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Abstract

This project “A study of automatic data acquisition technology and
its application to reduce the shadowing effect for HCPV”, Project No.
1012001INERO27, is conducted by Vanung University. In our country,
with the promulgation of “Renewable Energy Development Act”, private
companies are attracted to invest in HCPV system. Through the efforts
of the research and development units, the HCPV system has undergone
system integration and validation phases. And now the issues associated
with operations are vigorous development and most attention. This
project is exactly around one of the related research topics on the
techniques of the photovoltaic system of the institute of nuclear energy
research (INER). In this project, the automatic data acquisition
technology and the heuristic algorithm with the collected data are used to
realize the influence of the DNI (Direct Normal Irradiance) to explore
and lower environmental impacts in order to improve power generation
efficiency. Besides, authors analyze the abnormal power generation to
improve the utilization of the HCPV system by identifying and
diagnosing the causes of failures as well as establishing the system
maintenance and support strategies through the cost model analysis to
enhance the cost-effectiveness of HCPV system maintenance.

Tasks have been accomplished in this project include: (1) To study
the shadowing effect and its calculating model of the HCPV system
allocation, (2) To diagnose the abnormal differences of the HCPV
system, (3) To explore the life cycle cost model of the HCPV system, (4)
To discuss automatically loop monitoring technology and architecture of
the HCPV system, (5) To collect the relevant latest technical
development materials of the HCPV system, (6) To fulfill the final report

of the project with two conference papers and one submitted SCI journal
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paper. The research results in this project could be good integration and

monitoring references for HCPV system operation.

Key words: HCPV System, Wireless Sensor Network, Shadowing
Effect, Online Diagnosis, Cost Model
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2AGHz 4 B e 8 & S 5L > bl4e WiFi~ & 7 (Bluetooth) ~ e
F ERTHEEE G LT T A 4 o ZigBee HFE G (% D
FERBY B E A eaEZeERF > Twe gk sy EEfoid
By o AR Fp IR F o 4 8 e JE2L Y & iR
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BH e AR RF DI e LN FIEEE PR R E D
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# 2.2 Zigbee ¥ H 15

HAcdoE 2 - BR - PRy LEBRRS D

AU A LR

2P R
PO B

% & — 1 o Coordinator § # 1

AR U

802.11
; UWB (Ultra | Wireless ;
Features ZigBee WiED) Bluetooth Wide Band) USB IR Wireless
20-40 Kbits/s
20, 40, and 11 & 54 . 100-500 62.5 115 Kbits/s
DataRate | 550 Kpits's | Mbitsisec | | MPIS/S | Mpigs Kbits/s | 4 & 16
Mbits/s
Range 10-100 50-100 10 meters <10 meters 10 meters <10 meters
meters meters (line of sight)
. Ad-hoc, peer . Ad-hoc, very .
N-?QN glr é( NG | o peer, star, Eoll)nt to small Point to point Pgillllltt to Point to point
POIOGY | mesh v networks p
868 MHz
] (Europe)
Sr%%rj‘g;{g %39\‘)9228 MHz [ adand3 1 4 Gy 3.1-10.6 GHz | 24 GHz | 800-900 nm
GHz
(worldwide)
Power Very low
Consumpti | (low power is | High Medium Low Low Low
on a design goal)
Security 128 AES plus 64&128 bit
encryption
Oth Z?ZI:ITS can Device Device
ther Jom @ connection | connection
i existing requires requires u
Informatio | | otwork in q q p
under 30ms 3-3 to 10
n seconds seconds
Industrial
control and .
L . Wireless
monitoring, Wireless ..
sensor LAN connectivity .
Typical networks connectivit betvyeen Sjcreammg PC . Remote
. buildin ’ devices such | video, home peripheral | controls, PC,
Application aut ma%i N g,roa dband as phones, entertainment | connectio | PDA, phone,
s hl(;l‘(l)le COI(l)tI‘,Ol Internet PDA, applications ns laptop links
laptops,
and access
. headsets
automation,
toys, games
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o N R R P IEEERR > Uk p RIZE
S de R 30 Am S B T kAR ks B BRI o B
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Eenith Angle_/ D
E . / €
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LR O BETEL P2 2 XMl B S Ze B TorR) e
"% (Zenith) » LR “T5 | = 1 (Sun B) & % F(Ze Bh)2 B ehd &
S A EELEEE SRR R L

y = cos™ [sin 5 sin 0+ cos § cos O cos ] (3.2)

TALGO 5 om k0 0 5 BRI o7 hande & (Latitude) > @
H % PF & (Hour Angle) o F1 2 3 sk p d&— % 5 24 /| pF > #71U
AHE L EA QR LS BB 15 B (3600/24) Bohr# i £ (Solar
Noon) HpF & % & 5 00> 14 24 ] pEf|erpr F H(X B PFR -
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AL B E e T RE D =900 -y 0@ Bk
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B KMz i R REHINT L Al o P IR
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| :Cosl[singsinﬁ—siné} (3.4)
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Gt ERE 00 H 3 A s Ho 4oBl 3.2 %67 > Pl H LB E B
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i3 g e AP L B F e (Module) sk # 45 21 5 A
FE Ao B S - BH e Ed Ns B HER(Cells)? Ba
P Np B+ T (Cells)x Bim & i o B H e % fiche 5 (3.8)

i
‘ Im= Np I Iscm= Np ISC ;
¢ Vm: NS V Vocm: NS VOC ;
¢ Typm = N, Ly Rym= (N5 / N, )R, (3.8)
SAL R e R e 5 (3.9) ~ (3.12)F ¢
(V+IR) V +Rl 3.9
=1, -1 e 1] R (3.9)
I—m—l N eq(\ril—”sﬂl\‘—";N"Nifsm)_l Ry, =0 (3.10)
=l —l|e— 55—
Np p KT,
MALILLS
Im:NpIph_Npls{e NSnkaNS -1 (3.11)

Im:N | —N Is eQ(Vm“mRsm)_l—
p’ph P [ nkT N, i (3.12)

Wt KRR e B £ Bcdr(3.13) ~ B.14) & o i

Iphzlsc 'f‘—" Iphmzlscm °

9Vm+1mRsm)
nkT, Ng
Imzlphm_Npls{e _1] (313)

qVOCm
nkk s
Ozlscm_Npls[e Tl _1j| (314)

I scm

N {en‘%‘ms _1} (3.15)

B {6 K2 T n(Module Current)4(3.15) ~ (3.19) 7%
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e M ]
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enkaNs _1 (3.16)
q (Vm +1 m Rsm _Vocm )
|~ —1_ e " (3.17)
m "~ Tsem — 'sem
q (Vm +1 m Rsm _Vocm )
nkTy N
I, =N I -N e ™ (3.18)
Woem) R =0 (3.19)
n
I~ N I —N I e ™

AT 22K RS R AR B W S MxN
2 T g A FER e 40(3.20)5" ¢

W= {W(i,yj)| 0= xi<M,0 = yj<N, W(xi, yj)
{0,1,2,---,g}} (3.20)
He x &Py M & B ot § A fEg

ol g E 5 255 F ZAMBMEE B LT LA RZ
B el Lo -g & 4 15 R RS R e g (F33)
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+
[ Fixed Wireless MAN+ ]

Wireless Local Area Network (WLAN)+

802.11+
Wi-Fi+

Wireless Personal Area Network (WPAN) or +
Wireless Sensor Network (WSN)«

802.15.1+
Bluetooth+

802153+
[

802154+
£igBegs

7

g

E:

N

IEE802 & 71| & 4R 4 B2

802.15.4 chif 427t £ B
=4
9

,|1/#%)‘s" :%i
AR T L

&

4 7 i #2(Power Consumption)+

WLAN-

BOZ.11b+

BO2.

LELay g B 329 3
B4 o 29 IEEE
i S Ao o AT
1gBee,]}<Lﬁ IS R

o R Ak 3.0 S o

B0Z.11a+
HiperLAN+
B02.11g+

11+

BOZ2.15.1+

B02.15.4+

o B02.15.3¢

WPAN+

®13.29 TEES02 % 7| &

:# S (Data Rats)
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% 3.1 M=+ MB 2 RF iR <

Type Bitrate | TX Power | ¢ J/MB
802.11b 11MB 50mW 36,400
(WiF1)
802.11a 54MB | 200mW 29,600
(WiF1)
802.11¢g 54MB 50mW 7,400
(WiF1)

802.15.1 IMB ImW 8,000
(Bluetooth)

802.15.3 55MB 0.2mW 30
(UWB / WiMedia)

ZigBee Smart Energy 2.0 & 2009 & ¢ % B i Jkh %

(Department of Energy){r % & ] RIListE & & (NIST) > i 25
B R RS F B R B (HAN)K & a4 % 3 @ R & - ZigBee
Alliance 3¢ 3+*% 2012 # &% i #7— * ZigBee Smart Energy 2.0
51 Smart IP L4 - ZigBee Smart Energy 2.0 7 Smart IP 24 &
% e B R 2 B P R B 60 TCP /IP 1 ke
] 3.30 #15% o

» Zigbee 1.x » Zigbee 2.0

28E 20
(IEC), W3C

Other
APP

ZSE
1.1

Other
APP

\ ZD0

APS ‘

NWK (ZigBee PRO) I

UDP/CoAP or TCP/HTTP

IETF ROLL / RPL Routing
|IETF BLOWPAN, ICMP

SSP

=d

®83.30 Zigbee 1§ it

ArehZigbee2.0 - £ & 4 g3 Internet 7% 1 4] 3.31
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S R E BRI R AR R AT RE R
e & 2FD B RS HR R HF A G A OEE -

C
Other Ener&r
Management
[SE2 Cert]
) o
HD e\
Thermostat BN
[SE2 Carl] @ " \ o |
S
= C o
|>]_-—~—1}'_/_7___ Enerquer'Res
— = Interface —————_
o
Dishwasher “C2Z'F [SE2 Cert W_
—

[SE2 Ceri] / opt Comm Cerf] ™ 45.__'——,—
P AT
/ ® e -. WiFi |
|:|] 5?:]"' Rouler

H 'u'\.",
Diryer 3 i I‘-II
[SE2 Cer] v -

Tablet or PC
[Seli-Signed Cert or

C
Commercial Cert] :l

+ SE2is Smart Energy (XML) over TLS Other Energ
s ZIP is Zigbee IP (uses SE2 certs) '["‘Sﬂgzﬂ%eer:f:r[
+ SE2 Cert needed to talk ZIP Commercial Cert]
+ SE2 Manufactured devices ALWAYS have SE2

Cert

B13.31 Zigbee2 0% & & *

S)ERZFHR AT
BEERIBAFT (HCPV) itz 2 jph Rk 2
¥

BRFrE AT ETN RS T TR RAa g

(Data Mining) & ergt i > 3+ 5 JE (¥ HCPV i Yusat "% M endg
MofEEEAR SR el TR T A G PR Wy
i%am,i—‘j\z} P AT UFRAEEF T T FHE

61



feit o v AL TOCE RO U RO E S TR TR 2
Vo fE ﬂ—\j‘ﬁﬂi e2_ P AN E_HCPV 7 % ;If“}' vtE g g
B g ook % FARE > IR L TR Fenikdy o T

EE MR N R F I RBRTFIRE TS ook &
FxHFE S F a2 FH o AEarig ¥ f S gty S (335
(3.36)4cF

N = Piwn/( Gpni *A) (3.35)
Ra =mn/Max(n) (3.36)
Where:

Pywhn:total measured AC energy production (kWh)
A : total module area (m?)
Gpni : Direct Normal Irradiance on the plane of the array (kWh/ m?)

Ra: normalized of n

AR E A Gpa (x $h) ¥ Ra(y $h)g WA g &% f B
&t §F (Simple Linear Regression) & 41 — 3% jF 4 - [§] 3.32
ron e BRI 4o T L Clean-25 £ 7 % 25 & HCPV & 4 At
Fo AT (R K) 7 FieiE o R )T iF Eﬁ? 4 > Dirty-25 %7 %
25 & (Base 25) HCPV & ¢ fe BB j ™ (B & ik 2o @ )97 8 eh
WEFR > I B m A A —“ﬁﬂ%ﬁiﬁ? o

A & F % 4p 5 (Clean Index, C)F A+ CI 45
(3.37) # ¥ % Cl = 0pF4 7+ HCPV w ¥ 555:%2 > § CI =100
P47 HCPV & fr i i g R AP p i 165 i 2 B

GEEE
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- | C: the area of clean line
. 5 D: the area of dirty line
- 13 :
_— | 1" T: the area of testline
I-'; e — = .gf.lf-"" . o ; 7
; _—T "oy |} A:decision metrics to wash
= o I — D a - ;
S i i | (dirty index)
v e ; i :
g dope T e _ B: decision metrics to wash
L i (clean index)
v__ v v
T T T T T
0% 06 or - 09 10
D25

B13.32 HCPV & & fifieis I — fif e ok Eﬁ?@ﬂ

c, =—P _100% (3.37)
A+B

R W > e ff A=C-T> @ 5 fiB=T-D> Ci bjcifi ff
MET 0 ff 0 D RFRFRET G 0 Th RRRT R G FR
TG A e KB)N P T L EE(338)N 0 Bde T=D B CI=100%;
Bde T=C | C;=0% °

c-T c-T (3.38)

| =————*100% = ——=*100%
C-T+T-D C-D

- ) REEFRT 5 0 A B40(3.39)5° ~ (3.40)58 fr(3.41)5¢

B i ¥ #I] (342)5
C =] (¢, +oixi

(3.39)
D :j:(do +d,iydi (3.40)
T =] t, +ti)i
: (3.41)
[ +eixdi-[t, +tixi
C, = = *100%
[ (e, +cidi=[ (d,+d,ixdi (3.42)
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Ra-26

A id * g it 38 (3.35)f0 54 (3.36) 4 W) ¥+ Base 26 {- Base
27 #T18 F|R b TALGLH B AU et B o 4o 3330 7 R
HCPV & 4 fedfziE R T (RIK]F2i@)dut jFa > 247 5

Clean-26 (or Clean-27)fr fe S Hsfk jo ™ (B & jfie 2 30 ) il fiF
» #4257 % Dirty-26 (or Dirty-27) o

Clean-26

Dirky-26
Ra-27

0.5 0.6 o7 0.s 0.9 1.0

Dity-27  Clean-2Z7

DHI-26 DMI-27

B3.33 HCPV 5 % & d i /% (e b o )fr (B T ),1% T e A

4 HCPV & % 5|4 A % ¢ & %14 8587 % M3 T ok
B = ‘}%“}%#F] 1% Cr4c®] 3.34 #7710 AN & bk g2

(7 7 Clean Line)’ p Cidptks 0% A B B ePF iz (7 & Dirty
Line)#- Cidp 37 5 100% o § CrdpRA2E 50%P - { L &
FRRERGFE e Fuad ol CGHEFLZF FRIT A
g e TR

FEARMESIT 0 SRR B LR 217897




20 100
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20
|
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Tirme Unit Time Unit

B13.34 % C26 & {=C27 /& ehif i 4p i

ARG T TS B TR 2 R
(- ) F LA X 1B k% 7 CPV 3 7 (Soiling) < i
AT 5 PV a5 3 (Soiling) B2 8% T £ o g @ Sk
Py g RS T 4/m$%1 s RIEEREEAP[1] A
R o d 3 F R R AR B ERGE - F]M > CPV
St TPV A S ZE] AAR 0 2SR E (F57)
el GRA1E) = B2 b oiplids 2 4 B FRRE
B Tioedf 4 X 1495 0 £ 4 CPV Hoechif 4 P 3 i 269 -
LAY CR S s D A A= I i I I T S R
BoF i PV R {frE # Bk (Ao R R E
4 FEF I CPV # chE PRy i A- B 208
AR S R AW IFFHEPV 2 CPV 2Rk L ant o
o BT e
1974 # GARGF#3 TAd a2 k> w & & (090 ) ¥

WP g S R ek L RS A2 B B R D
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P BRMT A4S R e 030 2 2 15 B
4 8% GARG » BIFEE R EW > FIZ H#ETHME - N
AR RIS LA

1986 & Deffenbaugh & x5 % » i 2 » F45 - B A i
e o L AR F ke (B ek ) 2 45 2o
(Lovington) 720 % » figd FARMF 2T » 2 EIF L Q4R
B R 2FFRPE B e F e u G 5%1‘\7 12921997 # ¥ %
A7 ATy fl& 7R 2 £ RFE (APS) 2 it ¢ @ (STAR)
PV G & X A BSRE > RRER T Bor 30 adf

2% Fe 8% 2 B o e PF > fipIE 10T P - I Fl R AR T
SRR SR O e S LR Y SLL L E R g
TORBBEEF EARESEL T URFTHELERLY S5 -
THAMChITH L 5 o FRPVHELR & Arngdh
CPV . & & A»ek iho

2004 & Stone & A > # 3 Amonix (7 CPV > iz B R &1k
Fuig P B4R > ROk G 300X 0 BliEen R ALt I &
FRA R TR o AAEIRNE A e £ T E A & Fl R Ed N F 4
B AiER s e AR N X W e s FlE o 4o
B FaE o MDA - B 2 FLG ik 5 B
PR RRGFERE B R A 1590 A ddmrdrs 5
(FE)E ST A BFIEHE A R (- A BE
Box iy B3 @ % CPV e 8.3 £ & A2y eh
moE - R e T AT A € - Taf ¢4 é‘ﬁi%i;t%s“f—';“ °

* ) s PV L7 7% (Soiling) v fe[12] 0 LT 12

B E X R RN RS A B R R ¥ PV
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R R iR 0 B MR L4 M (Linear Curve Fit,
R?) ehiezt = % > (FAMART 0 4o 335 Bt A E R & #
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‘0 [B] 336 B or BB hPV F Tk SLerm F fotE & chlf (a0 f
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B A N EF Ak IR T Il LH R (E
TR)NAE > B P B EOR ST U T{ra

DT R R AFREN e DL RO E A

TERALE o T AR R AR RIGEE 2T i

T EeE N A A S LR B IMW T R R W ez 1
g R AR o e FaFT A - & o

3B % 3k PR -E‘g{;p%o A AR PR E 2 (STC) e 7 fretdan ©

SRR W - By FECA B 58 B E ik (a2
BRI RE R R ESER ) A 2 AT 4 S

!
BECFNIFEPERRCPPERRE T mIPEFE

‘W%%%?ﬁﬁﬁi’iéﬁ reni ko H T 3 HAT
+*=

R =k f{#ﬁ' 1.196 -
i % i3 (Model)

P=A+B-T_,-H +C-H,+D-H? (3.43)
He

P: Power

Timod: module temperature

H;: global irradiance

A, B, C, D: coefficients

AR T DA FRREEIERE woB 337 F R~
e T FERIESEIERE 4B 338 B 3.37 & 5 - A
TH e E2 e RIEETRRIE B 3.38 5 - BW T Hah
RSB R E B RRE 0 BT iR ﬁp?#iﬂf? e 1y
Yoo B TR RS ML $ hotE et F 0 T kR

BT AR o B 3.39 Z iR (R E k]S o
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(=

Fob o AL g e 2[14] ¢
ASTM E2527-09 Standard Test Method for Electrical
Performance of Concentrator Terrestrial Photovoltaic Modules and
Systems Under Natural Sunlight
R F T pii Eﬁ?‘”“ 250
- E(a, + a,E +a,T, + a,v) (3.44)

He ,

7~

P: Power, W

E: DNI, W/m’

Ta: ambient temperature. °C
v: wind speed, m/sec.

B 4250 (3.43)F * 4t PV » 2 4250 (3.44)8 ¥+t CPV > A& F
FAB AR > L kT RP A AR RF T RA DL R
R MR R FE I RAF TR E

)t s ¢ e CPV 4T 2% 5 0% B ] 1 0B

&

CPVeipAE R ¢ b R ftemz
T F[17-20] FPREEEAFHRET EReNER > T HFFEA

¥
HBF % 2Rl eh- RAE(BGTIE AR ~ § A% kF - Air

T B R (R EA) TR A R R
L § o 4 ¥iE- 3% O NREL - 2R A2 02 o F 4 R TR
HERIE 2 ArAk 320
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IEC 62670 and Outdoor CPV Power Ratings

Concentrator Standard Operating Condition (CSOC)
Tambient (20C), DNI (900W/m2), Wind speed (2m/s) G173/AM 1.5 Spectrum

50C-baved measurements
STC-based measurements
[T mmes ® 25 *C, ONI = 850 W-m') ﬂ_.;:‘u'c.nn.mw,

3.40 B plin AT

# 32 A#HERIF 2
Direct Normal Irradiance DNI= 750 W/m2
Diffuse Irradiance = 140 W/m2
100C = Ambient Temperature = 300C
5 minute DNI deviation =2%
Tracking Error =0.15 degree
Instantaneous Wind Speed = 5m/s
S minute average Wind Speed = 5m/s
& * ASTM E2527-06 »

P _=DNI(a +a, DNl +a,T

max

+a,Wind) (3.45)

ambient

PmaXa W

DNI, W/m®

Tambient: ambient temperature. °C
Wind: wind speed, m/sec.

al, a2,a3,a4 : coefficient
EPRRenE o Aol 341 -

ASTM e 3f T BT fet % en? it > L ¥ e
&

PRy R kR RS SRR .
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10 =i= CPV1 wodier CPY2 =l -FlatPlate
M
w 9 # — :
E = T ) .- . 3
L7 s_.*; : -
- I ) i ' -
g ® - G & : T
£ 5 # _:1 ST ; .
E q 1." N : L - IlIll
E -:I - - . .‘. T ]
£ 2 ‘. " J
# 1 i F Y .
|
L:l F 7 = i’ T
5 10 15 20
Month O=Jan2009
Bl 3.41 3T+ F %L P &t (ASTM)

ASTM-2527 ra¢b » H 1 e 2404 3.3

# 3.3 HwiEim- 2

ASTM E-2527

ASTM1 Added filtering 1.3 =AM =1.7

ASTM?2 Using Eq.1 with a5AM term added

Regressionl  [PT =alDNI + a2DNI2 + a3AM

Regression2 [PT.AM.PWV=alDNI + a2DNI2

ISFOC Power translation used by ISFOC

[SFOC1 Translation with added filtering 1.3 =AM =1.7
ISFOC2 Translation with correction for AM and PWV

Stk A B THEDE D B R R A0k 34
234 B RAGNE ) b B R

Method CPV1 CPV2
ASTM 7.6% 6.8%
ASTM1 8.7% 8.1%
ASTM2 8.0% 7.3%
Regressionl 5.4% 6.7%
Regression?2 4.2% 5.7%
ISFOC 6.9% 6.2%
ISFOCI1 6.2% 6.1%
ISFOC2 2.9% 5.5%
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=
. AR 7

R TR b e i
Pr=a;DNI + a,DNI2 + a;AM + a,PWV (3.46)
‘e 3Pl > NREL ez 2R 9 40T
P % AM>2 & PWV<0.5 » # ",f A4 AM<L.S5 !
> 3 E 4 PWV 2 AM & 8 o
g
EEFRATAN oA % REMEFT -REFZ AL
BANARI LN RBOE TR TRE cR ARk Ed kp
o ff B 5. i ~ & 9 Ross Thaka {= Robert Gentleman B 3¢ o (» %]

f
:ﬂ‘}

PHEE R) MAad TREFRCEE, fFB% R LA S
Foih- BGNUP » 9700y ¥ g (8 SE 2 eh- &g (71
¥r SEZHY m,k;%«-m—? WA iERizenh R BHE THET o R
RAAET P TR G R TR AT LT
ToFTAEIET TR F I UNIX (% # #& FreeBSD 4r
Linux ) ~ Windows 4= MacOS > R i & &_4 & £ 7|4k (¥ > |F pF 3
Ba 7 AFEA5* 2 45 cCRAN i Comprehensive R Archive

Network (R 57 & & g ) O fo v f fog T R GEFHT
TR RACBICERP AR o » T AT P ER O o
B 23R AZE- P B CRAN & b o

AFTRY REZERAES H P M AESHERP 40T

(1) Read data_and_subset _dataR : 3f Bffh &k froéviE 74

(2) Plot_data.R: 3 @ 7 4L R

(3) Plot_regression.R e Ejﬁ‘s‘?{
e

I,(Pﬁi}‘\‘j&_l‘lfﬁ/‘d‘%,‘c?ﬁ_uﬂi)‘l‘éi EI:T_ %:Qo

(4) Computer area under curve.R : 3
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ABSTRACT
Maintenance could take a lot of system operational cost after HCPV system established. To reduce the maintenance
cost and foster system availability, on-line diagnostic technology with Fuzzy FMEA counts. The spirit of ad hoc technology
depends on real time and historical data. FMEA takes those data to predict failure modes, analyze causes of failed
components in order for management level to schedule a maintenance plan in advance. In this study, authors worked the
technology on the 100 kW HCPV system established by INER in 2007, and created a method for the subject title study.

Keyword: On-line Diagnostic Technology; Fuzzy FMEA; HCPV System

INTRODUCTION

HCPV technologies have been studied by Institute of Nuclear Energy Research (INER) of Taiwan since 2003,
including technologies of III-V solar cell, concentration solar module, solar tracker, central control and monitoring system,
and solar module qualification, etc.

Diagnostic technology mechanism is scarcely used on HCPV system even though literature showcases on PV system
as follows: Yagi et al. [1] uses diagnostic criteria database to provide an agile and proper maintenance suggestion by forming
an expert system with continuously improving criteria. Firth, Lomas and Rees [2] study on the various failure modes causing
solar energy loss of PV system for improving future system designs. Through the description or inference statistics data and
online or offline monitoring methods, Vergura et al. [3] seek a way to identify the place of failed operation. Yahya [4]
collects the real time data of reference cells and combines the intellectual PV modules to process the performance monitor.
Chang Zhu, and Tsai [5] develop the PV online diagnosis mechanism by using LabVIEW.

In this study, authors take advantage of the online diagnosis and fuzzy FMEA for the purpose of predicting the systems
status and failure equipment in order to help system operation, expediting diagnosis speed, nurturing system availability, and
shortening maintenance manpower and cost.

ON-LINE DIAGNOSIS PROCESS

The necessities of triggering the diagnostic algorithm used for the HCPV systems debug are: firstly, the direct normal
irradiance (DNI) should be great than the predetermined value; otherwise, the inverter will not start. Secondly, the wind
protection cannot be ignited, i.e., wind speed should not exceed the predetermined value; otherwise, the wind protection will
prohibit the solar tracker to follow the sun trajectory.

HCPV differs from the conventional PV system for it must have an accurate tracking system, causing the maintenance
of HCPV system to take more time and cost. According to experiences of 100 kW HCPV system established by INER in
2007, authors categorize the online diagnosis mechanism with Fuzzy FMEA as shown in Figure 1, including module,
inverter, tracking system, central control and monitoring system (CCMS), and miscellaneous, such as frame, pole,
transformer, wiring, connector, etc. Fuzzy FMEA collects relevant information to seek the latent problem, provides the
analyzed data, emerges the key failure modes, and make suggestions of the to-be-checked components to the management
level.
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Fig.1 HCPV On-line Diagnosis Mechanism with Fuzzy FMEA

THE METHODOLOGY

For evaluation, Traditional FMEA puts 1 to 10 to Severity, Occurrence and Detection. However, there exists some
rooms for uncertainty when the cognition of semantic converting to the numeric. That is the reason for combining the Fuzzy
theory with FMEA, which allows the inter-media state of either crisp membership or non-membership in order to establish
the membership function to represent set and depict the relation between elements and set. Meanwhile, through this
relationship and transforming the semantic or colloquial narrative into fuzzy sets, the systematic fuzzy FMEA could help
convert the description of semantic or colloquial to useful information. [3]

There are two steps for the fuzzy theory to measure the process of the subjective judgment, as follows:

(1) First, transforms the linguistic terms of linguistic variables into fuzzy numbers;

(2) Second, by computing to transform fuzzy numbers into specific values.

At step (1), all these information in FMEA are represented by the triangular membership function, because it is simple
to calculate and easy to understand. The illustration (refer to Fig. 2) and equations of definition of fuzzy set are shown as
follows:

0 r<aorr>b
r_
~(r) = a<r<m
uA() a
r_
m<r<b
m-b

Where A =(a,m,b)and a<m<b.
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(1)

Fig.2 Triangular Membership Function
At step (2), this study uses Maximizing Set and Minimizing Set method [6] to defuzzify the fuzzy function. The
illustration diagram is shown in Fig. 3 and the basic calculation is shown as follows:

UR(i)= (bi_x1)

(X, =%) + (b, —m;)
UR(i)= (bi_x1)

(Xz _X1)+(bi _mi)
UT(i)= [UR(i)+1_UL(i)]

2
__05*bi-x) . 05%(m X))
T = Xx) (b —m) (X, —X)+(m; —a)

(1) 1

Ui 3\ VR

X, a m b; X,

Fig.3 Maximizing Set and Minimizing Set Diagram

CASE STUDY

To put FMEA into practice, it must examine the relation between cause and effect of each item in detail. For an HCPV
system, the failure mode and effect analysis of each sub-system from top to bottom of the main structure diagram are shown
in Fig. 4 in order to find the most effective preventive and corrective measures. The main FMEA elements are established as
in Table 1.

In this study, we applied five-level triangular membership function to Severity, Occurrence and Detection as shown in
Fig. 5. Through the dismantling fuzzy process, the total preference value of each level was shown in Table 2.

Fuzzy theory can improve the difficulties of transforming traditional FMEA decision factors to numeric. The priority
of corrective action after FMEA evaluation can be consolidated by using grey relational analysis model.
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Fig.4 Main Structure Diagram of HCPV System

Table 1 Main FMEA Table of HCPV System

No. | Failure Mode Failure Cause Failure Result Recommended Action S|O]|D
Circuit breakers open; Reset circuit breakers; repair or
No current from No current flow L
1 Module output connectors replace damaged wiring or VH L | L
array L from array
open, or wiring broken module output connectors
2 Some modules shaded Remove source of shading M| M | VL
3 Some modules interconnections Repair interconnections Ml L | M
broken
4 Array current lg/[PPT mlgalllgn:i:d - Drop in output |Align MPPT M| M| H
5 low ome modules damaged or current Replace affected modules M| L | M
defective
6 Modules dirty Wash modules M| M | VL
7 Sqme modu}es tilt or Correct tilt and/or orientation M| L | M
orientation mcorrect
Circuit breakers open; All Reset circuit breakers, repair or
No voltage from INo power from
8 modules connectors open or replace damaged connector or VH| L | M
array wirine brok array o
g broken wiring
|Array voltage [nterconnection wiring Connections, or interconnection
9 low Y & defective or broken, or Drop in array wirin ’ H|L|L
bypass diodes defective voltage &
10 Cell defective or damaged Replace cell H| L |VL
11 Module leakage |Module grounding Drop in current  [Replace module H| M |VL
. ) INo power can . .
D Circuit breaker open; move through Reset circuit bre‘a!(er, or repair or vHl L | M
connectors or wiring broken  |. connectors or wiring
inverter
No output from No power
13 inverter Inverter failure available to Replace inverter VH| L | M
inverter
Time delay on inverter startup A few seconds 'Wait a few seconds after starting
14 . delay after L|VL| M
from idle ! loads
starting load
15 Motors failure |Motor components fatigue INo power output [Replace motor M| L | L
16 [ oads operatin \Wiring grounding Repair wiring M| L | M
17 I;n o elil € (Grid abnormal INo power output [Repair grid M|VL| L
18 (property Defective inverter Replace inverter M| H | L
19 Motors operating Limit switch failure INo power output [Replace limit switch H|M|L
improperly
20 Tra<':l'<er S, Sun position sensor abnormal Drop in output Check and adjust sun sensor M| M| H
position bias current
21 Controller abnormal Check and adjust controller M| H|H
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22 Tracker does not Defective motors INo power output [Repair or replace damaged motors |VH| L | VL
operate at all

Switches in the system turned

23 Load does not off or in the wrong position INo power output

Put all switches in correct position. | H | L | L

perate at all

24 System circuit breakers blown Replace circuit breakers H| M |VL
25 Equipment Frame or Pole damaged Main structure Repair or maintain the structure VH| VL | VL
breakdown toppled
4z (r) 4
VL L M H VH
1
0.1 03 0.6 0.8 o R

Fig.5 Five-level Triangular Membership Function Diagram

Table 2 Parameters and Defuzzifications

Grade | x1 x2 a m b Ur
VL 0 1 0 0 0.1 0.05
L 0 1 0.1 0.2 03 023
M 0 1 03 045 06 046
H 0 1 0.6 0.7 0.8 0.68
VH 0 1 0.8 1 1 0.92

Grey relational analysis is a method which can evaluate the relevance of discrete sequences by using the feature of grey
theory which deals with uncertainty and incomplete information of the systems model. Under a variety of properties, grey
relational analysis can schedule the sequence of different discrete, and offer different weight to each factor, which reinforce
the weakness of the traditional FMEA.

The failure mode diagnosis method of Grey relational analysis in this study differs from the literature methods [7, 8] is
here authors established the standard sequence first and then compared the sequence, as follows:

(i) Establish the standard sequence:

X; = (% (1), % (2),0s X, (N)) € X

(i1) Establish the comparing sequence:
(iii) Find the difference of the standard sequence and comparing sequence:

X, = (X, (1), X, (2),-.., X, ()
A (k) =[x, (k) = x; (K|
(iv) Calculate the Grey relational coefficient:
Amin + gAmax

AOi (k) + gAmax

i=1,...m: k=1,...,n; x0(k): comparing sequence, xi(k): standard sequence;

r(X, (), x; (k) =

Amin = l’l’élll’l n’éianXU (k) - Xi (k)H
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max

A= max %%x“xo(k) - X (k)H

{ €(0,1): cognitive coefficient, nominal 0.5
(v) Find the grey relational grade:

(X0 X)) = 3 Ber (6 ().%,(K)
where s,

(vi) Find the sequence order.

After calculating, the results are shown as in Table 3.

The final result shows that the most noticeable HCPV failure modes are as follows: No voltage from array, No output
from inverter, No current from array and Motors operating improperly. There related failure causes are as follows: Circuit
breakers open, All modules connectors open or wiring broken; Circuit breaker open, connectors or wiring broken; Inverter
failure; Circuit breakers open, Module output connectors open, or Wiring broken; and Limit switch failure. Among those,
there are three key failure causes: connector, wiring, and circuit breaker, which ignite the common failure of HCPV system.

Table 3 Corrective and New Corrective Order

Fuzzy InferenceDefuzzification| . . Weighted Grey Relational New
No. Jreycl}{ elc?uonal Cocr)r iicuve S0 D? lrliif)ectively jg | Corective
rade rder » O
S|O|D|S|O|D (75025 0.1) Order
1 |VH| L | L [0.92]0.23|0.23 0.616 9 0.480 4
2| M| M | VL |0.46|0.46|0.05 0.703 19 0.599 21
3|M| L | M [046]0.23]0.46 0.616 10 0.591 17
4| M| M| H |046]0.46/|0.68 0.519 2 0.544 12
5/M| L | M [046]0.23]0.46 0.616 11 0.591 18
6| M| M | VL |0.46|0.46|0.05 0.703 20 0.599 22
71M | L | M [046/0.23]0.46 0.616 12 0.591 19
8 |[VH| L | M [0.92/0.23]0.46 0.554 4 0.462 1
9| H| L | L [0.68/0.23|0.23 0.642 14 0.535 10
10| H | L | VL [0.68(0.23]0.05 0.729 22 0.561 16
11| H | M | VL |0.68(0.46|0.05 0.667 16 0.524 8
12|{VH| L | M (0.92(0.23]0.46 0.554 5 0.462 2
13|VH| L | M [0.92(0.23]0.46 0.554 6 0.462 3
14| L | VL | M [0.23]0.05]|0.46 0.764 23 0.773 25
I5\M| L | L [046[0.23]0.23 0.678 18 0.610 23
16| M| L | M [046[0.23]0.46 0.616 13 0.591 20
17| M | VL | L [0.46/0.05]0.23 0.764 24 0.662 24
18 M| H | L [0.46[0.680.23 0.580 7 0.551 14
19 H| M | L |0.68(0.46|0.23 0.580 8 0.498 5
200 M | M | H |0.46|0.46/0.68 0.519 3 0.544 13
21| M | H | H |0.46|0.68|0.68 0.483 1 0.522 7
22|VH| L | VL |0.92]0.23|0.05 0.703 21 0.507 6
23l H| L | L ]0.68{0.23|0.23 0.642 15 0.535 11
24 M | VL |0.68(0.46|0.05 0.667 17 0.524 9
25|VH| VL | VL |0.92{0.05]|0.05 0.790 25 0.559 15

CONCLUDES
A remote, complex or a large scale system without a proper managing and maintenance mechanism is difficult to keep
the anticipated performance. On-line diagnostic technology using fuzzy FMEA with grey relational analysis in this study
predicts failure modes, analyzes causes of components and systems, and helps the management level to schedule a
maintenance plan in advance.
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In this study, authors collect the 25 failure modes of 100 kW HCPV systems components, and inferred 5 types failure
modes to highlight the key parameters, using fuzzy FMEA and grey relational analysis helps conduct the online diagnosis
process. Hence, it holds the fort of the mechanism.

The above-mentioned technology has been proved on the 100 kW HCPV system, and showcased the process of fuzzy
FMEA is feasible for the online diagnosis for the HCPV system. To better the online diagnosis mechanism, authors will
combine neural network training methodology to adjust the parameters of fuzzy membership function.
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Abstract

The high concentration photovoltaic (HCPV) system, after the completion of deployment, the related parameter settings
and calibration, can usually achieve the optimum capacity of power generation. The change of environment, however, has a
great impact on the power generation performance. Some environmental factors are hard to be changed, such as the wind
effect. On the other hand, other environmental factors can be improved, such as the accumulated soiling on a panel, bird
droppings, acid rain, etc. With all the mentioned factors compared with the very beginning operation, the power generation
and efficiency will be gradually reduced.

In this research, based on the variation of the power output and environmental impact factors, authors utilize the
techniques of the variation analysis and data mining to evaluate the trend of performance reduction of the HCPV system,
which will assist maintenance personnel to make a decision when is the proper time to clean the panels and how to prevent
power loss from the wind effect. This analysis has reduced manpower to seek clues of bad system performances among

tremendous collected data.

Keywords: High Concentration Photovoltaic (HCPV); Soiling Impacts; Power Losses Analysis;
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1. Introduction

Along with the development of hi-technology, industrial development, energy demand is increasing and the rate of
consumption is also more and more rapid. Among the available energy resources, the fossil energy that human being has
been most depended not only can be used up, but also causes environmental pollution, carbon dioxide emissions and global
warming, all of which makes us to think about the solution. Henceforth, development of new alternative energy sources,
especially green energy, is an important issue. In a variety of alternative energy technologies, inexhaustible solar energy
chosen to be transferred into electrical energy is the most natural and sustainable thinking. Around the world can be used
fairly and no problems of reserves and the monopoly, no doubt that solar energy is the most potential energy; all these
features make solar power industry become the most eye-catching Tomorrow’s Star.

However, HCPV panel that must be long-term exposure outdoors is significantly affected by the external environment,
such as soiling, bird droppings, and acid rain, which makes the power generation efficiency reduced. If such a situation can
be ruled out timely, the function of HCPV system power generation will be completely performed. That is why regular

cleaning HCPV panel is one of the important maintenance items.

2. Literatures Review

One of the simplest and most cost-effective solutions to maximize energy capture is panel washing. PV Trackers Inc.
(PVT) [1] announced that the data proving solar panels cleaning increases energy production by 8-12%. Pavan[2] analyzed
the effect of pollution that could seriously compromise the yield of solar parks, the results obtained in their studies can help
the operation and maintenance responsible in choosing the proper washing schedule and method for their plants and avoid
wasting money. Mani and Pillai [3] provided an appraisal on the current status of research in studying the impact of soiling
on PV system performance and identifies challenges to further pertinent researches. Based on the exhaustive literature study
a recommendation table has been developed to guide in the identifying appropriate cleaning and maintenance cycle for PV
systems in response to the prevalent climatic and environmental conditions. Vivar[4] showed that CPV systems were more
sensitive to soiling than flat panels because they couldn’t be focused onto the receivers again. Cleaning implemented at an
economically optimized frequency is a simple method of improving electricity production by both CPV and
non-concentrating systems.

An HCPV system is usually equipped with many concentration modules and the area of the aperture is so large that it
might be subjected to wind loads significantly. Thus, wind load is one of the major factors to affect the structural integrity in
an HCPV system in addition to the weight of concentration modules. Wu[5] studied the air flow over a two-axis solar tracker
with two CPV modules installed, and analyzed the structural deformation of the whole system (CPV modules and tracker).
The results showed that the maximum wind load always located on the pedestal of tracker. Cancro[6] analyzed the structural
deformation in a CPV system with a two-axis pedestal form through the FEA simulations. The results also showed that the
misalignment of solar tracker was mainly caused by the mechanical deformation of the tracking structure due to the
structure’s weight, the mechanical clearances of the reduction gears, and the wind loads. Peterka [7] measured the mean and
peak wind loads on flat rectangular and circular heliostat models. The results showed that wind loads were greater than the
predictions for a uniform, low-turbulence flow, due to the presence of turbulence. The force was suddenly increased when
the turbulence intensity was greater than 10%. Lerchenmiiller [8] paper described that the measured standard deviation for
the tracker’s elevation oscillation angle is below 0.1° when the solar panel was at a wind speed under 7 m/s. Naeeni et al. [9]
performed a two-dimensional numerical simulation about turbulent wind flow around a parabolic through solar collectors in

solar power plants. The wind force on the collector structure and mirrors increases sharply when the wind speed increases,
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especially for large collector angles against wind direction. Rubio et al. [10] presented a hybrid tracking system that consists
of a combination of open loop tracking strategies based on solar movement models and closed loop strategies using a
dynamic feedback controller. The sun is not constantly tracked with the same accuracy to prevent energy overconsumption
by the motors.

Unlike the other researchers approach about the improvement for CPV solar-tracking system, this research proposes a
scheme to enhance system performance which is degraded due to the impact of wind loads. This approach is based on both
the applications of Fuzzy control theorem and the real wind loads data to train the neural network. During the training
process, the related parameters of fuzzy membership functions are constantly adjusted to minimize the errors between
network’s outputs and preset values. The basic concept of fuzzy theory was first published in Information and Control in
academic journals [11], 1965 by Professor Zadeh of the University of California, Berkeley. Since then, fuzzy has been used
in a wide range of areas, such as fuzzy control system, fuzzy classification (fuzzy clustering), pattern recognition, decision
analysis and so on. Fuzzy methods are often used in combination with other algorithms, for example, the combination of
fuzzy theory and neural networks, the combination of fuzzy theory and genetic algorithms, and the integration of fuzzy
theory and ant algorithms. Fuzzy theory has also been used in solar photovoltaic systems, which are mainly confined to
dealing with the issues about maximum power point tracking technology (MPPT)[12-17]. However, it is extremely rare to be

applied to the study of the effects of wind on HCPV.
3. The definition of problems

During the operation, the HCPV system is subject to a lot of predictable factors (external environmental factors such as:
radiation, soiling, shadowing, etc.) and accidental factors (such as: improper operation, parts failure, fault, or inadequate
maintenance, etc.), which may result in the power generation abnormality.

When the system is under the supervision of complete monitoring, all kinds of normal and abnormal data can be
observed at any time. We can carry out the analysis and decision-making, by which we can then monitor and maintain the
normal operation of the system; or when the exception occurs, we can take proper action timely in order to keep the power
generation efficiency of the HCPV system.

The hot point in this paper lies in that part of the analysis of the differences, in which the discussion is concentrated on
the investigation about the differences between the rated amount and the real measurement. The objectives include: (1)
evaluation of the correctness of the rated capacity of the photovoltaic power generation system; (2) evaluation of the
correctness of the real measurement of the photovoltaic power generation system; (3) Understanding a priori the reason about
the difference between the rated amount and the real measurement, which can be used to as the basis for further exploring the
variation; (4) such investigation is a kind of prior analysis.

An HCPV system differs from the conventional PV system for it must have an accurate tracking system, causing the
maintenance requirements to take more time and cost. In order to keep the motor in solar tracker working normally and to
avoid being damaged, the solar tracker is prohibited to follow the sun trajectory by the wind protection mechanism when the
wind velocity is greater than a predetermined threshold value called H (meter/second). It can be expressed as “If wind speed
s > H, then the solar tracking system is stop and the HCPV panel lay down™. However, such a consideration seems to be
reasonable though, there exist two problems. The first lies in that if the wind speed is constantly changing in the vicinity of
threshold value, the motor of solar tracker will be forced to switch between on and off frequently. Such a switching operation
could damage mechanical parts in solar tracking control system. The second is about serious performance degradation. That

is, even in the sunny days, as long as the wind speed is greater than the threshold value, the solar tracking device will be
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triggered to stop working to protect the mechanical parts from being damaged, which leads to loss of power generation.

In addition to the wind speed, the wind direction is another interesting factor to this paper. For example, although the
wind speed exceeds the value of H (m/s), but the direction of wind (called d) blowing is not normal to the solar panel,
instead, with an angle A to the normal vector of the panel. Let 6 = (90°- 1), through the calculation of the vertical component
at sin(0), the result is less than the threshold value of H (m/s), consequently, the solar panels at this time are allowed to
operate to maximize power generation efficiency. That is to say, the extent of its impact depends on the wind direction and
the angle between the normal vector of the solar panel and the wind direction. When 6 = 0 degree, for example, the wind
direction is parallel to the array panel, the impact of the vertical component of wind speed on the panel is minimum. When 0
= 90 degree, however, the wind direction is perpendicular to array panel, the impact of the vertical component of wind speed
on the panel is maximum. The third factor discussed is the change rate (called m) of maximum wind speed, which is used to
estimate the tendency of wind velocity being increased (positive) or decreased (negative).

In response to the variety of wind loads, this paper utilizes adaptive network based fuzzy inference systems (ANFIS)[18]
to identify the membership function parameters of single-output, Takagi and Sugeno [19] type fuzzy inference systems
through a hybrid learning algorithm, which is a combination of least-squares and back-propagation gradient descent methods
that are used for training these membership function parameters to model a given set of input and output data.

The ANFIS strategy is widely used in applications that involve uncertainty or imprecision in the definitions of the
variables constituting the system’s behavior [20]. Mellit et al. [21-22] proposed a hybrid model for estimating sequences of
daily clearness index by using an ANFIS. Chaabene et al. [23] used a neuro-fuzzy dynamic model for forecasting irradiance
and ambient temperature. Moghaddamnia et al. [24] used five relevant variables for estimating the daily solar radiation, daily

maximum temperature, daily mean temperature, precipitation and wind velocity.

4. The Methodology

Kimber[25] described the effects of soiling on energy production for large grid-connected systems in the US and
presents a model for predicting soiling losses. In this paper, the power generation effectiveness is properly defined and the
formula is proposed. But the goal of this research is to acquire the attenuation tendency of power generation performance
from the actual data of HCPV, which is in turn as a basis for cleaning panel. The formula is not necessary to be highly

accurate, because the environmental factors are ever-changing. The simple calculation methods (1) and (2) are as follows:
N = Pi/( Gpni *A) (1)
Ra =1 /Max(n) (2)
Where: Pyypitotal measured AC energy production (kWh)
A : total module area (m?)
Gp; : Direct Normal Irradiance on the plane of the array (kWh/ m?)

Ra: normalized of n
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In this study, taking data from MW HCPV system built by INER in 2009, Gpy; is as X-axis and Ra as Y-axis to plot a
regression line by using the simple linear regression technique. The symbols shown in Figure 1 are described as follows:
Clean-25 represents the 25" (subsystem no. 25) HCPV panel in the cleanest condition, Dirty-25 stands for the 25" HCPV
panels in the dirtiest conditions. The several dotted lines in the middle imply that the cleanness is between the above two
conditions.

C: the area of clean line

D: the area of dirty line

o

- T: the area of test line

A: decision metrics to wash (dirty index)

09

B: decision metrics to wash (clean index)

Clean-25

Figure 1 The regression curves for the cleanest and dirtiest

Ra-25

Dity:25

situations on HCPV panel
We define the cleaning index percentage C; as (3), where

C=0 represents the HCPV panel being the cleanest, and C;=100

the dirtiest. These indices are defined according to the contiguous

-
o

v v v two cleanings.

05 06 07 08 09 10 C = A *100% 3)
A+B
DNI-25

From the Figure, the areas A=C-T and B=T-D, where C is the

area under the cleanest regression curve, D the area under the dirtiest regression curve, and T is the area under regression curve

of test data. From (3) we can obtain (4). If T=D télen C; = 100%; if T=C then C; = 0%.

C,=— ST «100% = ST *100% (4)
C-T+T-D C-D
The area under the regression curve can be further evaluated as (5), (6), and (7), respectively, and finally, (8) can be
obtained.
b .-
C= L (c, +c,idi (5)
b .-
D:L (d, +d,idi (6)
b
T =j (t, +ti)di (7
b b
¢, + ciydi— [ (t, + t,i)di ()
C,—Ja( + c,i)di Ia( + |)|*100%

- b R . b . .
[ (co+cipdi- [ (d,+didi

An ANFIS structure of three input variables and a single output variable y is illustrated in Figure 2, in which there are
five layers with the input variables being wind speed (s), wind direction (d) and maximal changing rate of wind speed (m).
The output y is compared with preset value first, the error is fed back to the related layers of ANFIS for parameter

adjustment.

98



wind speed

input layer product layer normalization lyer  defizzification layer  OWtpUL layer

Figure 2 The ANFIS architecture used in this article

First of all, the input data in this layer is wind speed samples (x;), wind direction samples (x4), samples of maximal
changing rate of wind speed (x,,). The Gaussian membership functions are used as transfer functions. The output of

production layer as shown in Equation (9).

0,, =W, =[] u,(x)at,(xg)at, (Xpy) for t=1RiR =N 5N x N,

©)

i= l,...NS; j=1,.N ;k=1,..N

The normalization layer as shown in Equation (10).

Wy

0,, =W, = S for r=1,.R (10)

The defuzzification layer as shown in Equation (11).
y=o0,,=w, f,= w [a,x,+ B, Xg + 7. Xy +6,] tor 1-1..R (11)

The output layer as shown in Equation (12).

R R
Y = o, zio“:Zerr: >k (12)
- r=1 r=1 ZWr

We expect to obtain minimum error for whole training data. Usually, the steepest descent method is used to search E
value shown in (13), in which the minimization process is analog to Error Back- Propagation (EBP). Assume t, is the preset
output of the x-th training data; y, is the estimated value of the x-th training data in ANFIS layer; e, is the square of error
between the preset output and the estimated value of the x-th training data. When the x-th training data is inputted, ANFIS is

immediately adjusted weights in small size, as shown in (14).

E=3¢,,where e, = (1/2)( ty-yy)’ (13)
AP =& =—nB=n(t,~Y)% (14)

Here P is the set of parameters, 1 is the learning rate; however, the drawback of the steepest descent method is its slow
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convergence, long computation time, and being apt to fall into local solution.

5. Experimental results

HCPYV technologies have been studied by Institute of Nuclear Energy Research (INER) of Taiwan since 2003, including
technologies of III-V solar cell, concentration solar module, solar tracker, central control and monitoring system, and solar
module qualification, etc. The data in this research is from the measured results of anemometers of the HCPV system built in
Luchu, Kaohsiung. These data for the same HCPV panel is obtained between after the current cleaning and before the next
cleaning.

It is over 35,000 records (including DC/AC power, DNI, air temperature, wind speed, wind direction, and maximum
changing rate of wind speed, etc.) from 2011/12 to 2012/03, and used for C; (clean index) computations and ANFIS training
purpose. In order to understand the cross correlations among direct current (DC), alterative current (AC), wind speed,
maximum wind speed, wind direction, temperature (atmospheric), relative humidity, direct sunshine, daytime sunshine,
ultraviolet rays (UV) we has done the correlated coefficient comparison and analysis through the raw data. The results are

shown in Figure 3 (Subsystem no. 26 only).

Maximum

Win ; Win Atmospheric Relativ
c-26 DC AC veloci(:y wind directiC:Jn tetm[;)sratzrec huenfliziti/ DNI Fullsun UV
speed
DC 1.0000
AC 0.9999 1.0000
Wind velocity 0.2751  0.2735  1.0000
Maximum wind speec  0.2855  0.2836  0.9291 1.0000
Wind direction 0.0356  0.0370  0.3237 0.1977  1.0000
Atmospheric temp. 0.3361 0.3331  0.1578 0.1181  0.2019 1.0000
Relative humidity -0.3379  -0.3387 -0.2191  -0.2061 -0.2890 -0.3637 1.0000
DNI 0.8840  0.8846  0.2049 0.2050  0.0215 0.3625  -0.3124 1.0000
Full sun 0.6501  0.6510  0.2901 0.2865  0.1683 0.2522  -0.3321 0.5895  1.0000
uv 0.6028  0.6028  0.2873 0.2922  0.1586 0.2722  -0.2833 0.4962 0.9721 1.0000

Figure 3 Correlation coefficient analysis of the raw data from Subsystem no. 26

In additional to above different environmental factors which affect power generation, it is necessary to investigate if
there are other external factors that are hard to be measured. According to the experience of the fund granted unit, both
soiling and air pollution also may be the factors. Through the power generation efficiency before and after the cleaning of
each subsystem and setting DC > 1000, the results based on the t-test analysis are shown in Figure 4. It can be found that the
power generation efficiency in each stand shows to be significantly increased after cleaning, which indicates the cleaning

effectiveness (in other words, it does exist the shadowing effect of soiling).
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t-Test: Two-Sample Assuming Equal Variances

Efficiency before cleanin Efficiency after cleaning

Mean 5267.676342
Variance 1211255.211
Observations 219
Pooled Variance 1215518.66
Hypothesized Mean Difference 0
df 751
t Stat -13.59447702
P(T<=t) one-tail 4.31241E-38
t Critical one-tail 1.646885135
P(T<=t) two-tail 8.62481E-38
t Critical two-tail 1.96312777

6470.351395
1217262.434
534

Figure 4 Variance analysis of efficiency for cleaning on subsystem no. C26

We use above equations (1) and (2), respectively, to evaluate the regression curves of HCPV panel with raw data from

subsystem 26 and 27, shown in Fig. 5. The regression curve for cleanest situation (the panel has just been cleaned) is marked

as Clean-26 (or Clean-27), and that for the dirtiest situation is marked as Dirty-26 (or Dirty-27) for dirtiest situation (The

panel is about to be cleaned).

Ra-26

Clean-28

Ra-27

Dirty-26

Dity27  Clean-27

DMI-26

Figure 5 The regression curves for the cleanest (upper one) and dirtiest situations (lower one)

The reduction of power generation performance of HCPV panel affected by external factors such as soiling etc. is

converted into a cleaning index C; as shown in Figure 6. We define that C; is 0% when the panel is just cleaned (i.e., in the

Clean line), and C; is 100% in the dirtiest status (i.e., in the Dirty line). When C; is more than 50%, it should put

panel-cleaning in schedule. Of particular attention is that the C; index could be declined because of rain washing to the panel.
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Figure 6 The percentage of clean-index C; for subsystem no. C26 and C27 respectively

Besides, the long-term accumulation of soiling is harmful to the power generation performance, momentary gusts can
cause damage to the big panel; however, the momentary wind speed and direction are often difficult to predict. In this paper,
we integrated the raw data such as: wind speed, wind direction and the change rate of maximum wind speed as multiple input
factors, and then we use the adaptive neural fuzzy inference system (ANFIS) to give an intelligent decision making to further
improve system power-generation performance.

The training process stops whenever the designated epoch number is reached or the training error goal is achieved. A
testing data set is also used to prevent over-fitting of the training data set. The over-fitting can be detected when the testing
error (root mean squared errors, RMSE) starts increasing while the training error (RMSE) is still decreasing. The training and
testing error curves using Gaussian MF's during 300 epochs is shown in figure 7. It can be obtained from the results that our

methods offer 76.68% performance improvements.

Figure 7 Training and testing error curves using Gaussian MF's during 300 epochs

6. Conclusions

From the variance analysis, we conclude that the effectiveness of the cleanness of HCPV panel to the power generation
efficiency is significant. In order to monitor the soiling and wind factors on HCPV system, a large amount of power
generation data and environmental parameters is converted into a clean index, which are used as reference for the panel

cleaning schedule.

102



The other proposed approach is to improve stability of HCPV solar-tracking, promote the capability of security, control
and system adaptation for environment, and increase time performance of power generation. In this paper, we integrated the
raw data such as: wind speed, wind direction and the change rate of maximum wind speed as multiple input factors, and then
we use the adaptive neural fuzzy inference system (ANFIS) to give an intelligent decision making to further improve system
power-generation performance. From the real data and simulated results indicated that this approach can be greatly improved
(over 75% in this research), especially in bigger wind speed. On the other hand, if the wind direction is stable and is nearly
parallel to the panel array, the improvement extent is further increased (over 90% in this research). Such method has shown
to work very well through field testing. In the near future, an automatic analysis of soiling and wind impacts will be coded to

put into daily supervision program in order to improve maintenance efficiency and system performance as well.
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