l l
& e
9 95 19 105 11 B, under-voltage condifion
reference voltage V. [W.ms] Fig. 16 shows relationship of output voltage ;,; and shunt

resistance R, in under-voltage condition. Additionally,
reference voltage ., was 10.0[V.rms] constant. In under
voltage condition, load impedance decreases, at the same
time, circuit current increases because Rgs is connected to

Fig 12 Relationship of reference voltage (17, and D-UPFC
output voltage (I,;).
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PV RESOURCES ANALYSIS IN WORLD SIX DESERTS
WITH DETECTING SEASONAL DIFFERENCES AMONG SATELLITE IMAGES
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ABSTRACT

[n this paper, the resource of very large-scale
photovoltaic power generation (VLS-PV) systems in
deserts was estimated by remote sensing approach. The
surface conditions for the VLS-PV system installation
are basically required to be flat, rigid. The algorithm has
been intensively improved by mtegrated evaluation
approach with three kinds of layers. Also, vegetation
index analysis has been for tuning seasonal differences
among satellite images. The accuracy was verified by
comparing to field investigation data in Gobi and Sahara
deserts, and has improved spectacularly. Realistic PV
resources in world six deserts have been identified by
the new algorithm, and it is huge.

1. INTRODUCTION

Very large scale photovoltaic power generation
(VLS-PV) system has been studied in order to resolve
the world energy and environment problems in recent
years. It's contemplated that a desert is very suited for
VLS-PV system and has very large energy resource,
because a desert has a lot of solar irradiation and a large
unused land. However, the VLS-PV system can be put
in not all deserts area. In this study, The surface
condition for the VLS-PV system installation are
basically required to be flat, rigid, and not to be covered
with sand.

To calculate concrete resource of photovoltaic
system in deserts is very useful for energy plan and
installation plan of VLS-PV system. But, it is almost
impossible to conduct a field swvey at all area.
Therefore, in this study, authors selected a remote
sensing approach using satellite images for finding a
suitable area easily for the VLS-PV system from very
large desert area. However, because acquisition
condition of satellite image is not same, solution to the
problem is necessary. The fundamental algorithm was
proposed by Sakakibara et al [1]. It is not enough
considered seasonal differences by satellite images.
Research purposes in this paper are to mmprove the
analysis method which includes a function of detecting
differences between images, and to analyze realistic PV
resources in world deserts.

2. SATELLITE IMAGES AND ANALYSIS AREA

2.1 Satellite Images

In this paper, the two satellite images were used for
an analysis algorithm. One of the satellite is
LANDSAT-7/ETM+ images which are available at web
site of the Global Land Cover Facility (GLCF) [2]. It is
converted from original image to reflectance [3].
Another is a Normalized Difference Vegetation Index
(NDVI) data set which is calculated from
NOAA/AVHRR images. This NDVI dataset are
released at web site of the Center for Environmental
Remote Sensing (CEReS) [4]. The yearly maximum
NDVI (NDVIy,,) was calculated from the NDVI
dataset. For smoothing yearly climate variability, five-
year average of NDVI,,, was used, since the amount of
precipitation of desert differs widely each year.

2.2 Analysis Area

The world six major deserts (Gobi, Sahara, Great
Sandy, Thar, Sonora and Negev) were decided as
analysis area. The details of analysis area are shown in
Table . The number of used Landsat-7 images was 361
and the sum of analysis area is over 10 million km”. Tt
covers about 6.9% of the surface of the earth.

Table I. Analysis area and numbers of landsat-7 images

Name Nmber of Anal)}(sis airea

images [10° km?]

Gobi 68 1,522.6

Sahara 254 7,166.4
Great Sandy 12 3725
Thar 15 671.5
Sonora 6 26.28
Negev 6 26.31

Total 361 10,258.8

3. ANALYSIS METHOD

It has been intensively improved by integrated
evaluation approach with three kinds of layers; the land
surface classification by Most Likelihood Classifier
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ABSTRACT

The photovoltaic generation system must have
protection device and islanding detection devices to
connect with utility line of the electric power company.

It is regulated in the technological requirement
guideline and the eclectric equipment technology
standard that the country provides.

The islanding detection device detected purpose
install for blackout due to the accident occurrence of the
earth fault and the electrical short circuit in the utility
line. We had already known that the islanding detection
device can't detect the islanding phenomenon, if is there
the induction machine load in the loads. Authors
decided to investigate the influence that the inducement
machine load gave to the islanding detection device.

The result was confirmed the induction machine
load had changed from the state of the electric motor
into the state of the generator.

1. CONFIRMATION OF CHANGING
INDUCTION MOTORS INTO ELECTRICAL
GENERATOR

1.1 IMPORTANT INDUCTION MOTORS FOR
CERTIFICATION TEST

The induction motors used for the certification test
of the grid connected power conditioner for the
photovoltaic generation system in Japanese case.

The islanding detection device detected purpose
install for blackout due to the accident occurrence of the
earth fault and the electrical short circuit in the utility
line. We had already known that the islanding detection
device can't detect the islanding phenomenon, if is there
the induction machine load in the loads M. Authors
decided to investigate the influence that the inducement
machine load gave to the islanding detection device.

But, it has not been clarified that the islanding
detection device cannot detect the islanding
phenomenon when the induction motors is used.

The following items are thought as the reason.

1. The induction motors state changes into the
dynamo. And, it is thought that electric energy into
which electricity is generated influences the islanding
detection device.

2. It is thought that the induction motors separated
from the distribution line plays the role of the pilot of
the frequency and the voltage.

This time, authors assumed that they confirmed
driving as the dynamo when the induction motors was
separated from the distribution line by the experiment.

1.2 OUTLINE OF INDUCTION MOTROS

The induction motors can easily buy everyone that
uses it by the certification test. Because it is important
that it is not induction motors only for the certification
test but equipment used in general widely.

Table 1 shows the spec of the induction motors that
uses it by the certification test.

1013

Table 1. Spec of the induction motors.
The size
_ Size of ofthe | Moment
ectrie motor | TFlywheel | . °L
ratings Wm]<H[m] Dlm] inertia
Wikg| | [kerm]
10100V,
65A,
50/60Hz , W:0.452 D:0.205%2 0.015
2960/3560rpm H:0.267 W:1.300%2 )
Output power
645W

1.3ELECTRICAL GENERATION PHENOMENON
MEASUREMENT OF INDUCTION MOTORS

The induction motors is composed of a main
winding and the sub-winding. The capacitor is
connected with the series in the sub-winding. These are
well-known capacitor generally induction motors.

In the circuit chart shown in Figure 1, the
confirmation to which electricity was generated
measured.  Current [Am] of a main winding of the
induction machine load, current [As] of the sub-
winding , and common current [Ac] voltages [V1] and
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refational epeeds[rpm] according to the following g = (Ns — N (1)
procedures. - Ns
120 F
s N = — (2)

li

Condenser

Rotator

.
Hatatioral spooar

reasarenent
LA AT
Sub—
winding

Fig. 1 Circuit chart of inducement machine load.

1.4 MEASUREMENT RESULT OF POWER
GENERATION

The measurement result became a result as shown in
Figure 2

2.4000d v
M3 7 000red v

¢ Current of main

winding [Am

100KS/S 200nS
Hormal

Rotational speed [rpm

Voltage [V

i "
Current of common

, Current of sub-
o3 winding [A;] %
Fig. 2 Power generation state measurement result of
inducement machine load.

me cu
m (001
Ed

UTALEE 1620

The direction where common current [Ac] and current
[Am] of a main winding flowed after having liberated
switch SWmg reversed.

That is, this current state is a result of showing that the
current discharges from the induction machine load.

However, it actually changed from the state of the
induction motor inte the state of the electrical generator
in the shape of waves of the measurement result or is
indefinite.

2. FIXATION OF ELECTRICAL GENERATOR
PHENOMENON

2.1 CALCULATED SLIPPING

We calculated slipping that did the characteristic of
the induction motors te fix the power generation
phenomenon and summoned it and assumed the
clarifying female.

Slipping can be calculated by expression 1.

However, synchronous speed Ng always changes
because it i3 separated from the power supply.
Therefore, the frequency wasg calculated from the
voltage wave form that remained after it had been
separated. The calculated frequency was substituted for
expression 2 and a synchronous speed was requested.
Figure 2 shows the calculated synchronous speed and
the measured rotational speed.

3209
—— rotational speed [rpml
—— Synchranous =peed [Ns]
294049 \\

|
\m

31404

30404

[rprn]

PFotational speed
[
=
=
=

27404

2699

2504

0.2 ki) a4 a6

9.2
Time [sec]

Fig. 3 Calculation result of synchronous speed and rotational
speed.

Slipping after the synchroncus speed separated
fom the power supply and the measured rotational
speed was substituted for expression 1 and it was
separated rom the power supply was caleulated. The
calculated slipping ig occupied to Figure 4.

o1

BOE

D4 0.6

0.2
Titne [ses]

Fig. 4 Calculation result of Slip.
3. SUMMARY

We showed that the induction motors separated from
the distribution line was changed into the state of the
dynamo. That is, the induction motors that became a
dynamo was able to show possible that influenced the
islanding detection device.

REFERENCES
[1] Hircnobu Igarashi: “About the influence on the
difference and the Islanding test of the rescnance
load and the metor lead”, [EET Trans.PE, Vol.127
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Table II. Total Plant Costs — MUSD

Angle () 10 20 30 20
PS1 - Total Plant Costs (MUSD) 2175 2188 2207 2233
PS2 - Total Plant Costs (MUSD) 3342 3355 3374 3400
( )
( )

PS3 - Total Plant Costs (MUSD 4489 4502 4521 4547
PS4 - Total Plant Costs (MUSD 5657 5671 5689 5715

Table III. Total Yearly Operating Costs - kUSD
Angle () 10 20 30 40
PS1 - Total Operating costs (kUSD} 1934 1946 1963 1985
PS2 - Total Operating costs (kUSD} 2963 2975 2991 3014
PS3 - Total Operating costs (kUSD} 3975 3987 4003 4026
PS4 - Total Operating costs (kUSD} 5005 5017 5034 5056

e e e
T

1.3 Contractual Structure and Total Project Costs

We supposed that the project would be financed
using structured, non recourse project financing. Fig.4
summarizes the main contracts that have to be signed so
that the project reaches the minimum market standards
required for this type financing.

Equity Perwer Purchase

Sharcheldars | g— Agresment
Special
Loan Orftaker
A e S -
groament Vehicile
Bank + »
Constuction Operaticn
e

Insarance:
sompanies

=~
ERC Tsurancs LandLerd O&M
Centracter companies T Contraster

Sub Cengtructien ¢ Sub O&M Cenfrasts

Bquipmant ‘ Land ‘ Operatien

Transportation Maintenancs

Replacement
cods

Construction

Fig. 4 Contractual Structure

We assumed that the different contractors and sub
contractors will transfer to the SPV the costs of their
financial obligations regarding the different contracts,
such as the provision of a completion guarantee and a
22 years plant availability guarantee. Dexia Credit Local
has tried to assess these costs in Table IV and Table V,
based on its experience of international major energy
projects financing.

Table I'V. Other Project Costs
Other Project Construction Costs

Development UsD 10M
Conception/Studies 6% of total plant costs
Insurances UsD 0.02/Wp
Technical Due Diligence USD 300 000
Legal Due Diligence USD 300 000
Insurance Due Diligence USD 150 000

Table V. Other Yearly Project Operating Costs

Other yearly Project operating costs

* 10th Anniversary TUAT Photovoltaic Student Think-in
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2. CALCULATION OF THE FEED IN TARIFF

2.1 Methodology
Our methodology consists mainly in assessing the level
of the FIT necessary to pay (1) operating costs (i1) debt
service (iil) dividends while achieving a target IRR. If it
is inspired by the Levelized Electricity Costs approach
[2], there are nevertheless strong differences:

- our simulations include the inflation;

- the financing is structured according to current

state of the art of PV project financing;
- tax and accounting environment is similar to
the French one;

- our simulations are run on a half year basis.
In order to optimize the financial structure — increasing
the Investment Returns leads to a lower FIT — we
included a shareholders’ loan and chose aggressive debt
characteristics, comprising an Equity Bridge, a Debt
Service Coverage Ratio of 1.18x, a maturity of 22 years
(3 year tail), margins of around 100 bps and 6 months
Debt Reserve Account and Maintenance Reserve
Account.

2.2 Results
Table VI shows the underlying electricity generation

assumptions.

Table V1. Electricity Generation Assumptions

Angle ) 10 20 30 40
Total capacity - GWp 1,081

Performance ratio 82,91%

Degradation 0,50%

Radiation - kWWh/m2fyear 1847 1956 2018 2029
Losses (% of tetal production)  0,054%  0,058%  0,060%  0,062%
Land surface - ha 121 162 188 228

Fig. 5 shows that, considering a target 25 year after tax
IRR of 10%, the minimum FIT is 14.5cUSD/kWh.

Feed In Tariff

40,00

35,00 #ﬂi.z.i

30,00
é 25,00
% 20,00 —— = .
o 15.00 =
T 10,00

5,00

0,00

10 20 pngle (9 30 a0
Fig. 5 Feed In Tariff cUSD/kWh
REFERENCES
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[2] IEA, “Guidelines for The Economic Analysis of

Security USD 0,009/Wp Renewable Energy Technology Applications”
Insurances USD 0.02/Wp 1991
Management fee usD 250 000 ( )
Rent usD 200 000
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3. ANALYSIS RESULT

Analysis results of from two to four seconds
fluctuation time are shown in Fig. 2, 3, 4 with box-
whisker chart. 30days results are plotted in one box.

The lower boundary of the box indicates the 25th
percentile, a line within the box marks the median, and
the upper boundary of the box indicates the 75th
percentile. Whiskers above and below the box indicate
the 90th and 10th percentiles respectively. Black points
indicate outlier. 50% of all data is included in the box.
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From these analysis results, the detection time of
maximum of MMF for above outlier is different
depending on the array configuration; System [ is eight,
System Il is noon, and System III is fifteen. If the
azimuth of the PV array is different, it is known that the
peak of the power generation electric power of PV
system shifts; especially, this is about long-term
fluctuation. According to this analysis, it was clarified
to the short-term fluctuation that the MMF and time
zone were different depending on the array
configuration. This means that fluctuation is large near
the peak of PV output.

4. CONCLUSIONS

MMF every one hour was calculated by applying the
evaluation method that authors had developed. Then,
fluctuation characteristics of PV system according to the
array configuration for a short-term fluctuation were
analyzed, and these features were understood.

ACKNOWLEDGMENTS
) Time [hour] ) This work was supported by New Energy and
Fig. 2 MMF of System I (single array oriented east) of Industrial Technology Development Organization

from two to four seconds fluctuation time.
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Fig. 3 MMF of System II {single array oriented south) of
from two to four seconds fluctuation time.
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Fig. 4 MMF of Systemn III (single array oriented west) of
from two to four seconds fluctuation time.
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Trade and Industry (METT). Authors would like to
acknowledge the financial support of NEDO and
cooperative discussions with project members.
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different but their work is closely coordinated by the
national commission for rural electrification. The main
objective of the ANME is to contribute in the national
effort aiming to reach a rate of global electrification of
100 % on the horizon 2010. According to a strategic
survey, the rate of electrification in this date would be
97 % in the rural area and the 3 % remaining of the
rural households could be equipped by photovoltaic
systems. Therefore, the ANME planed its programs in
PV rural electrification. Thus, by the end of 2006, the
ANME has been already installed 12000 PV home
systems, electrified 214 schools, and realized 5 projects
of PV public Lighting. The total PV power, installed yet
in rural electrification, reaches 1,2 MWp in 2006.

3.2. PV water pumping (PVP)

In Tunisia, the inhabitants of the rural environment
represent about 40 % of the total population. Surface
and deep wells provide the drinking water for these
populations. The ANME launched in the beginning of
the years 1990 diffusion program of photovoltaic water
pumping through cooperation demonstrative projects
(Table 2). These projects have been done under
coordination of ANME and regional water programs
authorities for supplying rural areas with drinking water
which are led essentially by CRDAs (Regional
Committee for Agriculture Development). The most PV
water pumping systems were installed in the desert area
(40 % of the Tunisian area) in the south of Tunisia
because of rarity of water and the dispersed rural
agglomerations with very difficult access. The success
of these demonstrative projects encouraged, since 1999,
the decision makers to use solar energy for water
pumping in the sites far away from the national grid.
Thus, since 1992, 84 PVP systems were installed. The
total PV power installed is close to 230 kWp.

Table 2. Bilateral cooperation projects in PVP

* 10th Anniversary TUAT Photovoltaic Student Think-in

Technical Digest of the International PVSEC-17, Fulmoka, Japan, 2007

the site of Borj-Cedria, beside the INRST. This
TechnoPark will encourage the researchers to present a
strategic project-program aiming the installation of a
viable photovoltaic technology in an industrial
environment supported by research laboratories. This
important field may open many initiatives especially in
semiconductor and electronic technologies [6].

5. POTENTIEL OF PV APPLICATIONS IN
TUNISIA

According to the ANME, the total PV installations

in Tunisia are 2MWp and it is foreseen that around
2010, the photovoltaic systems capacity will reach 3.5
MWp. In PV rural electrification, the total potential
would be 2 MWp. This potential market could be
doubled if ANME'’s recommendations would be applied.
These recommendations proposed the increase of the
PV systems power from 100 Wp to 200 Wp. In this case,
the potential would be of 4 MWp.
Regarding PV water pumping, the number of wells
which might be equipped is very important. The Centre
and Southern Governorates, suitable areas for PVP
development, offer 10 000 non equipped wells. Beside
of surface wells, the country has about 100 deep wells
with characteristics suitable for PVP systems (power
demand below 4 kWp). More than half of these deep
wells are situated in the Centre and the Southern areas.
The potential of PVP systems is estimated to 2 MWp
[3] [4]- We note also that desalination of brackish water
by photovoltaic energy will take a great interest in
Tunisia since the water sources are often brackish in
south of Tunisia.

6. CONCLUSION

The use of the photovoltaic rural electrification or

Bilateral Site period num | PVP pumping systems in Tunisia, as well through the

Cooperation _ ber | (kWp) projects of demonstration of the ANME or through the

Kairouan, projects of the CRDA, showed that the PV technology

Germany Kebili 1992-1995 14 2 is efficient, mature, and provide satisfactory service to

(GTZ) Medenine the consumers. Therefore, it is an appropriate

Spain (IDAE) | Tataouine 1998 L 4,5 technology suitable for dissemination in the rural
State budget Kebili 1999-2006 56 135 Tunisian areas
Within  Programmed  photovoltaic  installations )

framework, a cooperation project with the Japanese

Bank for the International Cooperation (JBIC), will be

carried out in 2005-2011 period. This project concerns

the installation of:

- 63 photovoltaic systems for the desalination and/or
the pumping of water in the Tunisian southern
governorships

- 300 PV home systems in north-west of Tunisia,

The total power to install is about 310 kWp [4] [5].

4. PHOTOVOLTAIC R&D IN TUNISIA

At the 1980’s and in the framework of a national
project promoting renewable energies, a PV Pilot Plant
(PVPP) was installed {1985) at the National Institute of
Scientific and Technical Research (INRST), by local
competences. Since 1986, the role assigned to the PVPP
is to apply renewable energy - based national programs,
particularly related to the research and development (R
&D) of PV materials and technologies. The main first
objective was the development of a local PV technology
that may produce monocrystalline Silicon solar cells
and modules with efficiencies approaching international
ones.

Recently, a new Techno park was created in 2006 on

The photovoltaic technology potential for Tumisia is
high, based on the fact that many remote and isolated
sites are located far away from the national electric grid
and cannot be connected to it in the near future.
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2.2 Correction of right camera rotation

Two more parallel photographs are needed to
calculate three dimensional coordinates of plane and the
obstacles. However, it is difficult to take a picture in
parallel. Then, this system corrects the rotation of image
and projects points of the image plane on a wirtual
parallel plane in the right camera. (Fig 3)

Figure 3 shows the rotations of the camera which are
classified into three kinds™!. These three rotations are
cortected and it makes possible to use sterco
photogrammetry. The photography condition becomes
easy by using virtual parallel plane in the right camera.

Zz

Parallel plane

Y

Horizontal

* 10th Anniversary TUAT Photovoltaic Student Think-in

Techmical Digest of the International PVSE(C-17, Fukuoka, Japan, 2007

Image plane coordinates is converted into virtual
parallel plane coordinates by using equation (1) and (2).
The restraint of photography condition is decreased by
using new technique.

3. Photogrammetry experiment

We survey the three dimensional coordinates of an
obstacle and plane by using new technique and the
marketed digital camera, a tripod, a compass and a
major. The distance from the standard camera to the
reference pomt is measured and the distance between
cameras is measured. The coordinates of specified
measurement point and obstacle are calculated in
“quantity estimation system of the shadow impacts”.

Table 1 shows the result of measurement experiment
by using traditional technique and new technique.

rotation mage plane Table 1. Result of the measurement experiment
U/n\ X X[em] Ylcm] Zlcm]
: Actual measurement 238 267 900
El
evation Traditional technique 233 163 921
Inclination Error -5 -104 21
Fig. 3 Three kinds of rotation This technigue 233 270 921
Error -5 3 21

2.3 Correction of standard camera

Three rotations of right camera can correct in this
technique. However, rotations of standard camera can’t
correct in this technique. In addition, generally the
target things become a center. Then, the technique for

correcting the rotation of a standard camera was devised.

Most of the restrictions are reduces by using the new
technique. The new technique can correct rotations and
inclination in standard camera (Fig 4).

¥ Y| Referene point |

As a result, accuracy of measurement using this
technique was several centimeters margin of error.
Especially, Y coordinates are improved.

4. CONCLUSION

The new technique makes it possible to take pictures
easily and reduces most of restrictions. Therefore,
everyone measure easily the coordinates of the obstacle

Image » and plane. In addition, the accuracy becomes almost the
coordinate A same as the traditional technique.
‘We will estimate the shadow by using this technique
in the future.
VT T ) REFERENCES
coordinate

Fig 4 Correction of rotation in standard camera

The angle of elevation is calculated by using the gap
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2. METHOD

2.1 The Calculation Method of the Fossil Fuel EF
The fossil fuel EF is calculated by estimating the

forest land area that is needed to assimilate carbon

dioxide by burning fossil fuels and subtracting the

percentage of this carbon dioxide sequestered by oceans.

We calculated the carbon emissions from amount of the
used fossil fuel in a year, and multiplied forest land
equivalence factor and divided into the amount of world
average carbon sequestration and population. So, this
calculation gives the forest land area that a human uses
to absorb the carbon dioxide by burning fossil fuel in a
year.

2.2 The Calculation Method of the PV EF

The PV EF is calculated by the annual electricity
and the effective yield (annual electricity per hectare).
“PV2030” says the potential of the domestic installation

Technical Digest of the International PVSEC-17, Fukuoka, Japan, 2007
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3. RESULTS AND DISCUSSIONS

The calculation of fossil fuel energy in Japan (2004)
was 2.53 [gha/cap] that represents mote than 60% of the
total EF in Japan. The result of the PV EF in Japan
(operating) was 0.0037 [gha/cap] and the result of the
poly-Si PV EF in Japan (producing) was 0.014
[gha/cap] in 2030. So, total PV EF (poly-Si) was 0.018
[gha/cap]. Others are shown in Table III. And we
compared the annual electricity by 100GW PV systems
with equivalent electricity by fossil fuel energy. This
result was 0.057[gha/cap]. And the biocapacity of
100GW PV systems was 0.0004[ gha/cap]. By the way,
the total biocapacity in Japan is 0.7[gha/cap] in 2003.
These results show that PV systems reduce consumption
of biological resources than the fossil fuel energy and
increase biological productive area.

Table IIL. PV EF (to produce 7.7GW PV modules)

area 15 8000GW. If we can install PV systems all over PV EF(producing) PV EF(total)
the domestic area, the annual electricity per hectare is [gha/cap] [gha/cap]
2049[MWh/vr/ha]. But it is an imagination; we consider poly-Si 0.0141 0.017
that the 100GW PV systems will have been installed a-Si 0.0074 0.011
until 2030. We calculated the PV EF by using equationl. CdS/CdTe 0.0080 0.012
CIGS 0.0070 0.010

PV EF = Effective production [kWh/yr] X Equivalence
factor [gha/ha] X Yield factor [-] <+ Effective yield
[kWh/yr/ha] + population 48

And we will consider that the carbon footprint by
producing PV modules. Our need growth rate is 7%/yr
to realize 100GW PV systems installed until 2030. So,
we will have to produce 7.7GW PV modules in 2030.
The manufacturing line that they produce 100MW poly-
Si PV systems in one year exhausts 235g carbon per
watt (see Table II). We calculated that each kind of
modules occupy production in 2030. If poly-Si PV
modules will be made 7.7GW, we will emit
1.8 % 10 “ton carbon in 2030. The EF of this amount of
carbon is calculated as well as fossil fuel EF. But we
don’t consider that the EF of rejection and recycling PV
modules as yet.

Table II: CO2 emission of producing four type of PV
module (100MW/line) !
CO2 emission|g-C/W]

4. CONCLUSION

This paper presents an environmental potential of
PV systems in Japan by utilizing the Ecological
Footprint. It is a measure of how much biological
productive land and water area that humanity uses to
produce the resources and to absorb the waste. The
calculation of the fossil fuel EF in 2004 are
2.53[gha/cap] and 100GW total PV EF are from 0.010
to 0.017[gha/cap]. The details of total PV EF are
operating and producing PV modules. So, these results
show that PV systems can reduce consumption of
biological resources than the fossil fuel energy and the
producing PV modules needs about 2.5 times land more
than operating PV systems. In addition, the calculation
of the PV biocapacity was 0.0004[gha/cap]. Therefore
they can also increase biological productive area
slightly. In the EF, deserts, paved road and high
mountaing and so on are regarded as degraded lands.
Degraded land is not included in the biocapacity. We

poly-Si 235 will be able to regard that these areas are energy land by

a-Si 123 PV systems. That is, we can increase the biocapacity by

CdS/CdTe 134 PV systems and we will be able to evade the state of
CIGS 117 overshoot.

2.3 The Calculation Method of the PV Biocapacity

The biocapacity of an area is calculated by
multiplying the actual physical area by the yield factor
and the equivalence factor. In the calculation of the PV
biocapacity, the actual physical area can be regarded as
the 100GW PV systems installed area. And we
calculated the coefficients (equivalence and yield factor)
as one.
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MODELING I-V CURVES OF PY MODULES USING
LINEAR INTERPOLATION /EXTRAPOLATION
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ABSTRACT

A translation procedure based on the linear
interpolation/extrapolation is proposed, in order to
translate the [-V curves to target conditions of irradiance
and temperature. The accuracy of the method is
investigated, based on the indoor measurements of [-V
curves. The caleulated I-V curves over a wide range of
irradiance and temperature well agree with experimental
results. These results indicate that the translation of the
-V curve based on the method is effective for
estimating the performance of the PV devices under
various climatic conditions.

1. INTRODUCTION

It is useful to understand the effect of the irradiance

]3=]1+a'(12_11) (2)

Here, I, and V, are the current and voltage of the
reference I-V curve measured at an irradiance Gy and
temperature T). I; and V; are the current and voltage of
the reference [-V curve measured at G, and T,. [; and Vs
are current and voltage of the [-V curve at G; and Ts.
which is the target of the translation. The pair of (I,,V))
and (I, V;) should be chosen so that I, = I; + (Iip - Lia)-
Here, I, and I, are the short circuit current of the
reference [-V curves. @ is a constant for the
interpolation, which has the relation with the irradiance
and temperature as shown in equations (3) and (4).
When 0<a <1, the procedure is interpolation, When
a <0 or a>1,the procedure is extrapolation.

and temperature on the photovoltaic (PV) cell and G, =0 +a (G.-G). G)
module performance, in order to estimate their [-V
curves under various climate conditions for power I=T+a(,-1). )

rating and energy rating. Several models for translation
of [-V curves or prediction of energy are proposed [1].
However, these models need a lot of measurements in
order to determine the parameters, and it takes a long
time to determine them.

In this study a practical formation for the linear
interpolation / extrapolation which uses no parameters
and only four measurements is proposed. The accuracy
of the method based on the experimental I-V curves is
investigated.

2. LINEAR INTERPOLATION /EXTRAPOLATIO
METHOD

The present study demonstrates the new practical
formulae [2, 3], which are extension of the equations
and do not require adjustment of the reference [-V
curves. The procedure of the linear interpolation /
extrapolation of the present study is as follows. The
measured current-voltage characteristics are corrected to
target G and T values by equations (1) and (2).

ey

Equation (5) is also applicable, when the L. of the
device is linear with G Here, I3 is the short circuit
current of the target [-V curve.

IsuE=Isnl+a.(IsuZ_Isnl) 5

The primary advantage of the equations (1), (2) is
that there is no restriction for the [ ;(or GG) and the T of
the reference [-V curves. Therefore, any [-V curves can
be used as the reference [-V curves without adjustment.
Translation of the I-V curves for G at constant T and
translation for T at constant G are possible by the same
formulae. Furthermore, simultancous translation for
both G and T is possible within the relation of equations
(3) and (4).

By utilizing present procedure, -V cures at wide
range of G and T can be calculated from only three or
four reference [-V curves measured at indoor or outdoor.

3. EXPERIMENTS
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Modeling of the [-V curves was investigated by
using the experimental I-V curves of the outdoor poly-
Si modules which are located in Tsukuba, Japan. Data
were taken for about one year. The total number of the
[-V curves used was about 40,000.

The four reference I-V curves for modeling were
measured at indoor by using a steady-state solar
simulator (Fig. 1). The conditions (G, Tyeq) of the
measurements ware (1SUN, 25°C), (1SUN, 65°C),
(Dark, 25°C) and (Dark, 65°C). The module
temperature was raised by illumination of the solar
simulator light.

Two combinations for input parameter (L., Tyoq),
(G, Tmed) were used. Then Measured I-V curves and
energy were compared to the calculated them.

* 10th Anniversary TUAT Photovoltaic Student Think-in

Technical Digest of the International PYSEC-17, Fukuoka, Japan, 2007

experiment.
25000

BIsc and Tmod used
20000

0O G and Tmod used

15000

Frequensy

10000

5000

4}

Rehtive deviation of Prmax [%4]

Fig.3 Deviation of the measured and calculated Py
of the cutdoor poly-Si module.

Table I. The accuracy of energy predictions by using G

§ or [
Error
il Calculated energy (I, Tpoa) -04 %
Tt Calculated energy (G, Toped) -1.5%
B
5o ‘ ‘ : 5. CONCLUSIONS
5 10 15 20 \35 40
27 A new practical formulation for the linear
p interpolation/extrapolation has been investigated, in
Voltage [V] order to translate the I-V curves and predict the energy
Fig.1 Reference IV curves of poly-Si module of the PV modules for the irradiance G (or I) and

measured at indoor.

4. COMPARISON OF EXPERIMENTAL
RESULTS WITH MODEL PREDICTIONS

The I-V curves calculated by using input parameter
(Ise, Tmea) showed wvery good agreement with the
experimental data (Fig. 2). For example, the standard
deviation and the average between the measured and
calculated Pu.. was about 0.68% and -0.45%,
respectively (Fig. 3) which demonstrates the accuracy
and usefulness of the present procedure of the linear
interpolation. On the other hand, the error was observed
when (L, Twoq) were used. This confirms that the G of
the device is not linear with I, caused by spectral
irradiance, angle effect etc. The accuracy of energy
predictions shows the same tendency (Table I).

— Measured
© Calculated

20 25 35
Valtage [V]

+ +
0 5 10 15

30 40

Fig.2 Examples of measured (lines) and calculated
(circles) [-V curves of a polycrystalline Si PV module.
Calculated results show very good agreement with the

temperature T. The accuracy of the translation has been
investigated based on the experimental outdoor I-V
curves of poly-8i modules. Four I-V curves measured at
any G (or [} and T (also dark conditions) can be used
as the reference [-V curves. This makes practical
translation procedure and energy prediction much easier
than other parametric models. The results well agree
with measured maximum power and energy of PV
modules. The present method is expected to be very
useful for the energy rating and power rating of the PV
devices.

This work was supported in part by NEDO under the
Ministry of Economy, Trade and Industry.
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Fig. 2 Online correction error ratio vs. Yorc .

G, (D: Irradiance of measuring result
when time = ¢
Yorc 1 Online correction ratio (0 < Yorc < 0.9)
tz: Current time
f;: Time when it 1s online corrected
wy: Weather forecast at #;
w;: Weather forecast at #;

In above equations, ¢ includes date, w includes
weather change patterns [2] [3]. The first fraction in
equation (1) considers the difference between wp and wy.

Yorc adjusts strength of the correction. The
proposed method corrected insolation that was
forecasted based on the weather forecast announced by
the Japan Meteorological Agency in Tokyo every 1 hour
of 4 years from 2000 through 2003. Insolation after 1
hour and 4 hours was corrected, and the online

correction error ratio in various Yorzc was calculated
(see Fig. 2). Yoic = 0.9 if insolation after 1 hour will be

corrected, Yorc = 0.6 if insolation after 4 hours will be
corrected (see equation (2) ).

Fig. 3 shows an online correction result on Apr. 15,
2003. Weather forecast on this day was announced
cloudy throughout the day. This case is difficult to
forecast insolation by using weather forecast. In fact,
nsolation forecasted before this day shows typical
irradiance in April though this day is dark cloudy. In
contrast, a result of online correction after 4 hours every
1 hour shows irradiance close to the measurement result,
the effect of the proposed method is shown.

Time # [biginning of 1 hour]

Fig.3 Online correction result (Apr. 15, 2003).

4. CONCLUSIONS

The authors proposed the online correction method
for insolation that has already been forecasted using
weather forecast for PV power predictions, and
confirmed the effect of the proposed method.

In the future, we are going to study a method of use
of actual PV power instead of actual insolation, and
study a method of AE-PV system control using the
online correction.

This work was being supported by New Energy and
Industrial Technology Development Organization
(NEDO) under the Ministry of Economy, Trade and
Industry.
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ABSTRACT

The objective of this study is to evaluate the
environmental potential of very large scale photovoltaic
power generation (VLS-PV) systems with capacities of
over multi-MW to GW.

A life-cycle analysis has been employed, and energy
payback time (EPT) and CO, emission rate of the VLS-
PV system were calculated. Because there are various
kinds of PV modules and array structures to be applied
for the VLS-PV system, comparative case studies on
array structures and PV module types were carried out.

Also, a concept of the Ecological Footprint has been
discussed to evaluate an ecological potential of VLS-PV
systems. The sustainable VLS-PV development would
mmprove productivity of the region because non-
available land would change to an energy production or
CO2 absorption field. This means that the VLS-PV
development can create positive ecological impacts.

1. INTRODUCTION

It is already known that the world’s very large
deserts present a substantial amount of energy-
supplying potential. Therefore, very large-scale schemes
for solar electricity generation in such area look very
promising for the relevant role they could pay in the
tuture, CO;-emission free and world energy scenarios.
Further, to sustainably develop non-available lands like
deserts may contribute to recover the ecological
characteristics, to create positive soclo-economic
impacts and to improve productivity of the lands.

Authors have proposed a future possibility of very
large scale photovoltaic power generation (VLS-PV)
systems on deserts, which has a capacity of ranging
from several megawatts to gigawatts in desert areas, and
discussed various kinds of aspects and potentials of the
VLS-PV systems. [1][2].

The objective of this study is to evaluate the
environmental potential of VLS-PV systems with
capacities of over-multi-MW to GW.

Int'l PVSEC-17

2. ENVIRONMENTAL POTENTIAL OF VLV-PV
SYSTEMS

2.1 Life-Cycle Analysis

Life-Cycle Analysis has been employed as a major
approach. The life-cycle analysis is an appropriate
method to evaluate its environmental potential by
quantifying its input and output from cradle to grave of
the VLS-PV system, and energy payback time (EPT),
CO, emission rate of the VLS-PV system were
calculated as indicators. EPT means years to recover
primary energy consumption throughout its life-cycle by
its own energy production. CO, emission rate is a useful
index to know how much the PV system is effective for
the global warming.

A process of life-cycle analysis in this study was 1)
plan basic assumptions such as capacity, component,
transport etc., 2) calculate irradiations for static and
tracking systems, 3) design module layout, array
structures, foundations, transmissions and wires, and 4)
calculate EPT and CO, emissions rate.

Because there are various kinds of PV modules and
PV array structures to be applied for the VLS-PV
system, comparative case studies on array structures and
PV module types were carried out (see Table. [). One
axis horizontal tracking PV array which would rotate
from east to west was designed as well as a
conventional fixed array.

Table I. PV array and module specification

Module
Array type Nominal Efficiency
Cell type () %)
Fixed p-Si (a) 120 12.8
p-Si (b) 152 15.8
a-Si 58 6.9
CdTe 65 9.0
CIS 80 11.0
1 axis .
e p-Si (a) 120 12.8

Ag shown in Fig. 1 and Fig. 2, Overall results in all
cases assumed were that EPT was around 1.5 to 2.5
years and that CO, emissions rate was estimated around
9 to 16 g-C’kWh. From comparative studies, it was
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is foundation. One systern is normal systern which uses
concrete for foundations. The other does not use
concrete but piles made of steel.

In this study, energy payback time (EPT) and CO,
emission rate of the PV system were calculated by the
method. EPT means years to recover primary energy
consurmption throughout its life-cycle by its own energy
production. CO; ermission rate is a useful index to know
how much the PV system is effective for the global
warming.

3. APPROACH

Based on the concept of LCA, designing of the PV
system followed these steps.
1} Plan basic assumptions such as capacity, component,
transport etc.
2} Calculate irradiations for the systems.

Technical Digest of the International PVSEC-17, Fukuoka, Japan, 2007
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After the experiments in the first phase, some types
of PV modules will be selected and installed in the field.
Total capacity will be approximately 2 MW. It will be
connected to 6.6 kV and 66 kV grid line of electric
company.

The project also has a development of new large
capacity inverter which Hitachi take charge of. They are
targeting cost effective inverter for large scale PV
system with consideration of regulations.

4. COMPARISON BETWEEN CONCRETE AND
PILE FOUNDATION

Concrete foundations are usuvally used for ground
mounted PV systems. However, its CO, emission is not
small. For the comparison, we designed two PV array
structures. They are with concrete foundations and with
pile foundations. They followed Japanese regulations,

3} Design two types of array structures and foundations. . . .

4y Caleulate energy requirernent and CO, emissions to for _example, wind velocity was assumed 30 m/s in the
find a low emission PV array structure. EEELOT ) ) )

5} Design other equipments they are module layouts, Fig. 3 and Fig. 4 are design drawings of stendard
transmissions and wires. array structure with concrete and pile foundations. An

6} Calculate all materials’ energy requirement, CO, interval of 4 m for concrete foundations and of 2 m for

emissicns. And calculate energy payback time and
CO, emissions rate.

pile foundations were designed to optimize requirement
of materials.

4. SYSTEM CONFIGURATION =
Approximately 600 kKW PV systems will be installed /'/\"»\7
in first phase in 2007. And the others will be installed in A‘sﬂm - . |
second and third phase in next two years. Fig. 2 shows a T [ e
conceptual drawing of the system
L] [T ]
-
A0

Fig. 2 A conceptual drawing of a mega-solar system
mstalled in Hokuto city in Yamanashi prefecture.

In the first phase, over 20 types of PV modules were
selected to obtain their characteristics. It includes single
crystalline silicon PV module, multi crystalline silicon,
amorphous silicon, cupper indium serene, ribbon silicon,
spherical silicon, heterojunction and concentrator
systems.

Fig. 3 Tront view of basic array structure with
concrete foundations

_o0auA

mon

L doma ioomms

H

array structure with pile

> |
Fig. 4 Front view of basic
foundations
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They are assumed basic array unit which is for about
10 kW PV modules. Array support structure is made of
galvanized steel. Basic units of galvanized steel are
referred from LCA data book of NEDO report [2], and
of ready-mixed concrete are referred from AIJ-LCA
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assumed that 0.5 %/vear degradation ratio and average
of 30 years.

Table III. Parameters for calculation of the PV system
output

software developed by Architectural Institute of Japan. System performance ratio (PR) 0.75
Basic units of galvanized steel are 22.5 GJ/t of energy Cell temperature factor {aPmax)
requirement and 521 kg-C/t of CO, emissions rate, and Multi crystalline silicon -(0.0050
of ready-mixed concrete are 1.38 GI/t of energy Amorphous silicon -0.0022
requirement and 56 kg-C/t CO, emissions. Cupper Indium Serene -0.0035
Table I shows results of calculation of energy Soil degradation factor 0.95
requirement and CO, emissions. Concerning the energy Annual mean degradation ratio 0.0050
requirement, array with concrete foundations require Degradation factor 0.93
20 % mote energy than array with pile foundations. In Array circuit factor 0.98
addition, array with concrete emit 70 % more CO, than Array mismach factor 0.98
with pile foundations. Inverter efficiency 0.90

‘We have selected an array with pile foundations for
installation of the Mega-solar system.

Table 1. Energy requirement and CO, emissions of two
types of arrays for 10 kW PV modules.

By using the geographic data and the system
parameters, electricity output of the PV system using
multi crystalline PV module 1s 1150 kWh/kW.

With concrete With pile 5.3 Equipments and its LCA data used for the mega-

foundations foundations solar system
Energy requirement | 51.6 GJ 118 GI Table TV shows assumptions of equipments and
Array 292GJ 239 GJ LCA data. In this preliminary study, PV systems using
Foundations 224 GJ 178 GJ 12.6 % efficiency multi crystalline silicon, 6.1 %
CO, emissions 1586 kg-C 919 kg-C efficiency amorphous silicon and 10.1 % efficiency
Array 678 ke-C 556 kg-C cupper indium serene PV module have been evaluated.
Foundations 908 kg-C 414 kg-C PV module’s LCA data were referred to NEDO report
[4], and inverter data was referred to LCA of a 3.5 kW
system [5], because inverter capacity in the first phase is
5. ENVIRONMENTAL ANALYSIS OF THE 3 to 10 kW. And the inverter is considered one time

MEGA-SOLAR SYSTEM

5.1 Geographic information

For the calculation of mradiation in Hokuto city in
Yamanashi prefecture, irradiation database called
MONSOLA [3] has been applied. We referred to annual

replacement. Other equipments were calculated by
analyzing its materials. However, measurement
equipments are not include at this time.

Table IV. Assumptions of LCA data of the system
equipments

mean irradiation data and ambient temperature at Energy CQz )
Oizumi in Hokuto city. (see Table II) requirement emissions
PV module [m’]
Table II. Annual mean irradiation and ambient Multi erystalline silicon | 2044 MJ 31.0 kg-C
temperature Amorphous silicon 1202 MJ 14.8kg-C
: Cupper Indium Serene 1069 MJ 14.8 kg-C
Horlzonta.l . kWh/mi/day 3.2 Invertgf[kW] 10 Gl 16.6 kg- c
South facing 10 degree tilt  kWh/m'/day — 3.97 Cable, conduit [600kW] | 1310GJ  2124C
SAINERIE ADORHES(L — LWATIRR el Atray (Galvanized steel) [t] | 22.5 G 521 kg-C
South facing 30 degree tilt kwWh/m*/day 4.20 Conerete foundation [{] 138 ¢ 56 ke-C
South facing 40 degree tilt KWh/m’/day 4.19
Annual ambient temperature Celsius degree 103

5.2 Electricity generation of the PV system

In the phase of preliminary study, we set parameters
for calculating output of the PV system (see Table [II).
System performance ratio (PR) calculated by
considering the other parameters. Degradation factor is

5.4 Boundary of LCA evaluation

This preliminary study evaluated the PV system’s
life-cycle stages, which are mining, manufacturing and
construction as shown m Fig. 5. Other stages will be
evaluated m the second phase.
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ie. 0.7 GW in 2000 and 5.7 GW in 2006. This reaches
stable level of 133 TW in 2100, which corresponds to
23.7% of the SRES-A1T TPES and 33% of WBGU’s
TPES or 50% of solar eleciricity [7]. Thus, intermediate
values are given 1 TW in 2030, 10 TW in 2050 and 100
TW in 2090 respectively.

Based on the cumulative curve and with the
assumption that annual PV production becomes stable
in 2100, the 3rd curve gradually reaches the 4.4 TW/Y,
which is given by [2100 stock (144 TW) + module
lifetime (30 years)]. It means that all the life-ended
modules are replaced by all the newly produced
modules. Intermediate values are 100 GW/Y i 2030
and 1 TW/Y in 2050.

Module replacement curve is shown as the 4th curve,
assuming 20 year lifetime at the beginning and 30 years
after 2030 or so. Therefore, recycling or waste
management should consider 10 GW/Y in 2040, 100
GW/Y in 2060, 1 TW/Y in 2080 and finally 4.4 TW/Y
in 2100.

Furthermore, since annual module production scale
is given in this figure, required production speed can be
specified supposing the number of production lines in
the world as 100 lines.

Presently, a typical PV module fabrication line may
be in the range of 100 MW/Y/line. This will become 1
GW/Y/line m 2030, 10 GW/Y/line in 2050 and 40
GW/Y/line i 2100.

For 1 GW/Y/line and 10 GW/Y/line respectively,
necessary line speeds for PV cells, modules and power
conditioners were studied by the author [8].

4. MAJOR TECHNOLOGY STREAMS

To think about needs and potentials for the long-
term deployment of photovoltaics mentioned above, the
author suggested a technology development roadmap as
shown in Fig. 4.

It seems to be essential to improve PV energy
conversion efficiency remarkably and to raise
production speed and yield according to production
volume expansions decade by decade. Final targeted
electricity cost should be lower than wholesale price at
least. It is also necessary to develop total system
approaches to accommodate huge number of PV

Fig. 4 PV Technologies and applications
toward 2030 and beyond

(1) PV Technology Stream

-+ PV materials and devise processes such as present
commercial processes as the 1st generation; ongoing
major R&D may be categorized as the 2nd
generation like Japanese PV 2030; for longer term
future, fundamental researches on 3rd generation
concepts expecting breakthroughs beyond 2030.

- Replacement/waste issues of old modules arising
after 2015 to 2020 considering 20 year life time; the
necessities of recycling /waste management
technologies glowing decade by decade.

(2) Developing Region Deployment

- Solar home systems (SHS) as an initial stage of
small scale Rural PV electrification,

- village electrification by medium size PV station
with mini-grids; finally extended to larger size
network to connect villages each other; other
renewable energy resources also combined together.

(3) Urban Community Grids

- Annual-base residential PV potential sufficient to
supply 80% of household energy presently; 100%
for completely electrified house by 22% efficiency
module (the target of Japanese PV2030).

- Expanded to an urban micro-grid concept as
residential PV community or solar PV town/city;
‘Autonomy-Enhanced PV Clusters (AE-PVC)’ as a
typical example [9-11].

- The necessity of power electronics emphasized to
follow autonomous and dispersed logics, entirely
different from the present power grids; advanced
power devices such as SiC and power IC [12].

- Energy storage function fundamentally necessary for
raising the autonomy of PV aggregation; expecting
advanced storage technologies like lithium ion
battery; at least 3 days capacity for adjusting
load/demand gap within a micro-grid; weather
forecast control logics for raising its value.

(4) Very Large Scale PVs (VLS-PV) to Global Grids

- Large Scale PV plants (LS-PV) raging multi-10MW
appearing already; plants larger than 100MW
becoming realistic soon especially for desert area;
VLS-FV up to GW class studied by IEA PVPS Task
83, 4]
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ABSTRACT

Performance and loss analysis of residential PV
systems are conducted using SV method. Performance
of the various system configurations are quantitatively
analyzed and compared in this paper. Difference of the
module manufacturers shows more than 5 [%)]
differences i the performance ratio whereas array
configuration shows less difference.

1. INTRODUCTION

Grid-connected residential photovoltaic (PV) system
is one of the main applications in Japanese PV market.
Approximately 50 [%] of the single houses are expected
to have PV systems in PV2030 [1]. Under such high
dissemination rate of residential PV systems in urban
area, deterioration in the quality of electricity becomes
serious. To investigate the issues of these PV systems,
“Demonstrative research on clustered PV systems™ has
been conducted since December, 2002 in Ota, Japan. [2]
Approximately 2.1 [MW] of PV systems which are
composed of 553 residential PV systems are installed in
the demonstration research area. Since the design of the
roof is not always optimized for the PV system, various
kinds of system configurations are used in the research
area. System performances of each PV systems are
quantitatively analyzed and comparison results of
different system configurations are summarized in this

paper.

2. ANALYSIS METHOD

Data from July, 2006 to June, 2007 are used for the
analysis. Array output current and voltage, PCS output
current, voltage and power and module temperature
which are measured at a few selected systems are used
for the analysis along with the wradiation data which is
measured at the meteorological stations using
pyranometer. One-minute averages of secondly
measured data are used for the analysis.

Sophisticated verification (SV) method [3][4] is
employed for the analysis. SV method can

quantitatively separate the system performance loss into
12 loss factors which are;

1. Inverter
Module Temperature
PCS capacity shortage
Grid voltage
Operating point mismatch (high voltage side)
Fluctuation
PCS Off / PCS Standby
Reflection

9. DC circuit resistance

10. Shading

11. System peak power loss

12. Miscellaneous loss.

System peak power loss includes soiling,
degradation and imbalance of the PV module’s current-
voltage (I-V) characteristics within the array. Operating
point mismatch (high voltage side) includes non-
dynamic maximum power point tracker error mainly
occurred due to the stepped -V curve of the array and
intentional output regulation due to the PCS’s protective
functions.

Systems which have significant shading loss are
excluded from the comparison.

e

3. SYSTEM CONFIGURATION

To compare all the different system configurations,
array configuration are classified into 3 types, i.e. single
array oriented south as typel, multiple arrays oriented
south and/or east and/or west as type2 and array(s) not
oriented south as type3. Manufacturers of the PV
modules, those of the PCS’s, presence of the DC/DC
converter before the PCS’s input and number of the PV
module type are also used for the system configuration
classification. Definitions of the classification and
number of systems are summarized in Table I.

4. RESULTS AND DISCUSSIONS

Performance ratios of each system, average
performance ratio for each configuration and average
reference yield for each configuration are summarized
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in Fig. 1. Average performance ratios are also added in
Table I. Configurations from 1 to 4 are the comparison
of the different module manufacturers with their own
PCS, configurations from 5 to 8 are similar comparison
but only for modules because PCSs are from
manufacturer E. The same comparison can be seen in
array type 2, Type2 also include the comparison for the
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from manufacturer D result lowest performance ratio in
all the comparison. This is mainly because of the low
efficiency of the PCS and higher system peak power
loss. Detailed analysis of the high system peak power
loss needs to be performed in order to clarify the cause
of low performance ratio.

presence of DC/DC converter (9-10, 12-13) and number g —— e
of module type (15-16). Loss analysis result using SV g = . OPCS
i ized in Fi I S— S
method is summarized in Fig. 2. £ —— ] PCS cap.
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Fig. 1 Performance ratios of all the systems and average

“Demonstrative research on clustered PV systems™
(2003)

for each system configuration with reference yield. [3] Y Ueda, T Oozeki, K Kurokawa, T Itou, K

Kitamura, Y Miyamoto, M Yokota, H Sugihara,

As a result, differences of the performance ratios “Quantitative Analysis Method of Output Loss due

between array type 1 and type 2 are smaller than those to Restriction for Grid-connected PV Systems”

among the module / PCS manufacturers whereas I[EE Japan Vol.123-B, No.12, ppl317-1326,
reference yield results approximately 10 [%] lower in December 2005

type 2. Configuration 2, 6 and 11 which have PV [4] Y Ueda, K Kurokawa, T Itou, K Kitamura, K

modules of manufacturer B result highest average
performance ratio. This is mainly because of the small
value of the temperature coefficient, loss due to the
module temperature is less than the other modules
which is shown in Fig. 2. On the other hand, modules
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ABSTRACT
The PV generator cost is so relatively high and the

PV system designers try to have the maximum power
by using controlled electronic devices known as MPPT
(Maximum Power Point Tracking). In addition, the
photovoltaic (PV) generator has a nonlinear dependent-
solar illumination volt-ampere characteristic which
makes the control technique more complicated. To
avoid theses difficulties, a non linear control, based on
feedback linearization, is used. This technique permits
to get a linear control of the PV system by using all its
non linearity and increasing its  dynamical
performance.
The PV water pumping system object of this study is
composed of a PV generator, a DC/DC buck converter
and a DC motor-pump. The nonlinear controller is
based on Feedback input-output linearization

In this paper, we are interested to output linearization
of PV generator voltage. We develop at first the PV
system model. Secondly, the non linear control law is
presented. The third part relates to some simulation
results permitting to test the robustness of the proposed
control law. The simulation results indicated a good
performance for the controller

1. INTRODUCTION

The amount of power given by a PV generator
depends on its operating voltage. A PV’s Maximum
Power Point (MPP) is unique on the non linear volt-
ampere curve and depends on solar insolation and
temperature. At the MPP, the PV generator operates at
its highest efficiency. Therefore, many methods have
been developed to determine the MPPT operating [1].
The system considered in this paper is a photovoltaic
array feeding a DC moto-pump via a DC-DC buck
converter which ensures the MPPT operating by the
regulation of the PV generator tension. This PV system
architecture is highly non linear from control point of
view. For that, a non linear control, based on feedback
linearization, is used to control the duty ratio in such a
manner as to keep the PV generator voltage equal to a
reference value which is proportional to the opened
circuit voltage.

2. MODELLING OF THE PV SYSTEM
L £ N
= RN

S I !
SZ — Vp: control 'V,
1 p S 1
R 1 i 1
Ly |2 ! !
ph L 1

PV generator Buck converter DC motor

Fig. 1. Equivalent electrical scheme of the PV system

The equivalent electrical scheme of the studied
photovoltaic system is given by Fig.1. This system is
composed of a PV generator, a DC/DC buck converter
and a DC motor-pump.

The solar generator can be described by  the following

equation [1]:
%
1T Llexp(g?) 1] &

where: Ip and Vp are respectively the solar generator
output current and voltage. V=nKgT/q is the
thermodynamic potential, Ly is the PV generator
photocurrent proportional to the irradiance level, Iy is the
PV cell reverse saturation current diode, q is the electron
charge, K is the Boltzman’s constant (1,38.107 j/°K),T
is the solar array temperature (°K), n: the ideality factor
for PN junction.

- The buck converter is composed of a power transistor
(St) operating as a switch and a free-wheeling diode (Sp).
The power transistor St is used as a switch turning on
and off periodically by a PWM external driver circuit.
The average output voltage are determined by the
equation (2),

Va=pV, 2)
where: V, the DC motor voltage, and p is the St duty
(0<p=<1). The output voltage of the DC converter can be
controlled by varying the chopper duty cycle p. To vary
p, we used the pulse width modulation (PWM) technique.
- The DC motor is a permanent magnet machine. We
suppose that the flux remains constant for all operating
points (the magnetic reaction is neglected). For the DC
machine model, R, and L, represent respectively the
armature resistance and inductance. The energy transfer,
from electric part toward the mechanical part, is
represented by the proportionality relation between the
fem E, and the angular speed Q.

E,. =kpQ 3)
- The DC motor is driving a centrifugal pump, which is
characterized for simplification reason, by a torque I°
proportional to the angular speed €

I'=krQ @)
The mechanical losses are represented by J and F which
designate respectively inertia and wviscous friction
coetfficients of DC machine.

The whole system ( PV panel, buck converter and DC
motor connected) is described by the following
equations:

i =—£iﬂ —k—bQ+iv H
L L 5

g b, Bt
J J

R U, I vp Ih
V=i —[exp(-Ly-1]+2 (5)
=t glen )
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3. NONLINEAR CONTROLLER LAW

The nonlinear controller is based on Feedback
input-out put linearization. This nonlinear control
approach relies on differentiating the output of interest
until the input is directly related to a derivative of the
output, after which a linearization is introduced.

To control variable expression (u=p), is deduced by
applying the differential geometry method [2][3] to
equation (5). The control law obtained is the following:

v

7 ={e, exp@)—uuph]—gv ©)

la vT la
‘Where v is an external input.
Once Given linearizing control law, it is possible to
apply one of the variable linear control laws. The
control objective is to maintain every time the PV
generator voltage ( v(t)=Vp ) at optimal value
(yd{t)=Vy,) corresponding to the point of maximum
power. By neglecting the variation of the reference,
this objective will be achieved by choosing the
controller v as follows:
V=k(y, =) )

The linearizing internal loop has then simplified the
system which become identically to an integrating
block. So a P controller with gain K is then suitable.
The value of K makes it possible to place the poles of
the system closed loop in — K. The value of K is then
adjusted according to the desired performances.
The control expression (6) permits to represent the
closed loop system diagram given by Fig.2:

irrad § v T°
“ Photovoltaic system
ad
1 V- C ‘_]1‘1‘
1_;.[ Isexpv) THL] ZV :_TO i
<& A
v Vo
‘ k <
(VPWPJ 44— Vet Voo

Fig. 2. Block diagram  of the non linear
controlled PV system

4. SIMULATION RESULTS

The simulation of the controlled PV system was
carried out in 208IM environment. The numerical values
parameters  used are the following:

- PV generator: [;,=4. 4A [s=52,75.10 A V1=6.73V.

- Capacity: C=4000 10" F.

- The permanent magnet DC motor-pump is
characterized by a nominal operating point: Un=24V
and ,=12A, W,=2000 round/mm (rpm) and a power P,
= 0.3 hp. The identified parameters of DC motor are 1n
USI : R,=1.072, L =0.05, J=476.10"F=88.10"
K=14.10", K= =45.10".

The simulation results, given in Fig.3, describe the state
variables responses at the starting up phase and in a
cloudy passage (50% irradiation).
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Fig. 3. Simulated step responses of state variables in
insolation disturbance (50%)

The results obtained show the good performances of the
nonlinear regulator, in particular the aptitude to quickly
compensate, for system dynamics variations even for
significant disturbances.

To test the robustness of this controller to uncertainties of
the model, we carried out simulations. Theses tests
showed that the non linear controller ensured a good
stability to the PV system.

Theses results are also in conformity with the PV system
using a nonlinear controller permitting to charge a
battery via a boost converter in [4].

5. CONCLUSION

In this paper, the feedback linearization control of a
PV generator coupled to a DC motor-pump via a buck
converter was described. This PV system used a
nonlinear controller in order to assure an MPPT
operating. Some simulation results have been given.
Theses results concerned transient responses of output
variables {Vp, ia , 1) in the starting-up operating. The
curves presented above highlight the MPPT operating of
the PV system.
The simulation results indicated also a good performance
for the controller. The overall system stability was
studied and showed that the system is not of non-
minimum phase type if the PV generator tension is
controlled.
The nonlinear control algorithm of the PV system is
currently in experimentally test and the first results are
satisfactory.
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ABSTRACT

The IPCC report sais global warming boosts floods,
drought and storms. And Stern Review sais, if we don’t
act, the overall costs and risks of the climate change will
be 5 % of global GDP each year. We need low cost CO,
reduction method to mitigate global warming.

This paper described about CO; reduction cost by
PV system and reforestation for comparison. As a result,
CO, reduction cost of base case of the PV system was
0.13 [yen/kWh], which is about 50 % of reforestation
cost. In addition, required land area of the PV system
was much smaller than reforestation.

1. INTRODUCTION

The PCC (Intergovernmental Panel on Climate
Change) has been studied about effect of global
warming caused by green house gasses. The report says,
CO; level in the air was stable until 1900. However the
industrial revolution started to burn fossil fuel and to
emit CO, gas. It caused high CO; density level and start
global warming. Even sustainable development scenario
AI1T made by them, CO; level in 2030 get 550 ppm
which is twice as stable CO; level in preindustrial era,
and world average temperature rise 2.5 Celsius degrees.
In addition, the increase of temperature boosts floods,
drought and storms.

If we want to keep our living, we have to reduce
green house gasses for our future. There are many way
to reduce it, but almost techmologies are considered to
be high cost. In this paper, we focus on CO; reduction
cost by using PV system in Japan. And for the
comparison, reforestation is evaluated by simple
caleulation.

2. METHODOLOGY OF PV SYSTEM'’S CO,
REDUCTION

CO, reduction of PV system was calculated by
assuming that PV system is alternative energy of fired
powet, because it works day time. Therefore difference
between CO, emission rate of fired power and of PV
system is CO; reduction of PV system. For the
comparison, Japanese average CO, emission rate of
clectric power plant was also compared. System
configurations are; 1000 kW capacity, 0.75 and 0.80 PR,

20 and 30 year life-time. We assumed 26.9 g-C/kWh
CO, emissions rate. It referred to seven literatures and
we normalized as Japanese irradiation level. 93.8 of
Japanese average CO, emissions and 202.4 g-C/kWh
CO; emissions rate of fired plant were assumed for
calculation. From the reference of “National survey
report of PV Power Applications m Japan 2006,
[EA/PVPS” [1], we assumed 700 million yen
construction cost for 1 MW PV system. 0,11,15,23
yen/kWh revenue and 30 yen/m’® land price were
assumed. 11 yen/kWh was assumed present situation of
RPS, 15 was considered premium price, and 23 is
Japanese residential electricity price. 30 yen/nr’ land
rent cost was assumed not used land. Summary of
assumptions are listed in Table [. CO, emissions ratio is
calculated by equation (1).

€0, emissions raio [g- C/kWh]
€O, emissions in its life-cycle[g-C]

= 1
Annualoutput per KW[kWh/yr] X lifetime [yr] M
Table 1. Assumptions for calculations
System capacity 1000 kW
Irradiation 1481 kWh/m®/year
Performance Ratio 0.75, 0.80
System life time 20, 30 years
CO2 emissions rate of PV 26.9 g-C/kWh
CO2 emissions rate of Japanese 931.8,202.4 g-CkWh
average and fired plant
Construction cost 700,000,000 yen
. . - 0,11,15,23
Selling price of PV electricity yen/kWh
Operation and maintenance
including  replacement  of 2,000,000 yen
inverter
Land cost (15,000 m?) LD (D)
yer/year

3. METHODOLOGY OF REFORESTATION’S
CO, STORAGE

CO; reduction of reforestation was calculated by
evaluating weight of trees. We calculated amount of
trees which can storage carbon which is same amount of
CO; reduction of the PV system. Cost of reforestation
mclude silvicultural cost and land cost which 1s same as

Int'l PVSEC-17 898

March 22, 2008
WX E 153



* 10th Anniversary TUAT Photovoltaic Student Think-in

TUAT Kurokawa Laboratory

WK 154



Technical Digest of the International PVSEC-17, Fukuoka, Japan, 2007

EfE%¥% International Conference

SP-P4-48

SPECTRAL RESPONSE MEASUREMENTS OF PY MODULES

Yoshihiro Hishikawa', Yuki Tsuno"? and Kosuke Kurokawa®
! National Institute of Advanced Industrial Science and Technology {AIST), Research Center for Photovoltaics,
Central 2, 1-1-1 Umezono, Tsukuba, Ibaraki, 305-8568, Japan
Phone: +81-29-861-5780, FAX: +81-29-861-5829, E-mail: y-hishikawa(@aist.go.jp
% Tokyo University of Agriculture and Technology {TUAT), 2-24-16 Naka-cho, Koganei, Tokyo, 184-0012, Japan

ABSTRACT

Precise characterization of the spectral response or
the quantum efficiency of the series connected PV
modules are investigated. As the cells in PV modules
are series connected, measurements of the spectral
responses of the modules and their component cells are
not straightforward. In this study, various factors to
affect the measurement of module spectral response are
discussed. Measurement conditions to yield accurate
spectral response results are discussed. Measurement of
the SR's of commercial-size modules are demonstrated
for various kinds of modules including crystalline Si,
thin-film Si, and multi-junction structures.

1. INTRODUCTION

The spectral response (SR), or the quantum
efficiency, is an essential feature of the photovoltaic
(PV) devices. There is growing needs for characterizing
the SR of modules without knowing the details of their
series connected constituent cells beforehand. The SR
measurement of series-connected PV devices, such as
modules and multi-junction, show more complicated
features than that of single-junction cells, since multiple
component cells are series-connected in one device[1-5].
Measurement of the module speciral response was so far
investigated and carried out by a few organizations [6-8].
In this study, module SR measuwrement at AIST is
described. Various factors to affect the SR measurement
of the modules are also discussed, and measurement of
the SR's of commercial-size modules are demonstrated
for various kinds of modules.

2. RESULTS AND DISCUSSION

The SR measurements of the modules have similar
features as that of the multi-junction devices[2]-[4],
because of their series connected structures. However,
the practical procedure for the SR measurement is
different, as each constituent cell in a module is
spatially separated. The SR of a module can be
measured either by illuminating the whole module, or
by illuminating a part of the constituent cells in the
module. Each approach has advantages and
disadvantages[6]-[7]. In the present study, the latter
approach is employed, which can measure both the

1003

average and local performances of the module with
relatively small scale equipments.

2.1 Basic apparatus and procedure

The basic procedure of the module SR
measurement in the present study is to measure the SR
of each constituent cell in the module by the following
method (Fig. 1).

(1) Chopped monochromatic light is irradiated on
the target cell for the SR measurement.

(2) Bias light is irradiated on the target cell, in
order to put the cell under an operating condition. For
the multi-junction samples, color bias light is used
instead of the white bias light.

(3) Supplemental bias light is irradiated on all the
cells in the module other than the target cell, so that the
other cells do not strongly limit the output current of the
module.

(4) Bias voltage is applied to the module, so that the
operation voltage of the target cell is set to desired value
(e.g., short circuit, open circuit, or maximum power
condition, etc.). It is noted that during the practical
measurement, the bias voltage should be applied before
the supplemental bias light. Otherwise, the output
voltage of all the other cells is possibly applied to the
target cell, and may damage the target cell.

‘aupplemental blas Ight
orochronmatic
cho) ht

b light Lot
totis ancoroiony 0

Fig. 1 Schematic setup of the module SR measurement
apparatus of the present study.

Basic validity of the above procedure was
confirmed by comparing the measured SR's of
crystalline Si commercial-size module with that of one-
cell module[9]. Here, the modules were specially
ordered and the constituent cells were chosen from a
group of cells where the SR's are practically the same.
Good agreement of the measured relative SR's of the
one-cell module and commercial-size module confirms
the validity of the present approach.

2.2 SR Measurements of Various PV Modules
The most essential experimental requirement is that
the photocurrent of the target cell generated by the
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chopped monochromatic light is not substantially
limited by other cells. In order to satisfy the requirement,
the irradiance of the chopped monochromatic light
ghould be as high as possible, the irradiance of the
supplemental bias light should be also high enough, and
the irradiance of the white and/or color bias light should
be chosen properly. When the shunt current of the
constituent cells are large and white bias light is not
applied to the target cell, the supplemental bias light
may not be necessary. when the integrated thin-film
multi-junction module are measured, both the color bias
light and the supplemental bias light are usually
necessary. Confirmation of the invariance of the relative
SR concerning these parameters is necessary for
checking the validity of the measurement. Although
detailed optimization of the parameters are in progress,
the experimental results (Fig. 2) suggest that the present
procedure and apparatus are applicable to many kinds of
PV modules including thin-film modules and multi-
junction modules.

3. CONCLUSION

Various factors to affect the SR measurement of the
modules are discussed. The procedure for the
measurement of module SR in the present study is based
on the measurement of each constituent cell in the
module, which irradiates chopped monochromatic light
and white or color bias light on the target cell, and
supplemental bias light on other cells. Measurement of
the SR's of commercial-size modules demonstrated that
the procedure and apparatus of the present study is
applicable for wvarious kinds of modules including
crystalline Si, thin-film Si, CIGS, and multi-junction
structures.

ACKNOWLEDGEMENT
This work was supported in part by NEDO under the
Ministry of Economy, Trade and Industry.

REFERENCES

[1] K. Emery, M. Meusel, R. Beckart et al., "Procedures for
evaluating multijunction concentrators”, Proc. 28th
[EEE PVSC, Anchorage (2000) 1126.

[2] M. Meusel, C. Baur, G. Letay et al."Spectral response
measurements of monolithic GalnP/Ga(In)As/Ge triple-
junction solar cells: measurement artifacts and their
explanation”, Prog. Photovol: Res. Appl. 11 (2003) 499-
514.

[3] Y. Hishikawa and S. [gari, "Characterization of the [-V
curves of multi-junction solar cells'modules by high-
fidelity solar simulators and their  irradiance
dependence”, to be published in the Proceedings of the
19th European Photovoltaic Solar Energy Conference
(2004) Paris.

[4] I Burdick and T. Glatfelter, "Spectral response and [-V
measurements of tandem amorphous-silicon alloy solar
cells", Solar Cells, 18 (1986) 301-314.

[5] Y. Hishikawa, "Characterization of The Silicon-Based
Thin Film Multi-Junction Solar Cells " MRS Symposia
Proceedings vol. 862 (2005) 579-590.

[6] K. Emery, D. Dunlavy, H. Field, and T. Moriarty,
"Photovoltaic  Spectral Responsivity Measurements”,
Proc. 2nd World Conference and Exhibition on

Technical Digest of the International PVSEC-17, Fukuoka, Japan, 2007

Photovoltaic Solar Energy Conversion, Vienna Austria
Tuly 6-10, 1998.

[71 7. Hohl-Ebinger and W. Warta, "Investigation of Large
Area Cell and Module Spectral Response
Meagurement"19th European Photovoltaic Solar Energy
Conference and Exhibition, Paris, France (2004) 2611.

[8] H. Millgjans et al., "Temperature and Bias Light
Dependence of Spectral Response Measurements”,
Proceedings of the PV in Europe Conference, Rome
(2002) 891.

[9] Y. Hishikawa, "Spectral Response Measurements of PV
Moedules and Multi-Junction Devices", to be published
in the Proceedings of the 22nd EUPVSEC, Milano
(2007)

0.4

Relative spectral respones

300 500 00 900 1100 130
wave length (na)

(a) c-Si and p-Si module

1.2
ns —— Tandem_top
—— Tandem_bottom

0.8

0.8

0.4

Ralative spactral response

0.21,

wave length (nm)

(b) doulzl.e-junction Si-based thin-film module

—— Tanden_top
1 — Tardsn_botton

Relative apectral responee
-]
>

wavelangth (nm)

(c) double-junction Si-based thin-film module
v

g 1 [— oo |
g

g

£ oy

E

E 0.6

PRy

k]

2 02

So s 700 ®0 100 1a00

wavolongth {nm)
(d) CIGS thin-film module

Fig. 2 Example of the measured relative SR's (in the
dimension of A/W)of various PV modules. Each curve
is normalized according to its maximum value.
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Proposal for quantitative estimation system of shadow by using photogrammetry
Yuichi Watanabe, Kosuke Kurokawa (Tokyo University of Agriculture and Technology)
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Fig.1. Structure of quantitative estimation system of shadow
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Influence of voltage imbalance on PV systems in Single-Phase Three—Wire power distribution systems

Yuzuru Ueda, Kosuke Kurckawa (Tokyo University of Agriculture and Technology)
Takayuki Tanabe, Kiyoyuki Kitamura (MEIDENSHA CORPORATION)
Katsumi Akanuma, Masaharu Yokota, Hiroyuki Sugihara (Kandenko Co., Ltd.)
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Fig.1 Schematic drawing of grid connected PV system

Table 1 Example of voltage imbalance

lLaad IPCSI IPCSZ I’ [Z IU VPCSI VPGSZ
15 0 0 15 0 15 98 1025
15 -15 -15 0 -15 15 995 104
15 -30 -30 -15 =30 15 101 1055
Q -30 -30 -30 -30 0 104 104
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Development of an output suppression avoidance system in “Demonstrative research on
clustered PV systems” (1)
Yuzuru Ueda, Member, Norihiro Kawasaki, Student member, Kosuke Kurokawa, Member (TUAT)
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An Evaluation of the Fluctuation Characteristics of Clustered PV Systems

Norihiro Kawasaki, student member, Yuzuru Ueda, Kosuke Kurokawa, member, (Tokyo University Agriculture and Technology),

Kiyoyuki Kitamura, member, (MEIDENSHA CORPORATION), Hiroyuki Sugihara, member, (Kandenko co., Itd.),

Shogo Nishikawa, member, (Nihon University)
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Effect evaluation of PV system’s loss factors aimed at
improving system efficiency

Yuzuru UEDA", Kosuke KUROKAWA”

* Tokyo University of Agriculture and Technology
2-24-16 Naka-cho,Koganei, Tokyo,184-8588 Japan
Phone/Fax:+81-42-388-7445 e-mail:yzrueda@cc.tuat.ac.jp

ABSTRACT

PV system’s performance loss is depending on both
environmental effect and system configuration. This paper
summarizes the performance analysis result of residential
PV systems and simulation results of effect evaluation
aimed at improving system efficiency. SV method is used
for the analysis. As the results, array configuration not
oriented the south shows more reflection loss during winter

compared with the other array configurations. Change of

the effective refractive index does not have large effect for
the system efficiency improvement while DC circuit
resistance has linear effect.
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