L4
LR P ER LS

&= »
aw

7 Pl +

FHFI L HCPV i3t 2
The Applications of Data Mining Technology on HCPV Systems

3+ 3 %% ¢ 1002001INERO045
RSV ICAEE T Y .
PEAFL AR

BT 3 0 0911185978

E-mail address : glee@mail.vnu.edu.tw
pEmE L R HE

FL p ¥ c100# 117 30P




ABSTRACT L. 2
EH 2 BTBE 3
B VP R RARE B 4
N AR e 4
NP BT ettt 5
BRNFL P ZEER 7
o T T R e 7
T NI FTE R E TR e 7
(- )7 ME* FORIFE RILE ) Soaki b g ] R 2
ettt s 7

(Z)F B+ B %5 TPV B~ H5S s * 2 HCPV e i

B 3 2o BT 5 1 e 20

(Z)F BB g R LRDATHG Y ETRA T 23
() F B FMEA 2213 1 (F2312. 304 1 s 28

% 11&@%.@3.@% ............................................................................. 30
— ~AE O TR RIE A B R ok B4R TR 2T 7 30
(= VT B 2 BRI T e 30

(2 ) 2B e 49

S A BRE TPV D B 2 HOPV e i 14

D = OO 50
(= )% B R R PVIBEES 52 S e 50
(=) ok % Bk T (HCPV) i o 2 53 53



~

7

(__‘ ) m"ﬂ *i ................................................................................... 55

() 2 ettt ettt et ettt st nes 58

R S BT ER S et REy WAR LIS = 59
(- )i 2o FMEA 72 5Tk %3 2 2 s 59
(2 )i L 222k %R S = IR 62
(Z) L 422 h G anEl 2 2 - — A d BIEA AT o, 66
(2 ) HCPV [ 50n2% ST HE7S B30 A T oo 69

A RE T AR 1 TR e, 74
()2 & AL YR B A ERE RS T o, 74
ERERF VRS S IESE L LIRSy S02 1) " 74
(Z)B BRI N M T TR e 77

B sk g Tk sip e o2 B 79

(7 ) FEF e 79
(2 ) B ETIEER e, 80
N R T B B e 81

THFABFBHFE(Z SCIITNC B e 82
(= ) TEZE 2 et 82
(S VI B 32 ot 82
(Z)EP TUT D et 82

4 Y . [N =

P ESAED DR Y TR 83
CF BT R EAADET T e 83
CFMABBFRELHDET TR s 85

II



F

A E TEHHEBLFE AL HCPV kb 2 g% | (The
Applications of Data Mining Technology on HCPV Systems) » 3+ & %L
1002001INERO45 » & F sc L~ B/ X L 27§
HCPV v B P » 2 #h &k sk {_:—‘F'f B i —‘F'f JE=FE S5 P L
Veil nFIA kBl 2 RS L AR R BB 2
B1FErRE S aiEs T fE LIREH AR
GILBATA R BT O R o sk A F el IFE B AE Y TR ER
(Data Mining) > 8% £ 2 5 WA enFor? - 345 I8k ok
fc B 42T E ~ 2 3E3F PV T fdiciici 27 HCPV e B3t > ¥
-1 PE B BB R TRk L 2 Bor
B~ 45 (FMEA) BT » FF34 R ¥ 8 2 2 5 2 R Bl il A dg e
B iv s @ FER LKA AE o

N E R (- )E O TR R I IR Rk Suanay chRE 4 T
227N )R ?(PV)ﬁ"‘éﬂﬁ’@?} I 1558 & HCPV g+ 1
2.3~ (2)iF* 4 2N B 4 $7(FMEA)# i » ¥+ HCPV £ %
B iR R T B (e )M 1 P RA R R (D)
HIBEg R drg BT 20k - (5)F2 2 H 2 &4 0 SCI
HAwm>-KEREEHmY - o 2P RS EFFLT UFEEK

4 gt 2p 2L phy b .
LS BT et E.—g@m

\\\ﬁr
e

o

R A L LA 72 IR L) WA
Sl S §i



Abstract

This project “The Applications of Data Mining Technology on
HCPV Systems”, Project No. 1002001INERO045, is conducted by
Vanung University. The focus of this project intends to dig out critical
factors that affect system performance from the large and seemingly
random data by using data mining techniques. In addition, this project
also investigates the relationship between the five-parameter model of
PV and HCPV. Another focus of this project is to explore the modes and
causes of exception by the use of failure mode and effects analysis
(FMEA) techniques. The results will be treated as a base to execute
planning of the key maintenance. It is expected that the outcome can
offer as a reference for system design, module design and operation.

Tasks have been accomplished in this project include: (1) To explore
the key factors affecting system performance of research by using data
mining principles, (2) To study the application of Photovoltaic (PV)
modules in the HCPV input-output model, (3) To identify the major
breakdowns of HCPV by using failure mode and effects analysis (FMEA)
technique, (4) To discuss the practices of planning of key maintenance
work, (5) To collect the relevant latest technical development materials
of the HCPV system, (6) To fulfill the final report of the project with two
papers, including one submitted SCI journal paper. The research results
in this project could be good module design and operation references for

HCPYV system.

Key words: HCPV System, Data Mining, FMEA, Five-parameter Model
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B %r E'—hg,.l ‘ﬁ g ﬂlf Fﬁt #J. °

ol

\

A

=
B
2.

N
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FPE T 1 1000 W
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: |EISC
—————— HBESOC
— BE7EC
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40 a0

E |
— E B
| RECHIN o o
—— EE=

4

34

—

2

14
- 50 gp

B 2.6 BAEOC~75°C)> B &

1000 W/m?

C e 1l (Normal)

4
3 4
— 2 TR E(Fault)
Fault
- Normal
14
& T T T
5 10 20 25

W1 2.7 i FeGR A - ~= ) V-14 &
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B IEREE 1 1000 Wim2
e BRISEE 1 750 W2

41 IR © 500 Wim2
B ¢ 250 YW

* B <250

2 -

v

250
ot

200

180 4

100

W (power)

a0

v

B 2.9 A & V-1d 5

(=)7F B~ B TPV o h » BN R * 3 HCPV ehs 3§
AV A S

2 A - R LG AT A R R

Beop M AT REFRIT 2 e an 22 > Fd g~ R E R

R T SJ:", g it > = F 5 A #i03" (Performance model) ©

Z2H e IMEF BB 2 8T o 2 2 i AT

LR ¥ oa AR PR BRI L SR o ST

NREL(National Renewable Energy Laboratory)iz * * fi$g: %%
SRR S (PV)%E-':‘:.E’_%?J Bor ot A&y = fA[18]
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(1)Five-parameter Model (2)King’s model (3)Single-point
Efficiency Model > 4§ & 4c™

1. Five-parameter Model [19]

Bt 4o B 210 0 #5748k i IL(Light
Ccurrent) ~ Io(Diode Reverse Saturation Current) ~ Rs(Series
Resistance) ~ Rsh(Shunt Resistance) ~ a(Modified Ideality
Factor) » & /-7 B e 2 f2 8 4o

I —»

R

T I | _T
é

Bl 2.10 PV e T % #icfic 5%

=1, 1, -1, (2.6)
V+IR,
I=IL—I{e a }—V”RS (2.7)
Rsh
a= Nsn(;ch (28)

H ¥ > Ns: number of cell in series > nl: usual idelity
factork > Tc: cell temperature > k: Boltzman’s constant (1.38%
10-23) » q: electron charge(1.6x10-19) o

— AT T S IPRE BRSO WIFF R

L R 2 (JR 2RI G )T chlicdh 0 do BRI T R~ B
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TR BAAFEOATIEE LR BRI BB
BoA B X B Gk o J‘J-E‘;E]Jgﬁgg;jﬂ?u Hew S o R /%
BAE A2 P RO T 2 200 Bt il S p

RN R R U AT

2. King’s Model [20]
d Sandia National Laboratories 7% & > ™2 & Pl % 72 #_

RS s B AR T

M G K_(0)+G
I s T I sc,ref |:M—ref:l[1 + alsc (Tc _Tc,ref )]{ ° m(l;(ref) d :l (2 . 9)
I mp = I mp, ref [CO Ee + Cl Eez][l + almp (Tc _Tc,ref )] (2 1 O)

a, +6¥|
mp

I X I X, ref [C4 Ee + CS Ee2 ]{1 + {SCTJ(TC _Tc,ref )} (2 . 1 1 )

I x Ixx,ref [Cé Ee + C7 Eez][l + almp (Tc _Tc,ref )] (2 1 2)

Vip =Vt + €N ST IN(E,) + ¢, N [T ) I(E)] + B, E (T, =T, )
(2.13)

Voc :Voc,ref + Ns5(Tc)1n(Ee)+ ﬂvoc Ee (Tc _Tc,ref ) (2 14)

Poo = ooV (2.15)

E, - e (2.16)

Isc,ref [1 + alsc (Tc _Tc,ref )]
5(r,) = Mok (2.17)

q
HY > thficc0-c7 2 nD> W pazHiE opd 2
B B A AT T e
3. Single-point Efficiency Model [18]
d NREL 48 % % B B * # % Solar Advisor
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Model(SAM) » = i @& * 3+ 5 64 ~ i ~ = &2 pfir
AT E o TR B OBE £ > SAM - A3 IF ez it
o A&*ige gy Wit BERs e gudik o 8
P B Bhame N AT

I:)Module = TI\vodule AModuIe (2.18)

#H ¢ » v : module efficiency ° Avease : module area °

PAAEGEF S EHE B PV Module shE 3 > Bfe 5 e
By ERpFEi T o

A | (PV)ﬁi’féﬂ%?l IR  EEA
HCPV ¢h& i A 452 A7 5 0 #6904 & e R i B B b i
i ik o s K R TR S TR RN 2
}}% PR R PO eng Pl B ERF AU e
PVH ;L 427
e g (Curve fitting) 7 2 4o 023 B> 414834 PV e

l,.

O 503 BRI AT 0 51

Hor R 3 HCPV g% ihg it o
)M AR Rk Sk R Sk A 4

% »TH-3 B2 3Tl & 47 (Failure Mode and Effects Analysis,
FMEA) - 6.1 * % ¥ k& (7 f245en< 2 o 34 5 4 5
2B TR R EASER L R R kA kK
ﬁfﬁﬁﬁ%§°fﬁi%?”ﬁ¢%uﬁ«Jmfi&‘ﬁﬁﬁn
RRERE X R A
BR1]-dp AP T EERER TR BPHLL D
LR BN K2 BAEE c FMEA £2 2 4R L

»:i-_g]\ /"ﬁ’i{‘\—.é)té_?_g\m’?g%’_ﬁ

{

AF
>E% 4
£
ud
3
bl
(w
RS
5
_A
Ry

(Y

* 4~

F_k
&
i

L
w
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IR PIRIFEE > BAr FMEA L2 4 B 8o L5 0 g
-4
Wi

1. FMEA el A 2.4
£ »rpo v ¥ e B A~ 45 ( Failure Mode and Effects

\Tr'i""\:}{;‘l--‘ I fE_]"} ’ miﬂﬁf@w #@4*\}3 J J";L:
B NFEAE R ER SR R E T %—T%g"’r" g 22]

Analysis, FMEA) + % i 55 1950 & 4= » % pF 7] & 44
G ELZ AF ety o AT kAP F ORI A P 4 eV iy
fo Bt B A 2B LR a2 R4 3
VIR FE T oA A ARAE o H Y E R EE
(Grumman) £ #% 2 @ 7 3% ) FMEA i % % {8483 4k b
% 3tk 7 o FMEA {8 X T % & M 4+ & 47 (Criticality
Analysis; CA)m & 5 % »THi ~ »o g 27 B 44 4 47 (Failure
Mode Effects and Criticality Analysis, FMECA) » # =~ H & *
12[23] -
A B A - B R FIN AR

2R REfRAG 2 o USRI AN A A R 4

AP E B TR AL R ~F L R CERARZ P
R - RV S El N U~ l&i:}ﬂ #c(Risk Priority Number,
RPN) » i B g ffdid2 3 o P A st 2 4 201 i
ﬁ%i%éiiﬁ@oa&%%iﬁ&?ﬁé—ﬁ%%%
EdqptR( R ERR) Bty 45 24]

Bk BA A RPN =B B (S) * # 2 R(0) * ik A
(D)
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2o B R(S, Severity) gk B A HE ST R A2
7 AR E TR o B4 R (O, Occurrence)a‘ﬂ 2 AN T
o 2 AR (B F)2 9 B o #ie & (D, Detection)dp iz 3+ ¢xfi

FMEA i * Eiyp 2 2 5.2 G s - fp i 4
R s 5 [25]
(1) % #2(Process) @ » 17 ® ¢ & 2 %k i 42 -
(2) %k (Design): #17 A& %4 & ehk 3 &
BRI ERFTR
(3) £ & (Concept): 25 # X2 L I B A 47 %
A kO

(4) % % (Equipment): A REF & 4 45 B E X &
2k
(5) FRF%(Service) : A& & & ¢ S TR L v ik
(S
(6) & % (System) : ¥ EE R & S G B 7oA AT o
(7) # %8 (Software) @ ¥ #c g # 50 B (7 & 7 ©
H ¢ > PFMEA 2 DFMEA # 2 S8 # 8 Wk @
PR RN EAR Y B FFHL P PRIk S
FMEA 3 & -
3. FMEA 79 % % 5%
FMEA e§*%6— 3% & B RA| 1 - 24 F 2K = /L%
AT Td T A b aR R oo Ry AL N K

WIE P A AR &S AR BT U =
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AFA R (L@ TS AT o SRR e R Y R A

R et o 2 AFEH I AR AT (A 2

5 ;ig

A
B A &5

Wwh=* - P DT R 407 R ERR
A

S0 R AR RS E SR R R

Pled{mnE~ > d & BHAT i NE

PRGN R AT A AT 0 A BTG AR £ %ﬁ#ﬁ%@; o

5 BT [23] 0 A A5 IR R 4o B 2.11 [26]

(1) & & s i

2)
(3) %
(4)
(5)
(6) 7= &

T S R TN

PR RN W S

PB4 2N (FMEA 8 )

H & s p Tl 4 s B S (FMEA ] 4)

4. FMEA 8 4 § 6404 2.1[27] :

% 2.1 FMEA = %] % #

EE/
Thae
(FEH

Bz
E
LB

BTz
o
IR

it e

FERAE R

25| BATRRE || ® ={LEE

ey = p 228 He | B
vy [ | 17| ) TEPREH I e e

e

Al
=3
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VIFEMEASTFTRER - 481 (5 i

”EJW BFFR - FLRL Ay f o —

il 1 R R P
rilE[JU F[EI

i |
EMUE/ AN e
- SIT T AUV AR SR TTRYRY,
%l%ﬁj‘{cly‘* Fﬁrﬁ RPN %EB:' =0 IF‘I‘E[ %q;:[ @Seventy (S)
}J‘[Lclsm[%fh—f v UBEQKEJF [3] ﬁﬁﬂ]@ﬁ\ﬂl@ﬁé@; FRUR
;ﬁf fb :E P 1 ‘F[Lfﬁli A FIHY =i E 58 & A Occurrence (O)
(et e R B RPNAEE < H L VTR AU e
oS8 SRS Y AR E 72 (£ #5458 Detection (D)

T = BT W

RPN=S*O*D

B 2.11 FMEA 2z 4 45 in 42 B [26]

5. 4ofmi& * FMEA » #8324 HCPV :

G 4P % MW s HCPV(F § X B~ it % T)

hiemE B R A dofe F RS T oA e > 2k (T

N

W AR M A - HER PEHG R AL

Bz BEA B a g -8 L5 gEEg o ks
FPRrE BAFFER &2 2 A od é%o%“]‘jf%?:ﬁﬁqﬁ_)ﬁ#ﬁ}i,

TS Aol R AR B EE S 0 & Ak B

v ik (T2 W % R (availability) o i3+ B 3% T b B 4T o



A A ‘ﬁﬁ?.ﬁ%‘?i%’}ﬁﬁ’!o
AR RTINS S L R E S T C e

G4 A RE (T R R AT EE[28] ) ibe B A2 ATT £ Bk o

$ B ks ¥ P e FMEA >
ELp B EH BT s Bk A
LR 4 4% HCPV i seenig #
FMEA % ¥ » 45 8| Métf2 i1

RPIF IR P AR o

(z) 3 M FMEA ¢ &

4

AT Tf-'%\' & Lz
FRA B 2FRF G A o 2t
#-7" (Mode) - %

Hpehhticd EEE
g A feg g &b
SRy BEHGE Y 2

2

IS VAR SN0 N NS

K
rr%"#&sbr%’

FA g RRE NN EE S iR E I
oo ey Vi BB L FEE R AU fg%ﬁ; FZFJ/#FFB
o R R ek o R S R AT G AN
2 ES MR P LBEFAY o 5y LF ARG Ak
;2;‘;: o

28



1A 3K 3 i(DFMEA) & %3¢ cn(PFMEA)[26]> { 7 & A BI3L 5
FMEA ¥ 12 % 4k sud firdpehizmpr i 28] 2 9 f24%

VR R BREREL > BASTEEY P i

PR R 2 R AR TR R T R
B oo k3 i et R R R B R

rawaL%fxmf\%#:ﬁﬁjﬁ@mﬁﬁ@ﬁlg
Z_dk A BN R FR AR R r-r"%ﬁ’g LU mﬁrl‘m«llp E 1 ﬁi’? 3£
Fotesk A m RS T b i findn en B3k (4838
B ek E R R T AR A o ey e
522§ RV AL SIATE T & & 2 ehak Kl P iR
T BN A 1 R % R[29] ¢
A3 1 (FRE] 5 @E % FMEA chp 77 PR 4o [28]
Lo st g 3 3 ok > s B
LEFRSE WRAZTE o
2. Pl bRERRIoRE TEF LA LA o
3. B BEFRITEY 70~ X KT E D
4. FRAEFREZERR P LRI
5. ¥ EEMF 2R A DA T A K SR
PRI EL P FH PRI DELLEIAP o
TSP e TP N F oo L R
FF P OBSP TE
g

T g dEe SRR BACE L (E Rttt v

6. %
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% ~

AEFRERS

PR R R R R S A R 2 T f

(= )i % o o %

1.

i i\ (Wind load) ¥ 5»c i iw & i+

HCPV E s # B p hit > Hsa e £ &
<o RPIER XRS50 LI K SRl
Gt B EHE AR E A R BEK S /E )R
# & HCPV & 5 T 2% » 3K 2 ik ok frdo 18 > v B 4 b ¥
fefh BhpE A 4 B M (TAR R el AL o 57 fRA VIR AR
BOER PR E 0 AP RGO
R AR e R HEN LA AT R s
0 oA S J ] S B BRE R s > W L gy
FIBEATRR B b R ke RE T 2 F R &
HET SR F T TR SRS S8 1L L =tk
# % ¥u(Adaptive Neural Fuzzy Inference System, ANFIS)Z
FZ e R AW AR R frd g
Foom )k «Lmﬁ%l VRECL B R A B R o R

05 kxR o PlETEE R KRB o F 2o P

—%Eﬁi%ﬁ%%&ﬁ—%ﬁ | % By 01 ANFIS 2
HAo® 3.1 977 > 20 ANFIS £ T & > 38 » s B 2L
Boag(s)~ b 07w (d)fedt boid R0 5 (m) oy Ky £
BRPRE T TAE L g Z 18 w2 ANFIS 4p B
LR TR S R o
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wind speed 02,1 03 1 + + o
51 2 o
N
\ 0, ¥s g ¥m
a5
' o]
St 2 Q. + +
T N
wind direction I
'
ie)
d
oy
\ ' T N
Oy
max, wind speed
%
My
9, x
" .
] N
T P
- / %0
M, 2R
input layer product layer normalization layer  defizzification layer  OUtpUt layer

Bl 3.1 g dagAd SO daem o s iE

-k :ﬁ%l » & (Input layer)
H A 11@?] o mﬁ%l > Ft xs & R itk A (Samples) -
xd 5 b e w A vxm 5Bt bR SR A 0B

-Enlf
\\‘g_

5 f & Hc(Gaussian membership function)f-48 3] § b I & B
(Bell-shaped membership function)4p § % 07 » 2% ¥ 4 &) 5k *
TP T L RS TR B o 2 NG
ARATF DSR2 B NES S Ols~O0Ld - Olm; = 42
FGHF S AAF Y EE A NES S Ols~0Ld>
Ol,m % rggd b & itk Eﬁ?’% S fic R d 2EA ST
B o

¥ = K 3R] & (Production layer)

R R PR B R A2
Wi B BEEY > 7 WE* Tnorm & 7 HR
AND &5 & ffFE Y oot K Ad 2R SR i &
Bt g o 4o A28 (3.3)5 7 o
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e

O, =H(X)=€ = fori-12N
_()Hé_.qjj)z

Oy, =1 (%) =¢€ T =1y,
M)Z

Q, =y(X)=€ ™ frk=12N

(1) 2747 o ke

(3.1)

0. =a(x)=—"L17 foriz12n,

Ol,d. ::UJ(Xd): 2t for j=1,2N,

(3.2)
0,, =W, = [ | a,(x)s,(Xg)az, (Xpy) for =1 ReR =N x N x N,
ik
(3.3)
% = R & i & (Normalization layer)
Wt - R A B BEATIE R DR 0 R T i R
A AR 0 I S rp 0 ORI L e % o R H
A0 ) 1 2B det 238 (34) 5w o
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— "
0, =W = - for r=1,.R (3.4)

3,0 r S,
% v & 48 % & (Defuzzification layer)

Bk Z R EF 2 1R %2 Sugeno o H-FS AR
ko Ao AN (3.5)HT o 0 AR * — FE Sugeno sEoR -
U2 B el St K AT A A MU Sl fEG BT
et o

y=0,, =w, f = w[aX +BX +7X,+35] for r=1..R

%I & 8 & (Output layer)
B - LRI & & B IR R 4ot 4255 (3.6)

R | — R
Y=o, =0 =wi-= Z%rfr (3.6)
r=1 r=1 r=1 Wy

AP FYERFRT R e SE TR FAE LT
i % B *'# 3 '% /2 (The steepest descent method) k& E
B H o] (v e AR 0234 5 @ vE % & % (Error Back-
Propagation, EBP) o 3%k tx &% x B3R F AL Jf%ﬁia?l:'
TE’yX{ANFISﬁﬂ% b X BPRFTH I EHG E
ex A% X B RF AL B 1‘?%—%]»- Bty n BanEL T
S Ae(3.7) A~ F X BYURFEPE > ANFIS o) g
D E S gL ] 40(3.8)50 ¢

E=2Xe,,where e, =(1/2)(ty-yy)’ (3.7)
AP=-nE=-ns Z=nt,—y,) % (3.8)
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FPPL g ELE A EY S R AR
ik BE G faciniE B P E L~ fod b o~ AT
Nk IRfE o A PEE Y 45 & A E Y JF 5 % (Hybrid learning
algorithm) k 22 & 4% % » #-Sedfcenft £ 4 S \P 2@y §
£ 7w P=PNLUPL - g5 PNL 3 % - & 85~ &
B S BT B3R 2 Sl L LERPEL ¥ - ®PL A
Fow R 48 & ch— FF Sugeno ¥R 2 S¥c o A RMEE o
f#* B T > 532 (Least Squares Estimate, LSE) &k 33 & 41
P dcE o MR RE IR SRR E o BT
TR OE fHchh R PREE o RS L A B ER
L oH ARFBON B LGN H P A SB10)5
TR T B ehdlit S8 PL 4Gl a8 4o
(3.12)3*

R —
o —
Y _a Wr fr_APL (3 9)
r=1

X WX WX W w X wX wX w w XWX wX w w
st 1 di 1 ml 1 1 st 2 dl 2 ml o2 2 s1 R dl R ml R R
X WX WX ww X wX wX ww X WX WX w w
2 2 2 2 R R R R

[ X WX WX ww XWX wX w w Xw X wX w w _|
ko1 k 1 mk 1 1 sk 2 dk 2 nk 2 2 sk R dk R mk R R
(3.10)
T
PL:[al bl gl dl az bz ‘gz dz ”'ézR bR ‘gk dR] (311)

Y=[%Y, - yx]T (3.12)

T B EF(3.9)7 ddk ) BAr(3.13)5 0 7
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U PL b 124 (3.14)5 o
IAPL - Y|P (3.13)
PL=(ATA)'A"Y (3.14)
8¢ AT 5 A endi % (Transpose) 'L » (ATA)-1AT 3
A e F i (Pseudoinverse) » § F1F PL f#fs » H et 4
B ey B THRFLES LGRS LI B R
4.#2 PNL 4c(3.15)5% » # %8icde(3.16)5 ¢

OB Wy _ Yy
ARy =g aPN,_ %y, d =n(t,—Y,) P (3.15)

Pue

Pae = { [Ps1, Ps2, *** Psnsl, [Pats Paz, *** Panal, [Pmt> P2, ==+ Ponm] } (3.16)

0 F A6 S died T 0 e en g die Psi=(siysi) 0 i=
1,2,-- Ns;Pdj=(dj,dj)j=1,2,--- Nd; Pmk = (mk, mk) > k
=1, 2, ; ¥ BAF o ks T 0 @Sk Psi =
(asi, bsi, csi) > 1=1,2,--- Ns; Pdj=(adj, bdj, cdj) > j=1, 2,---
Nd; Pmk = (amk, bmk, cmk) » k=1, 2,--- Nm o

- RfFEA Sl #(3.6)7F ~ (3.15)50 0 # 5
% (3.17):8 F=(3.18)5¢

R
oYx  _ r
Pyl ; fp x 3PNL (3.17)
R
0
aV_\/r _ oW, X 1 _ Wy X rz—llWr
0P P Zwr [iwr]z P (3.18)

r=1 r=1
5V > REH PNL B & ¢ i Psl ivippcAs S
% A W4e(3.19)74 40(3.20)5% > H 7 H5dE o

OWy Oy (Xs)

By Py X (Xg )X g (X)) for j=1,2,..Nysk=1,2,..N .~ (3.19)
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03w
P —aﬂl(XS)X[ZZ#dJ(X )%ty (X)] (320

j=1 k=1

Bots o do% i B ATEF D S0 Psl = (s, s1) 0 RIAH
H 2B s % 403217 »

aﬂl(xs) — 2(Xs_‘931) . 8,111(XS) — 2()(5_‘951)2
005, 0521 5 00y 0-521 (3.21)

b E % 48] Sl 0 Psl = (asl, bsl, cs)2 f i %
7T » Psl=(a,b,c) R4 H B %] s i1 5% 40(3.22)

;\‘4 )

aﬂlagxs —2a" —2b- lb(X _C)zb(1+| Xs—C ‘2b)
) = D[ ZEP | 55| (14| 255 )
(%) “2b 2b-1 X,—C 12b\—2 (3-22)
o =2a b(X _C) (1+| ‘ )

A< b §4(Wind load) B2 5 i® B A7 * dlicdy £
% p INER & %3 22 RiEL 75 #8522 e HCPV system & 5
A e i# 3 ( Anemometers) #ip] 7 2. S % o gt B B~ F pE R
RjE€2011/5 % 3 2011/7 % » £ S HLFA(S 42h i b
w ek & B %0 5)iT 5 ANFIS ' * (Training data) > 4o
B 3.2 #77r o ¥ hpE A€ 2011/8 * 3 2011/9 % » X5 5
g2 F 4T 5 ANFIS Pl * (Testing data) > 4] 3.3 #77% o
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Bl 3.2 ANFIS 3" R 5 4

testing data of wind
T

degree

meter

] 3.3 ANFIS )3 7 4L

ér_%l R P A4S TR 0 g'Tﬁﬁ B S Bick 1 Ac B 3.4 47
7o 5 ANFIS i 02 F R st BAp M S 8cis > 4ol
35405 o v gRA B T OLEIRG P AR o Tk g

BBk e 4] B b Sl e Bl 3.6 4T 0 e R
ANFIS i B iz & R Aesh BAp M -8t > 4o B 3.7 #771 o
R R L LI P AR
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1
iwn gpand change e
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® 3.7 83 B o dies G RE L B

# ANFIS 2" 3end ok if it § F 3|35 3K 0 300 = & (300
epoch) & # L IFFRREL = FiE 5 b o AP HUEALY » 4
PR ?#i % Fr ok i R P H(Overfitting) 515258 4 o F 2

3% % (Root mean squared errors, RMSE):i% jfjps > pF > fe §_

PIREA AT B AL Ao PF Eiﬁ{@@.?”éﬁ IR Fe oo PR

RIFRAGEL & M B 5 B 3.8 ® AT B S R
ZEs T {oR 3.9 BAF I B RERREFLES F -
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0 0
aos
00
: |.'!'\ i
1 é!ﬂ A“".‘E‘-- sting emar curvir
: - el i
E T k\'M;' i T b1
R & il ; 'f"“'!”f«'ﬁ'ﬂl'l'.-
acoe {Hle .P % - : :
IT” ||J|'|.| " ii"‘ - ) :
o e
il -1 : R
om,

1 1 1
o El ) 150 a0 =0 w
wpoch

® 3.9 487 Eff/iq S BTRBE RIEFA B AT

Py Ve RA TR 3.1 AT o JGe B A RART U E Ay
HCPV system ¢ * SFCD(Single factor and crisp decision)p#
A %3 1,644 = (Training data)fe 1,262 =t (Testing data)&_j
%+ OFF-state. ¥ *t » & #* MFFD (Multiple factors and fuzzy
decision :Gaussian)f'| # %] 3 362 =t fr 13 =t &_*t OFF-state.
4o o & SFCD = i favrt 0 R & w5 77.98%F 98.97% 1
iy e o % = 3 2 * MFFD (Multiple factors and fuzzy
decision :Bell-shaped) ] » %] 3 365 = v 19 = & >t
OFF-state. 4v¥? Jn % SFCD = & vt #2> B4 %5 77.80%
T 98.50% v i $ 2 o
2. PR ER R

AT IR RR R 2 5 kg BN ZHTH
oo 4y Bl R L F KR (Regular) » vt B
(Shading)I. % = & L » 24P 7 & DV R ACRIFOT > B 3.10
EARODBRREEERASCFND LV ¥ > 2 DP BRAE S
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7€.0.2 Sun 3| 1.0 Sun » ;& & T 3% i* j£_00C 3| 750C - ] 3.11
AT R A RIPBRREERRCES P-V Y 5 242 ap R

B s%.0.2Sun F] 1.0Sun > & T % it j&£ 00C 3| 750C -

331 Hoan oA 1T

W SFCD MFFD MFFD

HCPV state (original ) | (Gaussian) | (Bell-shaped)
No. of training data 50,000 50,000 50,000
No. of ON-state 48,356 49,638 49,635
No. of OFF-state 1,644 362 365

LES T A - 77.98% 77.80%

No. of testing data 50,000 50,000 50,000
No. of ON-state 48,738 49,987 49,981
No. of OFF-state 1,262 13 19
improvements - 98.97% 98.50%
’ -0 ;5: RN . """"""""""" |

' ‘1‘ ‘\ i

Va

BI3I0-Vd 2 : 2 hp RELER S
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B 3IIP-V &7 php REEEREN

Fh A B AT AL 355 R A s S E
PEEA LG > B 312 &4 = BHcER Ba 2 P-V
AR 5P BAE S 0.6 Sun ~0.98 Sun @GR B L L
250C ~ 300C -

Pw
200 T T T

L S o b ;

7 I N S N
N S S ]
——
100— ————————————— ————————————
PRy ST T —
af i I O T —
ERY ST - —

I [t I W S S

0 10 20 30 40 a0 B0 70 a0

B 3.12P-Vd & i d = BHep M =
(P P& A :0.6~0.98 Sun) ; GE A : 25°C ~30°C)
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Bl ARIRT REARM AL o H A b i R
%EI T e bl 2PV o S B+ 0 i £ (power) AL
AT F R OTH o R S E A RN ET o R
$tenp BAE SRR CTRES PV RLIAHHNEL R
tie o B 3.13()2 B 3.13()5 = BB LT 8 mire bt

firiE ez R T 0 A2 PV F RS B R oo B

1+

Frﬁ*\ﬁ?frﬁx ﬁg] ie B A T 4@ 3.14 Pt o £ 3.2 B A
A PIEFTAL -

;e .
0] 10 20 V::agg 40 50 &0 70 -10 . 10 20 chgs 40 50 80 0
] 3.13(a) Shading Pattern-1: ] 3.13(b) Shading Pattern-2:

Pan1=35%;Pan2=20%; Pan3=80% Pan1=50%;Pan2=55%; Pan3=35%

80 4
60 -

40 4

Power

85 & & B
Power

204

T T d
10 20 30 40 50 50 70 10 20 30 40 50

Voltage Voltage
20 J

] 3.13(c) Shading Pattern-3: ] 3.13(d) Shading Pattern-4:
Pan1=30%;Pan2=70%; Pan3=5% Pan1=95%;Pan2=55%; Pan3=60%
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Power

] 3.13(e) Shading Pattern-5:
Pan1=30%;Pan2=95%; Pan3= 70%

] 3.13(g) Shading Pattern-7:
Pan1=20%;Pan2=20%; Pan3= 30%

Power

10

20

30
oltage

40

50

&0

70

B8l 3.13(i) Shading Pattern-9:

20 4
&0 4
40
20
T T T v T T
10 20 30 40 50 &0
20 Voltage

1
70

Pan1=55%;Pan2=60%; Pan3= 20%

44

Power

=20

10 20 30 40 50
Voltage

] 3.13(f) Shading Pattern-6:
Pan1=95%;Pan2=10%; Pan3=20%

&

10 0 30 40 50 80 70
‘oltage

] 3.13(h) Shading Pattern-8:

Panl= 5%;Pan2=35%; Pan3=20%

T T
10 20 30 40 50 60 0
Veltage

] 3.13(j) Shading Pattern-10:

Panl= 85%;Pan2=35%; Pan3=50%



' ) ;
T s = e e votae
-10 4 Voltage
®l 3.13(k) Shading Pattern-11: Bl 3.13(1) Shading Pattern-12:

Pan1=95%;Pan2=30%; Pan3=95% Panl= 95%;Pan2=50%; Pan3=90%

180

160 1 * -*
140
120 A
100 A

80 1

Power at MPPT

¥
B0+

40 -

2D T T T T
10 20 30 40 a0 g0
Voltage at MPPT

®  Wmp - MPPY vs PYmax - Maximurm Power

F3.14 pgfokinT bR EsT
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%32 S R TR (TR R R)
A B C D E
1 LInsolation Temperture  Voltage Fower Eiregular) or S(Shading)
2 ] 24 516 147.07749 R
3 098 25 338 164.758 g
4 08 242 5l6 14694993 R
5 08 244 5l6 14682048 R
3] 08 246 5l6 14668897 R
7 093 25 49.55 138.253 s
g 08 2438 5l3 146.56177 R
9 08 25 513 14643902 R
10 08 252 513 14631435 R
11 093 25 3506 157.735 s
12 0s 254 513 14618773 E
13 08 2556 5l3 146.05914 R
14 08 258 5l3 14592857 R
15 0.95 25 3128 70.93 s
16 08 26 5l3 145.79598 R
17 082 24 516 15089076 R
18 082 242 516 15076217 R
19 082 244 516 150.63157 R
20 093 25 16.3 726562 s
21 082 246 516 150.49393 R
22 082 248 516 15036424 R
23 093 25 1605 88.955 g
24 093 25 50.04 161.316 s
25 082 25 5l3 150.23403 R
26 082 25.2 5l3 150.10831 R
i nan 25 A ] 140 QR P

¥ 0 &SRS B B aeho B 3,15 4R

B ook
BiE -

ID3 (Iterative Dichotomizer 3) H_d ¥

1979 & Ard e AR B o

HP X ARF

- #% (Quinlan)

BEEETTE
l
e ] [Press ] EERETGE
\

‘ il ‘ = @$,Jrl @gtga e Sk
ID3 [CART BT E{fﬁ 25 — K- 3835 0 B
C.45 LY
CHAID

— G B 2 R A B
- Tp

B 3.15 § % A SRR 2 e
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ID3 ;% &1 * 2% (Shannon) *> 1949 £ #74 11 ¢h
PR T o ERPIRBILDRS - BX- BFET 0 fE
B g4 @S s u L P, o, Pvn) o @ an g
S hein RlR AR R F 2 B @I F R 5 (3.23)

Pl

PPy =Y -Paylog Py (3.23)

i=1

%
%

=L

-

N

ﬁ ¢g¢;?44f)3a41in,h¢j\ s ‘ﬁ—k,

o

¥ 2§ iF§ & (Entropy) gk 0 F3u :’3.@" > T

@’°9?m9maﬁwﬁﬁ%¢¢w b h3 B

™ e

4 AT AR - AR B S o TR
EA T g pl@Ee T A pd pREeaT g ID3 ¢ iy
RIS FTRE S THELRLED > 4 ﬁ*a&i&“’ﬂ?
Fldx hfhl e T S FTAES G E o BR AR
% % P (& ] > Positive instance)f= N( & &] > Negative
instance ) A R & X - BHEE X AL BERFED TR A R
& X1, Xv MR BIRRES R AT B S ~p A XY
T B Econ R4 F B iopl K& Xi ¢ I )i e
ni & Xi ¥ F G BE PIRFEHE A iE X L5
X1, Xv B FlenF g1 5 (3.24)38 Fo(3.25)5" -
Gain(A) = I (p,n)— E(A) (3.24)
zp, d (p..1y) (3.25)

= p+n

¥ - AupE 5 CAS5 2 p ID3F & 2 -4 * Gain Ratio
K4 rdegie 2 > B3 B Gain Ratio c4 3 $ 8T 5

Bpl o g ID3 FE 2 BRMPE DRI RS-
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it RS - BRINEE RRY F IR
4 % % (Predicted Error Rate) % (74X #i2 3 ehds (7 - 7
B AR B % A ARk e o C5.0 F B2 R AL
C4.5 3 B i chig 3748 » C5.0 A i - L FR MY & & -
¥ RE¥EY Entropy f£4 0 » )*J%%'j\;‘* 2+ & Information
Gain #7 5% » frd Bl P - Bd theno p B
FREFER&GLSf  RP 22 - L AFETL > ART
B BEAIE s & p 85— H o TEES &8 (leaf
node) C4.5/C5.0 # & iz i - B&BIFT LA 7 F#HE
14 fe o AP iR R gL ARt (Confusion Matrix) k18 5 1 f
R g i ik g o dnd 3.3 6

% 33 mpaEd i

True Class
T (True) F (False)
Hypothesis P (Positives) TP (True FP (False
output Positives) Positives)
N (Negatives) TN (True FN (False
Negatives) Negatives)
Column counts: T FC

I RER et B et B S N e(326) % o 3271 ¢

Accuracy = TP+FN (3.26)
T.+F
Error Rate = 1 - Accuracy (3.27)

AFET E % Weka #5088 > @ % J48 jF K Hogiv o gt J48 £
R CAS A STANE B E G A AR et g %
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=== Confusion Matrix ===

a b £-- classified as
110 o | a=~R
4 g | b =25

T FE A B 5 Accuracy 5

Accuracy = (TP + FN) /(T + F.) = (11048) / (114+8) = 0.9672 = 96.72%

AR TR G 3.28% ot ¥ 27 Weka A8 BT B % - Ko
=== Evaluation on training set ===

=== Summary ===

Correctly Classified Instances 118 96.7213 %
Incorrectly Classified Instances 4 3.2787 %

(= )%

AL H A 22 el HCPV i p k Suenf Tk ~ %
e dla 4 ok o B e J SR RBRR DR AER W
RN B S e S N A RS R =
/4 3% (multiple input factors and fuzzy decision) » # >t & i#
* H )3 (single input factor)¥r k i @ © i ® B gg - 3 (crisp
decision)e™ 3% o d F EHIE AT Ko E S 0 T E
My B (1 AFT Y ol AZIE 75%) X H E h s b 2
To IR e REIT fed FELAFFRIT LT 2
A AR L AP R B (% Y AFT ] B AT 98%) o

Ko P Wi % g AT S e 4 6 O i
A P R A FPREDER o R BEE-FDEAIFTYR

Ee:|

]
—

49



5]§

ORI T R gt @ TR F R g i d o A F]
RIFE TR 0B i 58 R AP HOTDVRTOR PR @ 58 R ) 1%
X% b ik 5 B YRR Bh(threshold value) '/t iTPF o b v & R &2

-

b

AN

HCPV & 4& = 3”3 Fe T T Tk fl o AR A R Rldean
~ "L b (big wind gust)I ¥ b w F P @] g 7T g
PR 2~ o
MR RR BERPCESS AT B ¥
2_ 7" (Regular Conditions) > Ik B 7P BRE ~iE & ~ B~ T /& »
B % ﬁ%:’i%‘:ﬁ‘b EHME > Z 25k A o @ Jf“*”‘]ﬁ%]:",ftﬁ?ré»
Regular Conditions ° % stk i ™ (Shading Conditions) » 1
BEOPRE CER B SRE RS HmNT i E i 2
SR A o 1 A ]ﬁi%] :'iip; + Shading Conditions ° 2 } 4p
BEMT L4 o AR Y JA8(CAS)HH 2 > NIBBE P E
FlRacp B2 A R ARBR B ABNTLFFR LR
PR A 0 X B HCA gl Fr B (Accuracy ) ©
L ERE R PV D PV R 2t HCPV eh & g (4 47
EW =
A fFt HCPV Hrecngd (2 8 2 ¢ @ * @ 50 PV #5530 >
Ad e nF o> F AR ALY 0 PV 54 2 HCPV #55%
AR R A FR S AR BB E L g0 3 R G I L
TSI P oo
()= BEF T PV)ice ﬁisa] AP B
%+ NREL(National Renewable Energy Laboratory) ¢ * %

—

Rl 2 320 ek 5 T e (PV Module) it o7t - A 8 4 = 78

[22] > Five-parameter model ~ King’s model % Single-point
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efficiency model - 2 # > Five-parameter Model & ¥ L% < >
King’s Model /f & fsg e e 2 12 B 15 80 e it B 7 Sik

i 3" A B &> > Single-point Efficiency Model /| & ‘E f $F3% 38

\

A &G oA i SRR E S sy % > W.De Soto[23]
* 2005 % Solar Energy Laboratory, University of
Wisconsin-Madison # 4! PV 17 S #cfic; » 7 %8 i IL(light
current) ~ lo(diode reverse saturation current) -~ Rs(series
resistance) ~ Rsh(shunt resistance) ~ a(modified ideality factor) >

7 % Hdo ) 3.16 ¢

TR ERR BT RRBRTRE KL Fang
B Uile o -8 Rl ehfichp B 2 2 o R

RO ENRE T 0 E 2GS el o 5P RZER 0
P RRE D TR RES AR5 e

P=T —1,-14

(3.28)
VIR,
=1, - |{ea}—v ; IR,
= (3.29)
N n, KT,
a=—s1°¢
q (3.30)
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[L:light current

lo: diode reverse saturation current (Amps)
Ns: number of cell in series

nl: usual idelity factor

Tc: cell temperature

k: Boltzman’s constant(1.38x10-23)

q: electron charge(1.6x10-19)

PV kg T 8 A (T3 in-T B R(4-H] 3.17) -

Single crystalline cell type

Te=25['C]
5= 1000 [Wim?)
[ Rgyer=0.969 0

Current [amp)

o 5 10 15 20 25 30 35 40 45 50
Voltage [V]

B 3.17PV# 7 H ~ g -7 B

King’s model[24] & -4 Fx (4o & #7if > f23% 2.9~2.17)
BT FEHGUAFRE RV RA F R - R Y M[25] 0 5
B 318 ZFIZLZ ERIFH » FRET S8 - F RS

King’s model » 77 7 $#icirs 2 ploicdp L 2= & > @ 1

\\\Xr

o ;N 22 King’s model = i” SEE=T et 48 LA

-

2 ** Single-point efficiency model fiif * >+ & H 5 1

0%

1
e fe B B A KBRS B A REE PV

Beiist s #7351 HCPV #io:8 engh o -

i%
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T
Single crystalline cell type —5-Pararmeter Model

_ o MNIST data
4 | Reference: 1000 Wim?, A gm0 T @ King[1, 2l model |
Feo—n—o—a_ o o ———e ‘\
— | Dee. 21, 12:00 8826 Wim?, 38.5°C, =27 |3=“‘\...él A
= “
E i
E Iy o—e—e—e St
= Oet. 15, 13:00 696 Wim?, 47.0°C, fi,=43.3" ”"": Voo
| N
e .
5 gk = o D B o0 g & o & a g . P .l._=
e y - R—— P _-\?_ 4
Dhac. 15, 12:00 465.7 Wim*, 32.2"C, =275 \’? ',_
[ e
W
1 WA
F o 009 00 04 08 o8 a g L‘:—_:‘. o '\,_E '|:.
[ Sept. 3, 12-00 168,68 Wim®, 36.5 °C, £,=57.8° ‘\ VRO
"N \
L T S S — P—— ) '-1_'1_1",_ - ]
o 5 10 15 20 25 30 35 40 45 5

Voltage [V]

B 3.18 PV T %#cii 7% ¥ King’s model 5h 3 -7 BV ik

(= )% Fk * kg T (HCPV) ey &)~ 050

Spectrolab *+ 2009 # % % [26], “Analytical Model for

C1MJ and C3MJ CDO-100 Solar Cells and CCAs” - Concentrator

Cell Assembly(CCA)¥ - BB R EF T HE (T B )t - B3
W -t s CCA g e <14r@ 3.19° B 3.20 2 2 %

R

MG R C TR ST SLAR L e

|=—|SA{exp(%]—1}+lL

ISAT =‘]SATAA

JL=RW
He o,

IsaT : Reverse saturation current (Amps)

Rs : series resistance

N: Ideality factor
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(3.31)
(3.32)

(3.33)
(3.34)



=5
K :Boltzmann constant (8-:62x107 eV/ ° Ky

T :Temperature(oK)

R: Responsivity (Amps/Watt)

W: Incident solar radiant intensity (Watts/cm?2)
AA is Aperture area (cm2)

75 mm minimum
unmetallized border

‘4— 21.0 mm 4% l

—
= Positive Contact
I Area
9.85 mm (active
25.5mm area of cell)
Negative Contact| 7.83 mm (to active
Area area of cell)
]
A4
— 5.55 mm (to active
9. 89 mm (active area of cell)
1.92 mm area of cell)

overall height

. — v

1.00 mm to front
surface of cell

Physical Dimensions

B 3.19 CCA g » =

| YWW—o
Senes Resistance
Rs

SIOR - o

lar Bypass R
Cell Diode o

2

B 3.20 CCA 1% » 3
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A B Sk 555x eniE 2 T 5 C3MJ CDO-100 e in-7 R o 41
4B 3.21 &

[} o o= oo

Current (A)

s TR o TR =5

Voltage (V)

B 3.21 ~ C3MJ CDO-100 =% -7 B (25°C, 50 W/sz)
(=) s 47
gk RGN F HCPV shl ita 5 o 12 PV shi S
-5\ 27 Spectrolab 1 HCPV 27 (b B H et iz o

#-CCA E»q B3 i - &% #% » PV & HCPV ¢
:5- {ﬂ_‘ LL ﬁ&“!‘(f’m 322 ﬁ‘t ‘/Jl (IL)}‘ 'S ?’éﬁ'fr’ﬁ,/n
(TIo ~ Isat)sn= v T & 4p & 12 ¢k » PV ¥2 HCPV & % R 7 AR F

~

R TR B o

Mo

Series Resistance

T Iy La R,

b
8y | )Y S-S

Cell R

B 3.22 PV £2 HCPV 1% »x§ pa b i
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Current [amp]

2. - REFE

%4 B 322 PV g in-T BRE 40T

VIR,
I:IL—I0|:e : }V”Rs (3.35)
I:esh

N,n, KT,
q
HCPV en -3 R

| = lgu {exp(%}l}r I, (3.37)

a

(3.36)

% iﬁ R - BB IR g 3 42N 335 e
Ns 52 B &0 PV g T 3 8P > 4 HCPV > & 2%
337R % 2 H- BB EFERT TP 0 d B 333%KE

2 ) 1 77 4
il 4 TR - A
5 8
Single crystalline cell type
Ry = 0.8 Ry 0 7
4 Rg = R e 5]
T.=25[C] Re=12 Ry ey P
S = 1000 [Wim?] « < 2
3 Ry e = 0.969 3 -
E 4
5.3
2 o
2
1 1
0
o 5 10 15 20 25 30 35 40 45 50 0 1 2 3 4

Voltage [V] Voltage (V)

B 3.33 PV 22 HCPV ehg -7 BREF & S0t

Fl M o 4 2% HCPV oA 7 @ # 7

\\\?{r

#
Bt R A A PV & HCPV & 4L 8 >
BV RS K SR o Blde 0 p D
A PV ek g /e iR 58P BRI
% T 0E 2 (ref) 2 AR

S M
IL = S_M—[I Loref T alsc (Tc _Tref )]
ref ref (33 8)
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S: total absorbed irradiance (W/m2)

M: air mass modifier

%« :temperature coefficient for short circuit
current(A/oK)
Tc: cell temperature(oK)

HeY s PVESLE B F B2 dE L %

feehp R E(S)

G _
> :ineameb_FG_ded (1+COSﬂ)+ ng (1 COSﬁ)
S ref G ref ’ ref ’ 2 G ref ’ 2
(3.39)

Gb: beam component of total irradiance on
horizontal surface (W/m2)
Rbeam: ratio of beam radiation on tilted surface to

that on a horizontal plane

Ko incidence angle modifier at beam incident
angle

Gd: diffuse component of total irradiance on
horizontal surface (W/m2)

Kweaiincidence angle modifier for diffuse

component
B slope of the panel(o)

G: total irradiance on horizontal surface (W/m?2)

Keas :incidence angle modifier for ground reflected
component
K B > HCPV e» IL > HCPV & %X &2 & P B >

S B INE Y SRR F S

lL=JA (3.40)
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JL=RW (3.41)
R is Responsivity (Amps/Watt)
W is Incident solar radiant intensity (Watts/cm?2)

AA is Aperture area (cm?2)

- B ORI P N R KR
BERGETH T @I i A R
B £ F 3N Y MpAeig (Polynomial Curve

Fitting) = ;% 4c 12 2 £ o

L 3.42
Yy = > a, XK (3.42)

R
% W 334 Fé L RBENEEREY f

\\

B~ A TR Ve H 0-20.5 Voltr 112 & 5 3E
A F PR e d MIE A bR L

A & 4F 33 PV e cnfic 58 & HCPV - e e B 55
Fo PV T 8B 5 8% B HCPV #i058 av 4
4 HCPV A enZE v &% 1 S8t > 05 0
FUPIFT FRAEFE 0 FAN Mg

S e IR GHATHE R S 0 R -
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e i ; |
. 2 10 15 = -
Yoltage, W

B 3.34 T -3 Ry MBI

'

CA Bk Tk B N B A 2 g
(- )@ % FMEA h# »ch % =0 =
@ % FMEA # RPN
i@ st FMEA ¢ #-h ' i 5L 30 #(Risk Priority Number,
RPN)AL G - A4 »eF & (R e b ') HP 3 0 5
RPN =p€ B (S)* # 2 K (0)* i & (D)
HvY > BE RS, Severity)2 42y 4 HE v i A4
7 AR E R B 2 R (O, Occurrence) % 5 i % »xen
F Tl 4 2 8 5 46 & (D, Detection) # # P £ »t i F] &t
gl MEFR - Eda ? o @ S/O/D hfFE iR

% 34~3.6 & irF e kiwig i

\\\?;y
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%34 Bt B GEEALIE £ [27 5 28]

2 Pt B %
. A ED X 2 F TR EF PR P A ¥ 10
A PR SR AR PO ] Ex | 9
L AR AR A A N ERE R o mE T W EITR YO8
® A ER A% B R ATE 7
ﬂa*ﬁci%ﬁ»ﬁrpvkﬁmbgm 6
4 A Mg rASXF R T 0 2O LR S 5
W ERAPER E S E SR 3
,ﬁ Sy VY VRN LT 3
|
: AR f 2
15 i< EN ST 1
%035 %4 RITELE L2 28]
A P 5 g oank | E2k
N >1/10 10
: %J F VG
1% B P A 1120 9
L L 1/50 8
FroREAAR 1/100 7
1/200 6
N A 1/500 5
1/1,000 4
. 1/2.000 3
I{‘ : ) £ 7\’; b
R < 1/10,000 2
H A AT MIRA =1/100,000 1

2. - A ieyp RPN e @iy %o !
RS HF LR B RPN E{r FMEA | 24y 20
Hof PEFEIFD/I DT o TR E RO FFLL

TLTOEE R A p g an B E R B2 RoiER A o
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7 3.6 iR & e R0 £ [27 5 28]

iR e BT A 3
. WG g IR B AR ZFRDEEL T 10
EL o g TR 0 A R B AL T 9
3 gg:gg{;l?f;{,ﬁ]:':;gi Y % i o B o 8
%‘ﬁja??fﬁ/?' MR L ST o 7
R S X 6
PO REERRF T RN A et R E kgl e | S
RFERRFT AT E R P - 4
o8 BT F R ORISR A A R 3
N ?‘a{»fo—‘ —‘J-*ﬁ/? ﬂhﬁ‘ i;\i%}g:ﬁ: %'E‘r’g o 2
& 4 BIPRP T R RPN AL T o 1
(1) —#F\? > 2 gH RPN EE 5~ FRELEAALI &
10 % > IR A LRI E o R IR T AR &R
AR E R S TRt VAR S IR ok &
ﬁﬁﬁﬁ%?ﬁgﬁ&%ﬂﬁﬁﬁﬁgﬁﬁﬁT’”%
LRI #’*w"lli*?@«ﬂf 93 A Tk
WL AT A 2 o
Q) e¥BEERESZ OX 10938 p 57 Fupiaz s ]
Bl T RAE B DA HEA R A E MR 2
XEAR R RIERE o
3. B %L FMEA 4 »th “ﬁ%gﬂ’—fgi—%;‘é% Henf 4Rl

B FMEA S %2 B ~8EAE -~ 2 LR » A 81

310 cha kTR o A ;“—JF',‘ s EH o T F R4

T T b B kM B A AR AR ¢

PR LR e FE R LAF R IR

BRSO () AL RE LT A PN ok
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T2~ P FMEA F et > % 2 6@ M2 E B o
¢b > 8 5L FMEA 1% RPN %2 R 4gec L i L E B

N

ik % B F RPN 5 0 2 ¥ enfefh o b (s B 8
B R L BF AR SR A~ E RE

BRFZBFFILG BT EILAPHEE TR AL -

7L //

- e

g\:“i

>

(Z )it & »Th "% ol 2 2 - HOP R %

e ORI e FMEA % ook ' =g 2 0E
Bk bt B ATT 2 L6 0 A H R A
FORGAY2 B Ak o aE f&r;@—,’)i@.&m"' X & 7T
EoFRRE AR B2 BN - wwg
o HE LA F AT s S R B 2

[T 2%, A %, 4t 2o Jad=rg 5% 5 > > N o y ’ 2 v
B G A RORE R > BF R A T st

-8

- B

._\\
-

g ¥

B WA % KGR A RA ST AET A LT 6 A B
#H 2
()£ #BE & ST * 3% & 78 (Linguistic Term)## £ = fi-
o B o
Q& HP P BEE T L HE P REE o
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A FEREE - e ME TR BN

(3.43) » H B {2048 3.35 #757

0 r<aorr>b
1 m <r<m,
" — a<rem (3.43)
()= <r<
,LlA ml_a 1
r_
m,<r<b
m, —

He A=(am,m,b) > a<m<m<b -

v

a m m b

®] 3.35 ¥ Ho Bor & W

B. FHREE G- = 008 PIE &2 250

(3.44) > H B 20| 4B 3.36 #F7

0 r<aorr>b 344
p(r)= 78 a<r<m (344)
m-a
r-b
m<r<b
mop M<r<
A =(a,m,b)

63



H e o a<m<b -

v

a m b

B 3.36 = &35 BT & B

Q) fRHch e b

[EN T ﬁ%{%% LR AP RS - PR
BoF X% 7 e N F * g 0 £ w3 (Center of Gravity
Method) ~ & ## ¥ & ;% (Center of Area Method) ~ ¥ 325 ~ 4%
% B3 (Mean of Maximum Method) ~ §E3 R £ /2 (Distance
Measurement) ~ ¥ & < & & & & -] & & /2 (Maximizing Set
and Minimizing Set Method) [G3]% - 23+ & ¢ FB-H ¥ & ¥
E A BEEE )R LFRLFLETY  BAAREE
FI* L dF B (B st > UR())E = k4 B (3 SR
* 5 ULG)T 353+ 5 14 @ 5] - %4 & UTE) > o 08 el
Fe = P FEE o

01 A e R 0 2 2 2 BlfF4cB] 3370 2 AR

FE R AT
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UR(i):

(bi _Xl)
(Xz - X1)+ (b. - miz)

UL(i)Z (Xz_ai)

UT(i):

(Xz - Xl)+(mil _ai)

[UR(I)+1_UL(I)]
2
0.5*(b, —x) 0.5*%(m, —Xx)

(Xz B X1)+ (b| - miz) (Xz B X1)+(mi1 B a'i)

>

(1) 1

['{L _>>< . UR(

B 3.37 1757 j# it o & B

v

(3.45)

B2 4 AR BN iR S % 2 W R4 F 338 2

FNHE Ao o
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(bi _X1)
(Xz o X1)+(bi _mi)

UR(i):

(Xz_ai)
(Xz _X1)+(mi _ai)

UL(i) =
UT(i) _ [UR(i)+;_UL(i)]

05%(-x)  0.5%(m-x)
(X2—X1)+(bi—mi) (X2_X1)+(mi_ai) (3.46)

»

(1)

v

Bl 3.38 = & )7 i3 s #or X W

(2) ¥ 4 2ch " em®l 302 - — R d B 47
PR IR w 1 L @ % FMEA A3 75 3 & #c @ pr
st nFEE 0 ' FMEA % 231 (8 np fgec & B 208 A B 7
IR RPN U S VS A
B B AT A A T A RJE i SR 2 3 P R

2R G R andE ek > KRR AP B AR R B (7R
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Rone A4S 0 B L B SRR (MRS o

CR RN ERTLE STANOLEILE ERTRNCILEID s
SRR I AMEAT LSBT o B3 R
R T

BATR BT RABER DR T > a F A {TEAREY 4 T
4 58 18 %t FMEA 633 8o

2
v

FlF F gL o R T
4 BB AT PRI HET A LT o Bk (7 [30] ¢

L4107 0K 7% 1 90 8 5L R 1S PP e ik 2 R 7 -
g ﬁ.}l]??]‘,{’ﬁ

BEF nBaEEAE (MARFF) g4

= (%,(1), %, (2),..., % (k)) € X
KE&F 0 BY x(k) AFHE 2 Kk BHEEAE  BK LR

(3.47)

LAT R ERFZT s Bln BRELRIT U T
RS 1535 A A

_:1_ _:1(1} 2y - zlﬂi')_
X (1) x,(2) I (&)

x| |5 (D 5, (2) T, (K)] (3.48)
FE¥cE o B &

Tl % FMEA & { 7]+ .4 ok 12345 12 J
Bl b R AR R 2 R A MR
o2 % Foo F s B Xi :(Xi(l)’xi(2)7 * |(k)) EY

FMEA 2 875 > a 1K X, o X[ L FMEA

LG A st FIZIT R o

2. 2R R 5
PSR E Ao B R 7R aip B B4R R > Flet 2 R

- BHEEIDR AR L EER]
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X, = (%, (0%, (2%, (k) (3.49)
%57 2. o i FMEA 2 H &K 55 > 1 * ik
AR AT & ek AR F R R T R RS B R
oo T X =(%,(1),%,(2),...,% (k) =(0,0,...,0) -

3. ft A IEERES 2 LR
LA MR <) AP REALTFSF EE
Hip2 Mend B AL LA P BE LT 4T

_"j‘m":l) ‘é‘m":z) "5‘01":3) "i“m(i’)_
Ap (1) A2y Ay (3) - Ay (&)

d
W
EL|
ey
I
¢

Ay (&)
Bog (1) Do (2) Age (3) -+ Ag LAD ] (550

2 Ay (K) =]x%,(K) = (K)|
4, 3-8 4 BB ik

gl RS MR o R R Tl o &
FMEA A28 & -5 515 ¢ AR B ot 0 st
FRIEREER R - H B IRMLRE IR 2 A M B R T SN A

r(x,(k),x (k)) = :j‘zﬁ; g?g“:‘ax (3.51)

con 5 x0(k) 5 4B B 5] 0 xi(k) 5 bR

A

mimn Vjei max Vjei

(3.52)
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F(Xoa Xi) = kzr:,ﬂkr(xo(k)axi(k))

(3.53)
19 Bk B EARASELEL AL 2 2AST
BArz LX)+ v hREELR > PN vl TR
1 n
F(XO,Xi)=HZV(XO(k),Xi(k)) (3.54)
k=1

Heon AR F]F dicp o
6. EIBIAE - AT L BAEA
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R R LY AT *5 8 R
G
HCPV System
I
| |
HCPV BOS (Balance Of System)
I
| |
Array Central Sun
(Module) Cong‘ﬂ Inverter Tracker | | Wiring Mechanics
an
| Monitoring |
R - System | | |
ecel:lver Sensor Controller Servo Frame | | Pole
Plates Fresnel
(Cell) Lens Connectors
® 3.39 HCPV i siehi & % ]

%% 7+ > HCPV Jx suen
S AeT A (%4 3.7)

% 3.7HCPV )i &

1 & FMEA % 55581

13 £ FMEA 4

Sk

No. |Failure Mode Failure Cause Failure Recomrpended S|10|D
Result Action
Circuit breakers Reset 01rcu{t
i breakers; repair or
No current open, No current replace damaged
1 Module output flow from .. VH| L | L
from array wiring or
connectors open, or array
.. module output
wiring broken
connectors
2 Some modules shaded Remove source of M| M |VL
. shading
Drop in
Array current Some modules output Repair
3 low interconnections P . pair M|L | M
current Interconnections
broken
4 MPPT misaligned Align MPPT M|M|H
Some modules Replace affected
5 . . M| L | M
Array current damaged or defective | Drop in modules
6 low Modules dirty output Wash modules M| M |VL
Some modules tilt or | current Correct tilt and/or
7 ! . . . M| L | M
orientation incorrect orientation
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2

# 3.7THCPV )i sien

i & FMEA # ()

Failure . Failure Recommended
No Mode Failure Cause Result Action S|0O0|D
Circuit breakers open; Reset circuit
No voltage All modules No power | breakers, repair or
8 VH| L | M
from array | connectors open or | from array | replace damaged
wiring broken connector or wiring
Interconnection wiring .
defective or broken Connections, or
9 |Array voltage . | Drop in interconnection | H | L | L
or bypass diodes ..
low . array wiring
defective voltage
10 Cell defective or Replace cell H| L |VL
damaged
11 Module Module grounding Drop in Replace module | H | M | VL
leakage current
Circuit breaker open; No power Reset cireuit
. can move |breaker, or repair or
12 connectors or wiring VH| L | M
through connectors or
broken . .
inverter wiring
No output No power
13 |from inverter Inverter failure available to | Replace inverter |VH| L | M
inverter
A few
14 Time delay on inverter| seconds | Wait a few seconds L IvLl M
startup from idle delay after | after starting loads
starting load
15 Mptors Motor cqmponents No power Replace motor | M L
failure fatigue output
16 Loads Wiring grounding No power Repair wiring M|L | M
17 | operating Grid abnormal ou?[ ut Repair grid M |VL| L
18 | improperly Defective inverter P Replace inverter | M L
Motors -
19 | operating | Limit switch failure | o POWer | Replace limit 1y oy
. output switch
improperly
20 | Tracker’s Sun position sensor Drop in Check and adjust M
L : abnormal output sun sensor
position bias current Check and adjust
21 Controller abnormal Ju H
controller
Tracker does No power | Repair or replace
22 |not operate at| Defective motors P p p VH| L |VL
all output damaged motors
Switches in the system . .
23 turned off or in the Putall SWltC.h SmigliL|L
Load does not o No power | correct position.
wrong position
operate at all . output —
24 System circuit Replace circuit g lMm v
breakers blown breakers
Equipment Frame or Pole Main Repair or maintain
25 | awP structure | P VH|VL | VL
breakdown damaged toppled the structure
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B AT HEEAES) ~#2 R0) - kA (D)5
s e K .:_ ﬁiﬁ—‘l"g it (kﬁ 3. 40) E’ ,—,_ﬁﬁ'**-ﬁ—‘l"ﬁg (s r'

w5 (1) 4
fz"& 1 r—g =<
T'f«_ M) (H) r'g
(VL (VH)
1
R
01 03 06 08 10

B340 7 %5z & sl 7 2 F

% 3.8 RS L R a2 BipFE
R Ix1|x2la | m | b | Up
VLIO|[1]0] O [0.1]0.05

L |0]11]0.110.210.310.23
M |0]11]0.3]10.45/0.6]10.46
H |0]1]0.6]0.710.8]0.68
VH|O|1]08] 1 |11]0.92

HCPV 4 %te3i & FMEA £ 2 & 08 8 29 v & B Ei &
VeE B s 2% FRAcd 3.9
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239 BEFREE S A M w E %

4 2_ %
WohsiER | RERER | A “Ei;*
N S I I T
° w pga| © 0 D g
sjojp/s|io|D| Y5 (7
0.2-0.1)
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 [046/0.46/0.6810.519| 2 0.544 12
5 |M|L | M |046/0.23/0.46|0.616]| 11 0.591 18
6 |M|M|VL|046/0.46/0.05]0.703| 20 0.599 22
7 |M|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]10.46|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
15/ M| L | L [0.46/0.23/0.23|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 [0.46/0.05/0.2310.764| 24 0.662 24
18 M| H| L [0.46/0.68/0.23/0.580| 7 0.551 14
19 | H|{ M| L [0.68{0.46/0.23|0.580| & 0.498 5
200 M| M| H [0.46{0.46/0.680.519| 3 0.544 13
21 | M| H | H [0.46]0.68/0.680.483| 1 0.522 7
22 \VH| L | VL [0.92{0.23/0.05]0.703| 21 0.507 6
23 H| L | L [0.68{0.23/10.23]0.642| 15 0.535 11
24 | H | 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
5B R BT R @A A e HCPV 4 505 5 No

current from array -~ No voltage from array ~ No output from

inverter ~ Motors operating at wrong speeds * 2 % 3z F]R| 5

Switches, fuses, or circuit breakers open, blown or tripped, or
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7

wiring broken or corroded - Switches, fuses, or circuit breakers
open, blown or tripped, or wiring broken or corroded -~ Switch,

fuse, or circuit breaker open, blown, or tripped, or wiring broken

or corroded ~ Low voltage disconnect on inverter or charge

controller open - Inverter not equipped with frequency control % -

ﬁﬁ%%ﬁ@lﬁﬁfﬂ{&%$Wﬁﬁﬁ?@KE”%

i FMEA £ B 852
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~—‘-h
s}
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-ﬁ?',;;
H
*\_
Sk
ﬂ N
%.\
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i
%1

(1) 5 0 B4 > Been & s i o e 2 47 8 %
F S-FIES- - RIIPE S A HLE B

(3) 4“4 R 4 > B sV aE 2 B B

(4) % % B4 Bk PRI X dTiR SRR o

() kyp % *i#EKT S ARRI R B o TR
ﬂx,{ﬂ"“ JF rgﬁpg b T
()R~ ML it s T ER RS 76

HCPV % %ehi & FMEA 4 % & fp i@ 5§ & 4 4 B A

2

FEE S RS BB EL RN e T R E R
B {78 (B 20% 0 34T I F B)de & 3010 Hom
()= A dig 1 FRE[ehh B F| 4 4;:;}4”4? i 4 B
B ML RN E A TR 0 B A TT - A

AATREE R AR TR G RIS L o
Bl > 4B 3.41 #1757
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Bl Y VR

Failure . Failure . .
. Fail R A P
No Mode ailure Cause Result ecommended Action riority
No I Reset circuit breakers;
open; Module No current s
current repair or replace
1 output connectors | flow from . 4
from . damaged wiring or
open, or wiring  |array
array module output connectors
broken
No Circuit breakers Reset circuit breakers,
open; All .
voltage No power [repair or replace
8 modules 1
from from array |damaged connector or
connectors open .
array p wiring
or wiring broken
. N _
No output | Circuit breaker © POWET p oset circuit breaker, or
can move !
12 | from open; connectors throueh  |FEPir or connectors or 2
inverter |or wiring broken |. & wiring
iverter
No output No power
13 | from Inverter failure available |Replace inverter 3
inverter to inverter
Motors
ti Limit switch N .. .
1g | OPerating | -Imit SWIte © power Replace limit switch 5
improperl |failure output
y
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HCPYV system is no supplying power

v v

v

No voltage from array No voltage from array

No output from inverter

<

Circuit breakers

Reset circuit breakers [

open

Repair or replace
_’
damaged connector
Repair or replace
- >
damaged wiring
Inverter Replace inverter —>

failure

Motors operating improperly

Replace limit switch 1

no

End of the Main Troubleshooting

—

HCPV system is
supplying power

L yes

End of Troubleshooting

] 3.41 Jaig 1 TERR G RS A1 A xR AL
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In this paper, the algorithms based on the fuzzy knowledge base (FKB) and the fuzzy rule base
(FRB) are built to investigate the influences of the factor of gust on the output performance of High
Concentration Photovoltaic (HCPV). With the wind speed, the wind direction, and the change rate of
wind blowing as key parameters, we are able to catch the information such as the starting time and the
operating time length of the sun tracker.

The Takagi-Sugeno fuzzy model is applied. We have received very good results by utilizing
MATLAB simulations. These results giving the sun tracker make a decision to run or stop the motor
and take the required procedure to prevent the motor from damaging.
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Abstract

The high concentration photovoltaic (HCPV) system has sophisticated
solar-tracking mechanism. In order to avoid damage to critical components, each
panel of HCPV will be horizontally placed when the wind speed is greater than a
predetermined threshold value. 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. The reliability of the solar-tracking system
will be deteriorated after year-around operations. 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 triggered to stop
working to protect the mechanical parts from being damaged, which leads to loss of
power generation.

In this paper we integrated the raw data such: wind speed, wind direction and
the change rate of maximum wind speed as multiple input factors at first, and then
we use the adaptive neural fuzzy inference system (ANFIS) to solve the problem of
the excessive mechanical response to wind loads. Simulations indicated that such
design has obtained significant results.

Keywords: High Concentration Photovoltaic; Adaptive Neural Fuzzy
Inference Systems;

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.
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2. Literatures review

A 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 et al. [1] 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 et al. [2] 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 he wind
loads. Peterka et al. [3] 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 [4] 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. [5]
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, especially for large collector angles against wind direction. Rubio et al.
[6] 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
[7], 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)[8-13]. However, it is extremely rare to be applied to
the study of the effects of wind on HCPV.

3. The definition of problems
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A 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). For simple expression,
we call this rule as single factor and crisp decision (or SFCD).

SFCD rule:
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
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 shown in Figure 1. Let 6
= (90°- X), 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 6 = 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.
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Figure 1. The angle between the wind direction and the normal vector of the solar panel
Quoted from the figure 1 (One MW HCPV Demo System at Lujhu, Taiwan) [14].

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). It offers pre-judgment information about wind
velocity around the threshold value, for example, between (H-1) and (H+1). In
this paper, we call the rule using three factors as multiple factors and crisp
decision (or MFCD) for simple expression. The output value of the rule will be
used as the target value t (or tx sequence) for equation (7) in the following section
of methodology.

MFCD rule:
IF z = | wind speed s x wind direction d x vertical component sin() |, and z <
H-1,

then HCPV panel keep going. The target value t is set to 1 (or ON).

IF z >H+1, then HCPV panel lay down. The target value t is set to 0 (or OFF).
IF H-1 <z < H+1, and m is positive, then HCPV panel lay down. The target
value tis set to O (or OFF).
IF H-1 <z < H+1, and m is negative, then HCPV panel keep going. The target
value tis set to 1 (or ON).

In response to the variety of wind loads, this paper utilizes adaptive network
based fuzzy inference systems (ANFIS)[15] to identify the membership function
parameters of single-output, Sugeno [16] 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.
For convenience sake of explanation, the approach in this paper is called the
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multiple factors and fuzzy decision (MFFD).

MFFD rule:
IF s; is B AND dj is B, AND m;y is B3 THEN
y1 =f(s1; di; m) =eq s1 + frdi + o my + A

Y2=0(S1; di; M) = s1 + Bodi + oMy + &,

The ANFIS strategy is widely used in applications that involve uncertainty
or imprecision in the definitions of the variables constituting the system’s
behavior [17]. Mellit et al. [18-19] proposed a hybrid model for estimating
sequences of daily clearness index by using an ANFIS. Chaabene et al. [20] used
a neuro-fuzzy dynamic model for forecasting irradiance and ambient temperature.
Moghaddamnia et al. [21] used five relevant variables for estimating the daily
solar radiation, daily maximum temperature, daily mean temperature,
precipitation and wind velocity.

4. The Methodology

wind speed 2y 2y

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, where preset value is yielded
from MFCD rule mentioned in Section 3.

X
s *d ¥m

,‘|S1 A N__L—"“‘“h

Mz 1 I
[ : T T
ﬂ i 0 %
M., 2.R

input layer product layer normalization layer  defizzification layer  OUtput layer

Figure 2. The ANFIS architecture used in this article
The first layer (input layer):

First of all, the input data in this layer is wind speed samples (xs), wind
direction samples (xd), samples of maximal changing rate of wind speed (xm).
Although the Gaussian membership function and the Bell-shaped membership
function seem to be similar, we use both as transfer functions, respectively, and
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compare their effects. Equation (1) shows the Gaussian membership function and
its outputs Ol,s ~ Ol,d ~ Ol,m and Equation (2) the Bell-shaped membership

function and its outputs Ol,s ~ Ol,d ~ Ol,m. It can be observed that the fuzzy
membership function is composed of nonlinear parameters.

%5651 \2 _ — 1 D
(8 0. —M(Xs)— ok for i=L2N
_()HJ_%J)Z Ol,dj :M()ﬂj):ﬁ forj=1,2,Nd
_ AT . Ll
Ol,d,- —uj(xd)—e for j=1,2,N, %
L) 1

Q, =y(Xx)=€ ™ frk=12N
(1) (2)

The second layer (production layer):

This layer is to match the fuzzy set of input variables after the permutation
and combination operation, and then proceed to fuzzy logic evaluation; that is,
using T-norm to carry out the fuzzy AND or multiplication computation. This
layer is composed of fuzzy membership function with nonlinear parameters, as
shown in Equation (3).

0,, =W, = [ [ a,(x)a,(xg)pt, (%) for =1 Re R=n % n xN,
i,j.k

€)

The third layer (normalization layer):

The results of nodes in the nearest previous layers are normalized; that is,
the output result of the i-th fuzzy rule divided by the results of all fuzzy rules,
which will lead the results to lie between 0 and 1, as shown in Equation (4).

WI’
for r=1,..R

> w, (4)

The fourth layer (defuzzification layer):

The normalized result is multiplied with Sugeno fuzzy model as indicated in
Equation (5), where the related parameters of first-order Sugeno fuzzy model is
adopted.

O3,r = Wr -

y=o0, =w, f.= w[aX +BX +7% +6] or -1.R (5
The fifth layer (output layer):

The last layer is summed up the results of the node outputs of the previous
layer, as shown in Equation (6).
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We expect to obtain minimum error for whole training data. Usually, the
steepest descent method is used to search E value shown in (7), in which the
minimization process is analog to Error Back- Propagation (EBP). Assume tx is
the preset output of the x-th training data; yx is the estimated value of the x-th
training data in ANFIS layer; ex 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 (8).

E=3Xe¢,,where e =(1/2)(ty-yy)’ (7)

AP=—nE=—nEZ=nt-Y)%F ®

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

We use Hybrid learning algorithm [15] to improve such disadvantages. The
parameters are categorized into linear and nonlinear sets, that is, P = PNL U PL,
where PL is the parameter of the membership function in the first input layer and
is a nonlinear set; the other PL is the parameter of the first order Sugeno model in
the 4th layer, which is a linear set. The Least Squares Estimate (LSE) is used to
adapt linear parameters and the steepest descent method is to adapt nonlinear
parameters, and the combination can be effectively searched the optimum
solutions and the convergence rate is significantly improved. First, (6) is rewritten
as (9), where A is as (10), the linear parameter PL to be estimated is as (11), and
the estimated output value vector is as (12).

Y=3 WfZAPL 9)

>

wX wX w w X w X
« 1 ok 1 mk 11 2

T
PL:[al by g| d1 ﬂz bz‘gz dz “'gk bk gR dk] (11)

Y[V Ys V] (12)

The minimum of (9) using LSE is as (13), therefore PL the optimal solution
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is (14). Here AT is the transpose of A, (ATA)-1AT is the pseudo-inverse of A.
[APL - Y |]2 (13)

PL =(ATA)-1ATY (14)
After the solution of PL is obtained, the values of the parameter set are
locked and the error is sent back. The steepest descent method is used to solved
PNL as (15) whose parameter as (16).

_ B _ OE Nx _ %Yx
AP =115 =5 = 1L =Y, ) me (15)

PnL = { [Ps1, P2, *+* Poxs)s [Pats Paz, ++* Panal, [Pmi, Pm2, *+* Prnm] } (16)

For Gaussian membership function, whose parameters Psi = (0si, osi) 1= 1,
2,...Ns; Pdj=(0dj, odj)>j =1, 2,... Nd; Pmk = (6mk, omk) -k =1, 2,... Nm; for
Bell-shaped membership function, whose parameters Psi = (asi, bsi, csi) * 1 =1,
2,... Ns; Pdj = (adj, bdj, cdj)’>j =1, 2,... Nd; Pmk = (amk, bmk, cmk) k=1, 2,...
Nm.

To further solve nonlinear parameters, substituting (6) into (15) to obtain
(17) and (18).

R
oyx OWy
PN ; fox Sp (17)

R
8 W,
=

OPyL

oW, o, LW

Py P & R

- 2w 2wl
r=l

r=l1

(18)

For convenience sake of explanation, the partial differential results of Psl
for set of PNL are show in (19) and (20), respectively. The remaining can be
obtained in the similar way.

OWr Oy (Xs) . .
Py A % 4y (X)X (%) or = 1,2, N3k = 1,2,.N, (19)

R
D w,

N, N
= Oy (Xs) s w
=1 _ 1\”S
arPNL = ToP, X[Zzﬂdj(xd)xﬂmj(xm)] (20)
j=1 k=1
Finally, for Gaussian membership function, Psl = (0sl, osl), the

corresponding partial differential result of parameter as in (21).

Oty (Xs) — 2(X%s—051) . Ouy(Xs) — 2()(5_‘951)2
065, Ugl ’ 005 0'321 (21)

For Bell-shaped membership function, Psl = (asl, bs1, csl) or simplified as
Psl = (a, b, ¢), the corresponding partial differential result of parameter as in (22)

109



Oty (Xs) —Ja” 2b

" da

o (Xs) Xs—C 2b Xs—C Xs—C 12b\—2
—ébs ==2|= -1n|sT|(1+|sT| )

xczb
)’

(22)

5. Simulations and Results

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. The data in this research is from the measured
results of anemometers of the HCPV system built in Luchu, Kaohsiung. It is
50,000 records (including wind speed, wind direction, and maximum changing
rate of wind speed) from 2011/05 to 2011/07 and used for ANFIS training
purpose, as shown in Figure 3. Other 50,000 records were obtained from 2011/08
to 2011/09 for ANFIS testing purpose, as shown in Figure 4.

degres

meter

Figure 3. Training data from wind loads for ANFIS
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testing data of wind
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Figure 4. Testing data from wind loads for ANFIS

The Gaussian membership function is presumed in the input layer as shown
in Figure 5 and is shown in Figure 6 after iterative training and parameter
adjustment. By comparing both figures, the significant difference can be observed.
Besides, For presumed Bell-shaped membership function is shown in Figure 7,
and the similar procedure is done as for Gaussian membership function with
result in Figure 8. The result is also similar to those of the Gaussian membership
function.

Figure 5. Initial Gaussian MF’s Figure 6. Final Gaussian MF’s

Figure 7. Initial Bell-shaped MF’s Figure 8. Final Bell-shaped MF’s
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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 overfitting of the training data set. The overfitting 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 or Bell-shaped MF’s during 300 epochs are shown in figure
9 and figure 10, respectively.

= F

Figure 9. training and testing error curves
using Gaussian MF's during 300 epochs

Figure 10. training and testing error
curves using Bell-shaped MF’s during
300 epochs

A comparison of three methods for the performance evaluation is made as

shown in Table 1.

HCPV s tateMethods SFCD (original ) | MFFD (Gaussian) | MFFD (Bell-shaped)
No. of training data 50,000 50,000 50,000

No. of ON-state 48,356 49,638 49,635

No. of OFF-state 1,644 362 365
improvements - 77.98% 77.80%

No. of testing data 50,000 50,000 50,000

No. of ON-state 48,738 49,987 49,981

No. of OFF-state 1,262 13 19
improvements - 98.97% 98.50%

Table 1 Comparisons and Performance Evaluations
It can be obtained from this Table when the HCPV system using SFCD have

1644 (training data) and 1262 (testing data) times in OFF-state, respectively;
HCPV system using MFFD (Gaussian) have 362 and 13 times in OFF-state,
respectively. Comparing with using SFCD, MFFD offers 77.98% and 98.97%
performance improvements. The third method is MFFD (Bell-shaped) with 365
and 19 time in OFF-state; it offers 77.80% and 98.50% performance
improvements Comparing with using SFCD.
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6. Conclusions

The proposed approach in this paper 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 the paper, multiple input factors and fuzzy decision is used instead of
single input factor which is wind speed only and used crisp decision. 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 98% in this research).

It is observed in this research, the usage of Gaussian member function and
Bell-shaped membership function does not exist significant difference in
performance. It is worthy to mention that the performance of testing data is better
than that of training data used in this research, which is due to the wind speed in
testing data is much weaker than that of training data and when the wind speed is
around the threshold value, the wind direction and HCPV panel is in parallel state
at most times. In the case of big wind gust and wind direction being constantly
changing, it is, however, more practical to place the array panels horizontally.
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