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Thesis Title Current Control Feeaback Approach of Photovoltaic Simulator

Name-Surname Ms. Malee Patchouy
Program Electrical Engineering
Thesis Advisor Assistant Professor Wanchai Subsingha, Ph.D.
Academic Year 2016
ABSTRACT

The photovoltaic (PV) system is a highly popular renewable energy source due to its
energy-friendly environment. However, because of its high costs, it may result in difficulties in
development and experiments of laboratory photovoltaic converter systems.

This thesis was designed and based on a real time PV model. The design was divided into
two main parts. The first part was a mathematical modeling of a PV cell from SOLAREX MSX-60
series using MATLAB/Simulink program. It was utilized into a study of the characteristics of the
PV cell and the effects of any variables to the behavior of the PV itself. The second part was to
build a DC buck converter with a switching frequency of 5.5 kHz. The converter could provide a
suitable output voltage and current in practice according to a PV that modeled in the
MATLAB/Simulink program using a proper interfacing board, such as STM32F4.

This paper presented the simulation of PV panels in the current and output voltage caused
by changing of parameters such as ambient temperature, solar irradiance, etc. by using the
MATLAB/Simulink program. The solar cells were typically of non-linear behavior. The research
was conducted to analyze the solar system to create a simulation of practical in-time (Real-Time PV
Simulator) by applying DC converter (DC Buck Converter) with the property of a voltage source.
Therefore it is necessary to have a feedback control. Additionally, the model of the solar cell was
created using a mathematical equation to consicer the electrical characteristics of the solar cell.
Then, it was examined how feedback control system model and characteristic of I-V curve altered
the ability to work effectively and closely to the reference of the I-V curve. The input method could
be applied to hoth methods of the PID controller.

Keywords: photovoltaic module, solar irradiance, value of environmental temperature
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243 FaneunuvezuesWa (Amorphous Silicon Cells)
Fhulduueitidszdnszdlunsnlasuzdi wasnunandsauuas
Aundaa ihdanumundszuna 0.5-1.0 Tuasen 1dun waduasenadnldlunIoadamy

2 Ao a Z ~ a Y 3 dy A g = ] =2
FANANHUS TN INUIANA UANWUNUT 31191 wa&n“lmﬂuwumamuaﬂwqmmﬂmﬁwmm y

sz Andyihlazana 6-8% [4] daqaln 24

514 24 uwavaduaseriindsaneunuvezuasa (Amorphous Silicon Cell)[19]
Tagm ldudsaduaserfindez Iinszuadaisasgii dszum 10-20MA nazawisald
Y
usasu Ilihvagaaesdlatszanm 0.6-07 V daiunsldauTsarsimades livhunl¥awie
wradiaed (Cell) o sinlwmias llihifos Saiuwaduinevuui e Idnsgua Trfluiy
Y
Favu riseddesmsussiugaminaadndesynsuiu Seni Tuga (Module) nagnimirluga

-4 o w

wdesmiusnzSenh darsd (Aray) Fezansaldidamaa luih 1dauideants degali

2.5

22



Solar Cell

Solar Module

I
..== Solar Panel

Solar Array

514 25 nuumsdeveusaduaaniing [20]

_P

[ d

U £ d’o A d
25 qmtmfummxmuﬂs‘nmﬂmﬁuaawaaumamm

o

wa J a 4 %
auautanieiihvewwaduasernadaimsonaasldlasly [V Curve &.d
L4 o [ o w a 4 a 4
UszTowiuindmivldasivasuiidwangegavsusaaudieiiad las (I) nuieda
[ Y [l
nszua TWihFwmudodunimuuads uaz (V) vanedassdn ldihgaumudoduns
A a J =3 Y A J a I 1 A
uudueu NgargiveusaduaziSunannudunaeiannsznuurusaduaie1indiningd

anzoadie IV ourve 18Tas faus sdu l#hi L msde Twaa Sons1 Open circuit voltage

Y '
(Voe) a2 Itaus sdu Tlihiiga Voo 0 sniiuldisaduaserfindsusienszuasuiminszua

a

Ed
=

qegaluanizdaises yatiae A nszuagaga Sundr Short circuit current (lso) Fafluan

Y

[ ' Y '
nszua ll#hitga 0,15C mmninaindurugannaainasouzinaiiu -V CUVE Yu dagalii 26

23



d— voltage
source

MPP
(V;np7 Imp)

current
source

1%

51 2.6 msnaaeuieaeansminsenauazussau |-V curve[16]

U

'

@ :‘/ 3 A o w 1 1 o w Y J a J =~ 1 @ v AaA
ﬂiuu@l’Jllﬂiﬂllﬂ’ﬂll’diﬂﬂlu@]E]ﬂ1ﬁ]1fjﬂ1ﬁ\1vh/‘h/\hal]ﬂﬂlclfﬁaLL?N@WW]EJ%%M?JQ 2 aulsnannd

[ 1 o w 9 A = 9 d' 4 a 4
Wﬂﬂig‘ﬂU@]@ﬁ]ﬂﬁ]?ﬂﬂ1aﬂvlww1ﬁﬂq@ A9 USaUANUINLEINANNTZTNULRNUTAAUTI01NA Y

a U

a J
Ltazqm’ﬁﬂuﬁttmwaa

LY

g’; ~ o A a A~ ' Ao s
u@ﬂiﬂﬂuuﬁ]Wﬂhﬂﬂﬂﬂﬂu‘]ﬂﬂﬂﬂwaﬂig‘ﬂﬂ U IHaaNAD NULLHLFAE

J o o

a a 1 J a J
UENDINAY , aNHUSNITUINT amim"!ﬂﬁwummzmmamaaumamm

@ a - d
25.1 wansznuninsyavveaso1nag
v o A a 49! < o 1 [ 9
auanudiusvesnszud I Tannavuiudadiu Tasasanumnnudy
o A P} A A ¥ s A o3 2 =
pasdufenInauduaaliaige nszuan ldvinmadudeiadnozgain Tuvms
o { < o 4
usaau ldfvudasuudasiivudanites Tawanswnssua-usequarugdn 27 uaznsii
o 4 o { { Q/ d { 4
e Iih-us s Tihawgn 28 anudunastldiadumasgu Aoanuduuaaniald

4 ' E4 i
vuiu Tanluagdommlasalsalniannmatisazdanszavihmealuvagisunan

a90iiad LOAM uazaius e soziiar 1000 W/m?

24



| N |

1.5F ———~

Ad)) uaung sinpop

10 12 14 16

Module Voltage (Vpv)

8

Yasunias[l7]

=

llﬂﬂ’ﬂlll,"ﬁ}mlﬁxﬁlﬂﬁl

v [l
=

sUn 2.7 aswl |-V

_P

FouldSsaumsdi (2.1) [6]

Iph =[|sc +k; (T—Tref )] X A

J

AVANMUNLE 9NN T1NTDL

9

@

sualila

v o 7
ANUTUNUTUDING

21)

I

Y NITUTAAINVTVBUYAAN

25°C (A)

@

=

|SC

K

(AC)

[

QUNNNVDINTZUT AT

E]

U

r'd
yl5@ns

o

A
fl

(Kevin)

J

A0 9NN 19DIVBIHAA

a gy
U

£}

=}

Tref

(KWim?)
2%

Ao ANMEULE

=

A



P-V Characteristic-Varying imadiance-Constant temperature
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P-V Characteristic- Constant Iradiance (1000W/sqm)-Varying Temperature
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ILE+T)=ILO (28)

1 @ { J 1% { o 1 [ o o
z.ﬂ'llli\?ﬂumaﬂﬁﬂﬂiEHJG]’JLWﬁEJ’J“I«!ﬂHLWIﬁ3ﬂ1ﬂl3ﬁ1%$1%1ﬂ‘ﬂﬁ1&ﬂ c‘fiwzm“lﬁ'wasm

U

AwaguvewsIauanaseudamieniiuna (Volt-second) dlugud

1 t+T
Vi =T {VL(t)dtzo (2.9)
3enszuenadoi lnarwdaufulszglusazmunansiiugué
A
ic=T { ictxt=0 (2.10)

4. 519 l¥hyuduidufas luihanes n (fnsaneshawduwwugeund)

Pin="Po (2.11)

2.1.1 anmzaiadinszud
vazaIadihnszuadagili 2.15 laTeass 185ums ludadeundn (Reverse
Bias) nszuaielnarmainunastiglldwuniionirldlaease Tasiinszuaduwilaenlva

1 =] = J & ] 4 J| Y
W'luﬁﬁlﬂﬂﬂﬁgﬂllazﬂﬂﬁﬂuﬂuﬁqﬂaN'luiﬁﬁﬂ flnﬂﬂ{]ﬂ]@Qlﬂ@i“]fﬂww%$ulﬂﬁilﬂ']5‘11'ﬂ\1

E4

us o T il
+
V. _L 1y =
n-T H ay L4 lci I o
+ o
_ o, v,
N PAY —
[}
-
q = 1 b vl. = Vin — ’/n

514 2.15 29smeuszaunsaduioaiadg ( hnszud

UG

—Vin+VL +Vp =0 (2.12)
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VL =Vin—Vo = L%L 213

diL _Vin—Vo
R @4

A4 a 2o - A o = A A 2
YUSNTAIAFUINTSLU dt - DT Weonsimslasuulasvesnszuanino1992091NSINNVOS

aszua il usadu mldaansadualann

AL _ AL _ Vin—=Vp

P E 25)
- in —Vo)0T
Ai gy = Ui LO) (216)
Ai 'I’ill'lﬂﬁ\i é"mmmﬂ?iauuﬂawmﬂizuﬁVlWﬂﬂuﬁamﬁmﬁwmzﬁ‘iwﬁﬁmizuﬁ

L,on

2.12 anmzaiad ihinszua
iloadad hishnszuadazii 216 laTeavzgnluealawi (Forward Bias)
Tihnszua i lfnszua lWihi lvasudumiioniniams nasdseriles nanguowasd

v ' Y
oz ldaumsvewseau lnihnanaseudunileanieil

V| = <V = L%% .17)

9('1% 26 :Vro (219)
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l"‘l
+ "'.:?: v, =V,
__*_NW\ i
== = ir
Vin §
- N ; v,
—_— Il‘ pa—
=0 v, =0
51#t 216 2evsneusziuussdniioadng  lhinszua
vaugfiadad sz nssdudnasdugud dt= (1-D)T Fazldn
Aip =V
el 219
CE//PSINN
il off _(_,__Ja—D)T 2.20)

d' (Y] d' Y d‘ ] @ d' ) ad [ Y 4
NaNIITDYNI fﬂil“l_]aEJ“L!UJJﬁQﬂl@\iﬂizllﬁleV\l1ﬂV1WaWWUGI’JLW“L!EJ'JU'IQ‘VITJN?HWnﬂUf‘{uEJ N

aumst (2.16) waz (2.20) 22185

Ail_,on + AiL,oﬁ = (2.21)
Vi —V v

(T'n 0 ]DT +{—(T0)(1—D)T} =0 2.22)

VinD—VoD -V +VoD=0 (2.22A)
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Y
aaiuaz Idoasimsvensnsaau

Vo _
0 D (2.23)

: 4 o da d
2.1.3 msmsanumilenhiianiiga
<

] ]
=1

[ ~A o = ~ o Y gv/ 14 d o
Mmymmaanteninannganaziiliiesinaeuneimesitauly
Tvuanszuaaoiiiod TaeT NALIINAMTMINTZU AR ASN IMaRIUAUW 81NN FILMDUN T
d‘ d‘ 1 d‘ d' ' o (Y d' ] v a3
maeh lvaru Tnaa ilesnnvaziegluan zmsiavedad nszuad lvasuaunuilszqee

A 1w P v
Nﬂ']!,ﬂ']ﬂﬂf'fUﬂ ﬂquu%gulﬂ

A 4 V -V
7))

" 77 —
77 7

B

A

by ipple /\ T‘//\ ——
0 / \A \/ ’

1 217 ussdu ldhidamiioniuu) veznszua ihit lnarudamiionii@)
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v o Y A ' o A o o A
ﬂ\?uufl]%iﬁ'lll'liﬂﬂizllﬁulw%h‘ﬂllﬂaw114@%“11!8']1'!']@]']@1@!,!631gﬁ’q@ﬂﬂ

ILmax =1L +42'L (2.24)
ILmar = 1L +3[*22-DT| 229
ILmax =10+ (226)
ILmin =iL —%L (2.27)
ILmin =1L 5[\ 2-DI ey
o IL =g :\1/% 229
forh {Ciin = ng-\lg[(l_—l_[’ij (230)

aq v Y A ] o A o & ! A A o g’/ '
ammiwmzua”lvxlﬂm“lwamummumuuﬂuuummuamazmmaﬂ ANUUISHIA
= o A g A & o q 9 o o o ) '
ANUINUIIUINLANNT A 1/1‘1/111143\‘1%51/1@”53WULL‘NQ‘LJ‘ﬂNWullﬂG],u"U@‘UL"UGI?%W’JNI‘HZJ@
9 A ] @ ~ o o 1 A L A Y o Y
ﬂi&’LLﬁUlV\IWTﬂ‘l‘HaW1UG]’JL°H°L!EJ’J“L!1L°1JNLHJ‘]J§]?JL“L!?JQLLﬁ?JlliJG]EILLlEN 1ﬂﬂ1ﬂﬂ1iﬂ1°ﬂuﬂ1°ﬁ

nsgua i lnarudamienisiauiugud dsluaumsa (2.30)
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ILmin =V0H;——Z[f—}=0 (231)

1 _ (1-D)
0= f
FafuazIdh
Lmin = 45 PR (2.32)
oy f = {d-D)xR (2.33)
2><I‘min

214 sszaonaduueasiguaiueen
{ v I { ) [ @
msndaunulszandvuialug srawisoinuliussau ldihdueen
~ [ A oA [l A Yo I A [ ¥ A =)
ash ua lumal§uia ldansadenlsdanulszgndvualuguing 18 e snnlisnmmaas
sldy A =S A Yo At 1 A [ Y 9
T Judenld@unulsggntivuaminzan sazaszasnaanve s lnihdwesn
! v A v Y o { A o Y =
agluszavfoonsvld msdaumaiszasnaauvewssan liihdiuesniinesaiseon

annsom lannanuduiuiveanssduns sua lilii lnarwdaiulszqaag i 2,18
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a ~ Voo’ Y. A v 9
gﬂ‘n 218 ﬂizuﬁ‘l/lulﬂamuﬁ’uﬂuﬂiz@LLMB@I?ﬁ%ﬁ@ﬂﬂﬁMﬂJNLLiQﬂumumm

dionszua ihi narhudidulszatisniiuuin Fernardinandunulsyaeavauiszy

Tagaansasmula laan

AQ =CAVy
Avp=22 (234)

so=4E{A)- 1
(2.35)

unumaunsn 2.35 asluaunisn 2.34 a2 18

AV = T2IL (23

unumaunsn 2.20 aaluaunisn 2.30 a2 1d
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AVg = Yo q—py 2.37)

T8
AVp _T¢(1y
VO__BC(IJG D) (2.39)
Safuezd
AVy _(1-D)
W 8Ler (2%)

A g o A o I o Y ¥ 1 v 9 v
Lllﬂ@@\iﬂﬁi]&’aﬂ€lﬁ51i$ﬁ@ﬂﬂauﬂl@il&iﬂﬂuulww1ﬂ1u@@ﬂ %3%11@1@8?115’61@?]'] D G],‘W!fllﬂﬂﬁ

& A A 1w A ° A A o d A A A A QY 2
HUI NIDDTTINNATAIUNUHYIU ﬂi@LWiJﬂWl’JLﬂU‘]JiZiJ‘ ‘HiEJI,WMﬂiﬂ’n&miuﬂﬁﬁ’mcﬂﬁqwu

2.8 szuuauauuuu P1D (Proportional-Integral-Derivative)[10]

! E4
TTUUAIVAN (Control System) o mathamiszneunaeydinaeireniuyumily

o a 4 1 1 a A o
ST 1aziINIT AT IZHMIA0UAUBIURITLUUMUNABINMS  syuUAUAURTdszans gLl

U

v o 4 { v o
Trawnsndszudanasau nat uazoun 18 Tuvazildnadnioonunldmnudosns gndes Tu

Y

nsAnEvesszUUAIUAN sxiiiugweguunguinistlounay (Feedback Theory) wazlums

a J f a v o a

SR T BT TR AV TRIL SITE R NI ¥E CEATAVI ALY TagazuaainNuduNusveduNIIay
s A 203, (s & d‘

IMWN HIDNTABITUDY ANUAINTZNRUNTONTZUIUMT (Process) NITAIVANTNNTD
{ <3 [ { 1 a J

unuildaeuaen  (Block) dwasddugii 225 d@rwdunnuazeniynvesszuunnudig

o o a < 1 o w v d J
dyaa Tasdygrudunnizsiludiudagvemwadwiviowminm

DUNN e ATLUIUMS —)Lmﬁwﬂ

511 2.19 MsauauIzUU

LT a
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szuumuguasausesmilulsaanlvgqawdnsagmsshauidiiy 2 oy fe szuu
auguuuwda (Open loop Control System) waz wuuila wie szvvaIwguuuiloundy
(Closed Loop or Feeaback Control System)
2.8.1 szuuauauuuuila (Open loop Control System)
Wlumsl¥ginsainauau (Controller) wie gulnsainszdu (Control Actuator)
wiel 18msnevauosauaiudeams  Tasliiwamsnovuduesvesszuisigmafiarsan

anvazveszuunuguuuudlaudalugin 2.20

auw‘ﬂﬁ daunsz@i’u el NTTUIUNT émqﬁw‘ﬂ

51U 220 szuvmruquuuinile
2.8.2 syuuauauuuuileunay (Feedback Control System)

szuumuguuuuiloundy  wuanannnszuuauauuuDEla Aelins

o ay v 9 @ Y < J = 9 A ' 9 3 a A

owad Idannszuaumstloundvaduiludmnisvesoyanozdwd idusunniiez

@ y 1 J @ J 4 1 4

Tinuszuy msagnsanewinn ldezdeslinig iateyaveuo1viyn Wensiwaue1iumida

o o 1 J A = o J Ay 2’, 1 [

wnazihaneiyni 14 lfs sufeu i inmAdeansnns zuy MINITUANULANANTZHI

J Ay o ~ Y a 1 [} [ 4 Y 1 [ ] a Y
LE)TVI‘V!‘VI‘VIG]ﬂ\iﬂﬁllﬁ&’&ﬁﬂﬂ%jﬂﬂlmﬂiﬁﬂzgﬂﬁﬂﬁﬂqﬂ’gqﬂﬂimﬂﬂﬂﬂu umammﬂuauwmmﬁ

=

d' 9 1 1 'd d'9} '3 d' Y a d' )
szuuie IdANWuANA NIz HI e NN AR INITIaZID YNNI aAasoes unsznali
= 1 1 " Y N\ Y1 7 < 9
Hanuuanaszninamages  aniveg ldnanemiynvesszunidullawdeans  szuw

v v 4
awguuuniloundunaaddugin 221 dwmSunanmsvesmsloundui ldesueliudaiine

] dy a 4 o wa Ag Yo [ @
mﬂuwugmmmmmmﬂzmmzeammmsuumuqmMum ﬂi%ﬂuﬂgiuﬂﬂi}uu
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A3

Sa
=b
3

©MNNNABINS GAVETTIREN

2.

dwnfsoumon | damnway = nszuIums

R <

51 221 szvumvquuuniloundu

U

o v zé 2’1 2 a S A Y d‘ Y
TMITUITUUAIUANNUINUY 21902 UM NTHIoA Y TNABINIT VL

1 & a 14 & o Y o 1 I A o 9
AIUANNINNITUUINITIULADT Gﬁﬁﬂ$ﬂ111’ii$°ﬂﬂﬂfl'ﬂﬂﬂﬂ\?ﬂﬁ13lﬂu§$‘ﬂllT]iJﬂ'ﬂll“]ﬂJ“]f@‘Lliﬂﬂ

v Y
=2 1 o v A

89U LANANMIVDITTDUAILANTINioWAY Ao nawlsiisdeenisaIuguIzAeeliniiia

Y J o

A = o oA Y o :1} [ o
A lanneninn sazihwulSeufeuduminmdeinsvesdulsiug dmsuszuunivgy
waedauls (Multivariable Control System) sefidnuaigaslugili 2.22

s Ay N e
INANNADINITT ﬁ mumuau > ATLUIUMS ) DINNNIIN
L > S ——
N1379
€

57 2.22 szvuaununateaanls
2.8.3 nuUasanundiamanivesszuy (Mathematical Model of System)
o a 4 I AAa A A Y a 4
puusaesnndiacmaas lunieuiieldlumsesnuuunazins iz
a a ~ a Y o ¢ A ) [
FEUVAIUAN WYANTTNUBITZUY HouivzeTinedrsaumseyius esnszoun Tl lidu
. v v , . -
szoudadu  (Nonlinear  System)  dwiuluunanuiiaznandaiimsh  Idiwsedu
. . . 4 1 Z’,
(Linearization) e lteuisaudaumsmaniulanionsldnsuasanana (Laplace

¥ v o ¢ a H ¢
Transform) MNUUITMIANNFUR TV AR MW NUATBUNNYBITTUY MIUN szgndmsuilasan

D.

[ o J a o o ' { A @
daradhivaumsoynus  wanimsulasaumsiFeoyius hogluTamuanuiiogniagn
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penamuzan  nog lduuudiaemmndiamaaiisionduilaiduaieleon  (Transfer
Function)

ay"+ay"t+..+a _y+ay
=b,x" +b X" +...+b, X+b,x ,(n=m)

Transfer function =G (s)= %

Zero initial condition

Yo  bs"+bs"t+..+b, , +b,
V) n n-1

X as' +as +..+a,,5+a,

(s)

flarsudieTou (Transfer Function) wes Buck converter Tnuanszuaseriiosldan

quNII2.40

Gy (s)m¥p ——r (2.40)

2.8.4 msauguuuudadaw (Proportional control, P-control)
mamuqmzummui’jauﬂﬁ'ﬂﬂasl%ﬂvaﬂmﬂmmuﬁ’ﬂdam‘?u dya
man (U) wiludadiu Tasnssdumdgapaunwianain (€) fiRannradaszriem
Foanudedstudyaaeinnes szuuiidesmsaingy wnuglufenvesiaaiuguuu

daduudasldasgilin 2.29

ES) ——> Kp —>U(9)

51U 223 druguuundadiu
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=
qunNIT A

u(t) = K,e(t) (2.41)

] E4
A ~

< Y 3 A = ' v 1 4 o
Lo Kp Lﬂuﬂ'l@@iﬁlﬂ'lﬂﬂlﬂQﬁ?ﬂ?UﬂNUWi@ﬂZLiﬂﬂ?WlﬂUﬁﬂﬁﬁu ﬂiziwummmmuqmmu

adu (Proportional Controller) AsaainruAanainvesszuy Tao awisnaeuauesim

Tyaannurananedwiunnula

2.8.5 msauguuuuduinia (Integral Control)

MIMUAUIVIUNANTa Htuuvaums fe
u(t) =K, j e(t)dt (2.42)

4 1 1 o a a o <] (% a a o [
Lﬁ@ Kl ﬁammﬁmmmmuammuaumﬂia LLNUEﬂUﬁ@ﬂﬂJ@Q@]'Jﬂ')“].lﬂiltlﬂﬂﬂuﬂﬂiﬁllﬁﬂﬂﬂi

51t 224

Es) ——> >U(s)

ez

5171 2.24 dnuquuuuduiinga

Y

Aa O B~ o o A ] Y Z‘/ <3 [
AN WANAIA E(t) mnﬂuﬁuaiumwmmanammllﬂu,mmm MIUNWIIENTYYIUNT

o

A a o dy < "o A A o
nngtuuumInuquuuuduiniatiwriuhdyapamuny  Ul)  awliaunnTasidyanu
~

1 [

9

augulunsaives mimuguuuuduiniavuegiuailusan (past value) aarudaniuguuuy
o 1 = Lg Too 0 @ J o A a o d A g9 1
dadimasszyuegiuamfogiv - YszlemivesdiniuauuuusunniaiiionsImsanninI
a 1o = v 1 S A I 9 9
Hawaia luaauzegdd TuvazieiiuainnuiliedesjvesssuunIzaniosainen1snIug Y

a a o dy 3 A o o Y v 1 = <3| A | & Y o
suvdunnFadstlumanueuay lnuszuy wu lunsaiszuutuoudunvii uazie lyd)

auquuuuduiinga (Integral Controller) udszuvilounduasiisusuiluana
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4

2.8.6 mamunuuuueysius (Derivative Control)

@

J = A A
NMINIUANLVUDYWUD 3J§°L]‘Vl UUUTUNIT AD

. g
u(t) =K, n (243)

o KD fomasiivesdaniuny uuveyrius anmnnuding1dswiusiniuaudasn wu 19
Smfummuguuuudadin  3adenhdr  muguuuudadiuandueyiusvie  (PD-
controller) faaaaluzalii 2.25 Sranuauunudadinld SwsudufinatezGonidaningy
wuudadauvanduduiniause  (Pl-controller) uwazdlddmiugy  nuudadiusuiuda

AunuUULB U atazdnuaNuue LS Fonda (PID-controller)

E§) ———>| Kp+tkKoS p——U(5)

o

Ui 2.25 dnruquuuudad s uaInIuguIUUe L

Sa

o @ o"dy 1 A U 1 H Y o A Y o
MNUANLUUVDUWUTUIZFIVNUAINNUHUN (damplng) TAuszUUNAIMIZAILRY U

A [ Y = =2 zg = v < 1w J A J
19 M Glﬁi%ﬂ‘l_lillﬁﬂ&ligﬂNTﬂﬂlu 5lummzmmﬂuwmmmmﬂpmmmwmwaaﬂmﬂmmmu
o a

v Jo & a N 2 a v o o
LLU‘]J@HWu'ﬁuulﬂuﬁﬂlﬂ”mV]Lﬂﬂ"lnﬂﬂ']iﬂ']@‘klwu‘ﬁm@QﬁiUuiUu']mﬂ'J'liJNﬂwa']ﬂ PNUU ﬁ/m’tyﬂﬁm

oo

a Ix o ) @ ] o I
ANUAANAALTAYYIUTUNIUNN  dYIAeUNTNoaNNININA N ANILDO YRS T

nszdion (fluctuate) Aewdrann (osnndanudu (Slope) vesdyaafimsndounlag

udasAouthann) FazshIfssuuniuay liladesgl 14
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snuauuuuiiled (PID controller)

ﬁmimﬁwummmmuﬂﬂ

Rl —>( ), Gy US| g > C(9)

31U 226 szuvmruquunuile

PID controller 1Jszneudas 3 mew e Proportion, Integral uaz Derivative swnaums 2.41, 2.42

way 2.43 1@y

ut) =K, -e(t) + K, j e(t)dt + K, - % (2.44)

e(t) =r(t) —c(t) (2.45)

o
msutasararavesgums 2.44 1A 2.45 W UAIHUMNST 2.46 11QE 2.47

U(s)=(K, +%+ K, -s)-E(s) (2.46)
_U(s) _ K, "IN =KD32+KP3+K,
G(S)= 2 (K, + x + K, -8)-E(S) (2.47)
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A a P4 s A o @ A
NAUBDINITINUATNITTULAD FUDN PlD ﬂ@ui‘ﬂimﬁ@ﬁ YETHHNAANTATUATIT NN

A A A s P
MI1NN2.1 waﬂjaamimumwwammmmmﬂauimamm PlD

N A ¢ ¢
NaURIMIANAIINIT NS Yo InauInsataes PID

nnnes Rise time Overshoot Settling time Error at
equilibrium

Kp Al i Wieudnites RGN

Ki Al i ity 2nfi1da

Kd HUIUHUIND afaN afaN ﬂﬁ

4 A2
(ﬂﬂﬂ\?'ﬁiﬂLWll"Uu

Wooun)

: ) B U 2
n3U5unasRe3s Ziegler-Nichols aziSudremsiash Kinagz Kd ifugud vnsiu
vziivue Kp laudean Ke (Critical Gain) sznvszizannas I ianmueamsunds PCuag i1y

M3 1ateaaiienia Gain dueq

maefiz.2 nsilfunsedaes Ziegler-Nichols

3% Ziegler-Nichols

Control Type Kp Ki Kd
P 0.50 Ke - -
PI 0.45Kc 1.2Kp/Pc -
PID 0.60 Kc 2Kp/Pc KpPc/8

msdfunasdresending lugaamnssudiuvngludaniiv ezl dwevding lumsmuiauas

USundaan GainTasaenduaiwshmsiiudeya ad e lueanazdunun Gain Wiaeda luia
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2.9 Tsunsn MATLAB/SImulink
Tasunsy MATLAB/SImUlink 1w T sunsulugruiiandmdrunlu T sunsy

MATLAB & ailuTusunsusuansidrauniilse levviogranainvate 5y m3 lsauiansu

[
=1

a ¢ o o A o Ay ¥ ! @ @ ’
nadamaaivuge ,memudalugidumlsmeunaums ,mslynusiunuesaniigy
. . v ] H ]

suuanifudy Juagaves SIMUlink siudhuasesien1¥lum swenTdsunsuivenidne
vosaumsnuadiamans Tasld 37 uovves block Diagram ifundnsiinlianudienas

P s 3 ) o v ¥
qzAINNINT Y Smsveeadsynevvedllsunsniy warmsaadsuuusiaesldlasly
Building Blocks #izisa1van Simulink Library Browser s'ag1# 2.32

File Edit Yiew Help

=2

Bus Creator: This block creates a bus signal from its inputs.

= W9 simulink Ii“ L] ~
3§ Commonly Used Blocks | Constant
2 Continuous { [Drag this icon into a model to insert the Constant block]
2] Discontinuities Data Type Conversion
> Discrete
Q—‘ Logic and Bit Operations ‘
1 Demux
| Lookup Tables :
2| Math Operations KTs
3 Model Verification o7 Discrete-Time Integrator
= z
2| Model-Wide Utilities
2 Ports & Subsystems D Gain
> signal Attributes
2 signal Routing E Ground
2 Sinks
Q—] Sources
..1 In1
2 User-Defined Functions
+ 2| Additional Math & Discrete 1
+ W Aerospace Blockset b s Integrator
)
+_ W COMA Reference Blockset '
< Ay W 2] AND Logical Operator v
Ready

51t 227 vienlaezunsuituglu Simulink Library Browser

. . Y A . . . L
TuTsunsu Simulink 17y msshaesilaszerdonisaraumugd (Simulation Diagram) iivenas
fudia Mssu nagderimdyga doyasn DIOCK wilsezgnd a1 block wilaTaerudu
' ' v . .
Woureszninmi Tasiiainsoguaanivestoya lanatodnumesia Oscilloscope vise Display

Tavensaidonainludiuves Sink ezt 2.28 nag 2.29
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‘AB Help or Demos from the Help menu.

D&

Bus Creator: This block creates a bus signal from its inputs. File Edit View Simulation Format Tools Help

DeE& B4 |22 » =nioo | [Nomd v

= Wl Simulink
| Commonly Used Blocks
2 Continuous
2| Discontinuities A co
2| Discrete
2] Logic and Bit Operations
2 Lookup Tables
2] Math Operations
2 Model Verification
2 Model-wide Utilities
2] Ports & Subsystems

2]

—J|o-

Constant

it | Data Type Conversion

Demux

=
a3

CHRVATE

Discrete-Time Integrator

Gain
2 signal Attributes
2] Signal Routing
2 sinks

2 Sources Int
2] User-Defined Functions Ready 100% odeds A

Ground

514 2.28 wihaadmsvaszoudsaesves Simulink

T &7

= — v
Sl untitled™ =2l
File Edit View Simulation Format Tools Help

DSE& B G D] ) = W Normal ~| 3 g

Sine Wave Integrator Scope

Ready floo% ~ =1 _ lodess.

51#4 2.29 msiousiaszia block ves Simulink

1 dy 1 :
2.9.1 nauwoa block wuginlu Simulink
n. unaei A dyy I (SOUTC&) uaguva A Ty (Sinks)
nguues UICE Admuamliazilszneudlroundssuiiadoya

A [ ]

wiednn i wunvassuiadinaii (Constant), wnassuiladayayaiad (Pulse Generator),
unastuiladyanagii lsi(Sine Wave) w3 euwasiuiiadaanauniind (Clock) finldiesy
namshasslymuiludu dagui 230 nquaea Sinks iWunguiteglsdmsunudeya (To

Workspace) uaz uaaswavosnisudilayn (Scope, Display) ifludu dagalit 2.31

U
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_P

s1fi 2.

U

L _ISimulink Cibrary Browser
File Edt View Help

D& = b

Digital Clock: Output current simulation time at the specified rate.

= B Simulink [ /W]h Chirp Signal
2| Commonly Used Blocks
2 Continuous C|_> Clock
> Discontinuities
> Discrete
2+ Logic and Bit Operation’ Iz‘ Consiait
2+ Lookup Tables

2| Math Operations Counter Free-Running
2 Model Verification

2 Model-Wide Utilties Counter Limited

2 Ports & Subsystems

2] Signal Attributes ‘ Digital Clock

2 signal Routing |

2 Sinks
From File
CE
2 User-Defined Functions
2 Addttional Math & Discri From@egghace

# Wl Aerospace Blockset
Wl COMA Reference Blockset | E Ground
Sl w E3]

3L ngu b|0C[(”:Jm Sinks

N E]

Ready

51/ 2.30 neu block wea Source

brary Browser
File Edit View Help
D& dh|

To Workspace: Wit input to specified array or stiucture in MATLAB's main workspace. Data is not available until the simulation is
stopped or paused.

=

2]

= B Simulink
2 Commonly Used Blocks
> Continuous
2 Discontinuities
> Discrete \
2| Logic and Bit Operation| || (T)  Outt
2 Lookup Tables
2| Math Operations ! E' R

2| Model Verification

2] Model-wide Uilities | —1.
2+ Ports & Subsystems { o lp Sagn
2] Signal Attributes

> signal Routing
2 Sinks
> Sources
2 User-Defined Functions
@ 2 Additional Math & Discrs
« Bl Aerospace Blockset {

P R e T [

m

N\
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v, m3siiumsmandiasmaas(Math Operations)
nqu Math Operations & w17 iR sadesdunisdniiunis

adiaaa s 1wy myvan(Add) dedsuniandarmans (Math Function) nrsqasdauals
(Gain) iFudu

L Simulink [ibrary Browser

File Edit View Help
DS+
Math Function: Mathemalical functions including logaithmic, exponential, power, and modulus functions. When the function has more
than one argument, the first argument corresponds to the top (of left) input port.
= Wl Simulink ] [ [a]
2| Commonly Used Blocks E] Abs
2 Continuous
2 Discontinuities [:| Add E
2| Discrete
2 Logic and Bit Operation Igebraic Constraint
2 Lookup Tables P
2 Assignment
2| Model Verification
2| Model-Wide Utilities e
2 Ports & Subsystems v,
2] signal Attributes .
2] signal Routing Complex to Magnitude-Angle
2 sinks
2 Sources Complex to Realimag
2 User-Defined Functions
+ 2 Additional Math & Discr { Divide
+ WA Aerospace Blockset i
+_ Wl COMA Reference Blockset 1% |
3 i — (23 i t Dot Product [v]
Ready 2
1 .
a 1
51 2.32 nqu block ves Math Operations
File Edit View Help
D& -
Bus Assignment: This block accepts a bus as input and allows signals in the bus to be assigned with new signal values. The left
listbox shows the signals in the input bus. Use the Select button to select the signals that are to be assigned. The right listbox shows
the selections. Use the Up, Down, or Remove button to reorder the selections.
o W smink (Al Y/ \\////0) 0 /] A
Sim
2] Commonly Used Blocks | | Out | Environment Controller
2 Continuous fulll 1B
2 Discontinuities :»" m g
> Discrete ISl ! - e
2 Logic and Bit Operation| ||
2 Lookup Tables | Goto
2| Math Operations. |
2 Model Verification [ Goto Tag Visibility
2 Model-wide Utilities !
2 Ports & Subsystems Index Vector 3
2 signal Attributes
> SR o s
ik - ‘
2 Sources L
2 User-Defined Functions Merge
+ 2 Additional Math & Dis i'
= P ” i
< ] = ] 3 Multiport Switch ["1
, Ready 4
A ' . .
519 2.3 nqu block ves Signal Routing
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o A v Y g’/ = o & 9 = [y 1w [ o
Tumsrassszvuitinnududou vensdinnuiuiludedimsSudsdyaunndiuniiaves
szuu ldgdnaauniisvesszuy FamslfdwienernliazainTunsau & block Tungu

ke . . - g '
tuthnlszian GOTO, FROM, Multiplexing agsil#umugiiarmidussidlsumniudag i 2.33
29.2 msfmuasinsilumsiraesilayn (Parameters Configuration)

o a 14 :’/ =S 9 1Y d‘ 9 =1 o A d'
m3snaesdymluneuiuaesiu idedunaidesiiesz i Avszeznain
aulalumsrassdyminuszezna lumshassllym wuneuiinwe oz l¥szeznalu
° 1 ~ ~ ~ a A o 9 A
mssaesnisasuauedluyie 10 i vesszuunauladios L3unii i ldszeznain
asuines 1 lumsmaaovvestamifiaulaliassiulumsfas sy aeldsndods
i adyavit Step Size inalaaed (Variable Step Size) sn Step Size Aurniiganaziliosiiqa
annsadmuald edralsiamussbouiiseduavii Step Size tisneh (Fixed Step Size) 11133

A o a Y o A 1 A A Y
minvgtenldlumshaewlym esnnaunsnszysaamsegaveanainaulsldedis

usind aagilin 2.34

C Configuration Parameters: untitled/Configuration

Select: Simulation time =]
—Solver Start time: [0.0 Stop time: [10.0
- Data Import/E xport
i Optimezefion Solver options
-|- Diagnostics
Sample Time Type: [Vonable-step _'_l Solver: | oded5 (Dormand-Prince) :]
—Datalntegrity Max step size: |auto Relative tolerance: [1e-3
- Conversion )
- Connectiviy Min step size: |auto Absolute tolerance: [auto
i~ Compatibility Initial step size: fauto
-~ Model Referencing . .
- Hardware Implementation Zero crossing control: I Use local settings _:]
- Model Referencing
[=1- Real-Time Workshop
i~ Comments
i~ Symbols |
i~ Custom Code
i~Debug
“Interface ~|
| | 2

m Cancel Help | e I

57 234 naasmhanilddmuaansilunissaedym
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2.10 wesanunu (STM32FA07VGTE)

14 o ¥y A A 1 o [ Y

vesanruguiImt Mo udouuuTasInIsiIuszuuauANAle TSNy
MATLAB/Simulink funszuaumsasa Taesu block sets uazausadsunlasuamnnimes
A fvenuuudlonannss miaoumefasznoudesuauses AID, DIA, PWM, Digital
/0 uaz Encoder #41ddmiuszuuniuauisu msnruquuewes llihnszuaadudonnnes
(=] a Y Ao 9 I Y @

MsnuANUYUNaLag Msnuaunszuuntsuuy idugsudungdudemdudu wazszuudl
Tuilude sl Tugamlasdaygruiiizonan Analog to Digital Convertor (ADC) &ashwvhiiudlaq

[ <3 Y I [ an 2 Yy an a 4 =
yanaewaenniludyguaiaea mednsndszuiana lddsadnoanouiinaes sauda

Tugaulasdayanaiiidend Digital to Analog Convertor (DAC) swsimshiutasdayanmainea

]

Thiludyanaeuaenmsl¥auewdondu nisaduaesia STM32FA07TVGTE

E4
m3aswaesinla STM3ZFA fidnumziausail
I J a 4 o [ a H ] ]
- Lﬂumiﬂaummwiamm‘um‘uqmmunmmq(rea|-tlme) H1un1eres USB aeq

aouimosaruyana uaz Mini USB vesmiadunedula

- ¥luTasneuTInaaed STMIZFAOTVGTE wuw 32 bit fivitonawsrvuia LMD
SRAM wuna 192 Kb lusadamuy LQFP vuaa 100 a1
- figaneas ST-Link sqwegluvesa lddmsunis Download uas Debug Tusunsw Taees
7 Jumper Iiden 14 iwiuuesauIf
- Whidesnnnesa USB wieannsaidenidimassie limouenuing 3.3V vie 5V I
- i LED iieldmadeunienaasadouTisunsu 4 aae fle
n. LD3@dw  deediunesa PD13
v. LD4@den weodiuneia PD12
a. LDS@uas  deadiumesa PD14
.. LDy seediuneda PDI5
- fadndnedaaesdu 2 @2 fie
n. ai3nd Reset 19dmiummmsinavesueda STM32FA Wsurham i
v, aad User (#¥h) ldmadeunsenaasuiouTdsunsuTasaeagiunesa PAQ
- widunanaziondna (GPI0)ves CPU azdooanind Header nisdiudreve sueda e

anvazaInlunislaau
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Embedded
ST-LINK/NV2

—ID -

STM32F407VGT6

||swo|

110
/0 |[RESET]
|

LED B2
LD3 to LD8 RST
B1
—{ MP45DT02 ‘ | NEeR }—
CS431L55 LIS302DL orF
[

LIS3DSH
‘ Mini-Jack ‘ |Micro-USB‘

le}

Header

Header

51t 2.35 uifon laezunsuaiaunivesnisadwaesta STM32FA0TVGTG

51/t 2.36 n3adunesilagu STM32FA0TVGTG

UG
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NJTRST, JTDI

JTCK/SWCLK

JTDO/SWD, JTDO
TRACECLK
TRACED(3:0)

MIl or RMII as AF]|
MDIO as AF|

DP, DM
ULPI: CK, D(7:0), DIR, STP, NXT
SCL/SDA, INTN, ID, VBUS, SOF

PA[15:0]
PB[15:0]
PC[15:0]
PDI[15:0]
PE[15:0]
PF[15:0]
PG[15:0]
PH[15:0]

PI[11:0]

140 AF

D[7:0]
CMD, CK as AF
4 compl. channels gIM1 CH? 4N
4 channalsF(TlMl_ H[1:4)) ETR,
s Al

4 compl. channels (TIM1_CH[1:4]|
4 channels (TIM1_CH[1:4]) ETR,
BKIN as AF

2 channels as AF
1 channel as AF

1 channel as AF
RX, TX, CK,
CTS, RTS as AF

RX, TX, CK,
CTS, RTS as AF

MOSI, MISO
SCK, NSS as AF

Voorer_aoc
8 analog inputs common
to the 3 ADCs

8 analog inputs common
tothe ADC1 & 2

8 analog inputs to ADC3

s

[CLK, NE [3:0], A[23:0]
] DI31:0], OEN, WEN,

/| NBL[3:0], NL, NREG
NWAIT/IORDY, CD
NIORD, IOWR, INT[2:3]

LINTN, NIIS16 as AF

HSYNC, VSYNC
PIXCLK; D[13:0]

DP
DM
SCL, SDA, INTN, ID, VBUS, SOF

Vpp=181036V
Vss
Veap1, Vearz

>

:> Vooa: Vssa
NRST

:> OSC_IN
0OSC_OuT

Vgar=1.651036V

0SC32_IN
0SC32_0UT

RTC_AF1
RTC_AF1

ata RAM 64 External memory
™ controller (FSMC) "
TTAGESW | wPU K= SRAM, PSRAM, NOR Flash, |\
ETM NVIC PC Card (ATA), NAND Flash
-BUS)
ARM Cortex-M4p > K=
168 MHz 1-BUSK: A = S
FP I Zu| | Flash
Sk @ = 25k upto —
x =
Ethernet MAC | DMA/ JEILE 1MB =
10/100 | FIF ) £ O Camera
& K—)[__SRAM 112KB Slz| interface
=
= use (oMMl L 2K—=_SramicKB
&| OTGHs = ol UsB =
=i [ L[ oTG Fs| &
DMA2 FlFo‘«] ¢ ARBZ 160 MHz o
A=, -
DMA1 |° FIFO 4 | AEBI150MHz Vppy, + Power managm{
pyolage =
33Vto12V
@VDDA @VbD
PO
GPIO PORT A RS ] Redl sopat
—t_RCLS Int POR/PDR/
et | BOR
GPIO PORT B v | e | = |<:
GPIO PORT C | | I
@VDDA @VDD
GPIO PORT D XA oo
- z
GPIO PORT E Feset &
clock — > wbG
control
GPIO PORT F PN ey
* ‘ ‘ interface
GPIO PORT G 5y
5
o
GPIO PORT H g ke o
GPIO PORT | — AWU
%) Backup register
o = 4 KB BKPSRAM
KD TiM 320
K TiMs '
DMA1 5
g K TiM4 '®
AHB/APB2 | AHB/APB1 ke TiMs 320
EXT IT. WKUP ] T
X = TIM12
SDIO / MMC <R TIM{3 160
TIM1/PWM ' 2 D14 1
e smeard]
USART2 :
TiMs /PWM_ 190]<=| K= DA
e smcﬁird
TIMg T k= K= UsARTS *"0)

TIMio 7®  k=> K= UART4
BT VR )]

TIM11 k=i 3 UART5
[Smcard geaRT ol | 2 Fi SPI2/12S2
SMeATUSART 1 k:::>§ I
smoard 2 K= SPI3/I12S3
DA USART 6 K1 § TIM7 16b Lo, g

SPH B=s il g K= 12C1/SMBUS
@VDDA Ky  12c2/sMBUS
Temperature sensor|K=! K> 12c3/sMBUS
ADCT
K=
22223 b || ke boAnt ]
ﬁ ﬁ K= bxCAN2 |4

4 channels, ETR as AF
4 channels, ETR as AF
4 channels, ETR as AF
4 channels, ETR as AF
2 channels as AF
1 channel as AF

1 channel as AF

RX, TX, CK,
CTS, RTS as AF

RX, TX, CK
CTS, RTS as AF

RX, TX as AF
RX, TX as AF
MOSI/SD, MISO/SD_ext, SCK/CK

NSS/WS, MCK as AF

MOSI/SD, MISO/SD_ext, SCK/CK
NSS/WS, MCK as AF

SCL, SDA, SMBA as AF

SCL, SDA, SMBA as AF

SCL, SDA, SMBA as AF

TX, RX

TX, RX

DAC1_OUT DAC2_OUT
as AF as AF
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2.10.1 Matvoudens adwae sile (STM32FA0TVGTE) uaznaaoumaitewso ST-

Link

dluganimun MICROCONTROLLER awna 32 BIT swisenda wes
u3Hn ST luaszgalmai STM32 ARM CORTEX-M4F Tasluuesaszilszneudas 2 dauvan
fio ga ST-LINKIV2 141ums DOWNLOAD waz DEBUG 'l1léa MCU TM32FA07VGTS dieglu
vosa iuma PORT USB

drmves ST-LINKIV2 1% MCU wwe3 STM32F103 sndlusaiensenis
shamiusesaeufiuaes PC runia USB PORT

- awnsovhms IN-CIRCUIT DEBUG waz PROGRAM ru@n MCU
STM32F4 fieguunesa’ld

- 4740 6 PIN SWD sieeenldan DEBUG 1iaz PRGRAM lduenueda
dauvesalyau STMI2FA

- 1% MCU we$ STM32F407VGTS, 32 BIT ARM CORTEX-M4F 1MB
FLASH, 192KB RAM, LQFP100 TYPE

- fwedaausald i +5V vndade USB wiean POWER 5V areuen
1aTums 4w

- fiaau 3-AXIS ACCELEROMETER w5 LIS302DL eguuueia

- fi@au DIGITAL MICROPHONE 1o 5 MP45DT02 aguuuesa

- USB OTG FS wouisio MICRO-AB

- druesainiiussenuy PIN HEADER 14 PCB 25 X 2 s1u 2 4

Waijung Blockset (¥ Blockset 141 Ta/sunsu MATLAB/SImUIK Tagwusem
pwdn e Idmsudeu TsunsumuguluTasneuInames  STM32F4  Tunuvwes

Simulink Blockset vir1vtmsitieuTdsunsunruau lulasaou Inaae S hanazsiasa
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| o« STMI2EA. » = 0 (& @~ | Mewto MATLAB? Watch this Video, see Demos, or read Getting Started, X

[ Mame « Fe o>
@ | Labl_Digital Qut_rt=2%4 . ===
= Lab2_Digital_Out_c| Drowse "or lold=r N
| = Lab3_Digital_Input
(@ Lab3 Digtaldnput| [ Selzctz new Felder |
3] Lab3_Digital_Input i
= Lab3_Digital_Input
= Lab3_Digital Qut_s = [ MATI AR = !
= Labd_Analog_Inpu L Wy 180 hilzs
3] Labd_Analog_Inpu
o] Labd_Analog_Inpu = 00 MeroWision
@ | LabS_Analog Inpu | Ly STMZ2F4_Lab El
= Lab5_pull_up_pull, b Youcam T .
@ | Labb_Basic PWM_ ) Date created: 13/3/755 1577
= Lab6_FB_pull_bipo g '__J' b i .
& slprj = My Plues -

] Labl_Digital_Out.r

igital_Out —plder: STMIZM4 L ab
B| Lab3_1_Buck_stm3
] Lab3_51_Buck_stm PMake Mew Fo
B] Lab3_Buck_52.mdl =
B Lab3_Buck_stm3l..:—= e - ——
ﬁ Lab3_Digital_Inputl.mdl
%] Lab3_Digital Input2.mdl
] Lab3_Digital_Input3.mdl

] Lab3_Digital_Out.mdl

%] Labd_Analog _Input.mdl

%] Labd_Analog_Inputl.mdl !
] Labd_Analog_nputZ.mdl

B8] LabS_Analog_Output.md 7 i

Lab2_Digital_Out.mdl (Smulink Wodel)

OVR

it 2.38 msialaeu Directories uuvidinalasunsy MATLAB

U
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W Source Block Parameters: Regular ADC 3 ‘ @

stm32f4_regular_adc (mask) (link) =

This block implements Regular Analog to Digital Converter (ADC) Module.

Regardless of the specified data type, the output values are always RAW
ADC data between 0 to 4095.

To convert to voltage, multiply the output values with Vref/4005.

Parameters
ADC Module [1 -
Output Data Type [Double -

ADC Prescaler: 2 (HCLK: 168MHz, fADC: 84MHz, ADC :5.6MSps) =
[7] Read ANO (Pin: AD)
[T] Read ANI (Pin: A1)
[71 Read AN2 (Pin: A2)
[7] Read AN3 (Pin: A3)
[7] Read AN4 (Pin: A4)
Read ANS (Pin: AS)
[7] Read ANG (Pin: AG)
[C] Read ANZ (Pin: A7)

[7] Read AN8 (Pin: BO) i
[7] Read ANS (Pin: B1)

[7] Read AN10 (Pin: CO)

[7] Read AN11 (Pin: C1)

[7] Read AN12 (Pin: C2)

[7] Read AN13 (Pin: C3)

[C] Read AN14 (Pin: C4) it
+ [

PEEVEV 2N | v

J[Lgancel ][ telp || zoply

st 2.39 fesimsIans Target Setup block damswwesa STM32F

—

B stm32f4_digital_output_demo

-3

n]

SE&

File Edit View Simulation Format Tools Help

Waijung: 14.09¢
Compiler: GNU ARM
MCU: STM32F407VG

Auto Compile Download: ON
Full Chip Erase: OFF

Auto run app: ON
Execution Profiler: None
Base Ts (sec): 0.01

Target Setup

\| | WA Sample Time Legend

I o I stm32f4_digital_output_demo

| Sample Times for 'stm32f4_digital_output_demo’

= | Color Description Value
Tyoe B ] Discrete 1 0.01

i == Discrete 2 0.1
Ready 1100% [ [ [Fi'xedStepDiscrete 4
| — ]

51 240 fedre Model Telnszwsunas nihaaumadueaasar Sample Time veq Block
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v Build mode (o Compile uas Download) asluesa STM32F4 Tas
natly Clrl+B Tusunsy Matlab Simulink sza%ra Source Tl waamamis Waijung a2 compile
source 'Ilduaniudae C Compiler 1vihy Binary vie Hex ‘lnid 1ife Compile 1a% &y Waijung
vz download Binary ‘v asluveda STM32F4 sivu ST-Link TaesaTusi@ wieia Waijung

Track Build process szuanwanisdudivam uusazvuney daguii 241

-
Bl Waijung Track Build Process e @

Programming Complete.

Waijung: The executable 'stm32f4_digital_output_demo.bin' downloaded to flash successfully.
STM32 ST-LINK CLIv2.0.0
STM32 ST-LINK Command Line Interface

ST-LINK SN : 50FF6D064977535549120287
ST-LINK Firmware version : V2J2154
Connected via SWD.

Connection mode : Normal.

Device ID:0x413 |

Device flash Size : 1024 Kbytes

Device family :STM32F40xx/F41xx

MCU Reset.

< n )

(2]6
e Erese g-
enncation...U ~

4« L

OK

51 241 whaaTdsunsu¥eudenea Insamesd 15

2 e 4 J a Qy [ {
vasnnauaew Build waz Download ﬂm%maﬂﬁﬂaumaiﬂma%aumgﬂﬁ
v Y
241 veiavzisumsvhan lasdunalaninvaea’ll LED 1a 4 azdaitludidy uazooansiono

ST-Link fuvesa ileradedusduneuns Auto Compile and Download udnfaunsarirld

2.10.2 Suadramddalng
Yl uun e Simulink Library browser ide iy File -> new model ive
Suduadioniiiang model Twal siudin Induazilden Current Directory lugadumiadlud
uineg
219 “Target Setup Block” &1 §u STM32F4 a9 Tuwfra1a model (Target
Setup Block o1+ Simulink library: Waijung Blockset/STM32F4 Target/Device Configuration
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r . N
WA Simulink Library Browser e e 0 E@u

Fie Edt View Help

b = - M
I
Libraries Library: Waijung Blockset/STM32F. i Search Results: (none)
+§_J Simulink Design Optimization &

#- | Simulink Extras Read Uniqug ID

__‘j Simulink Verification and Validation
B statefiow

i _‘_| System Identification Toolbox

+ ‘ Video and Image Processing Bloc...
o TR

+- Communication
Custom Code
- Hardware Modules

4 Misc

Profiler

¥ STM32FO Target

-~ STM32F4 Target

-~ Boot Loader

Device Configuration
+- On-cl ip Peripherals

Target Setup

m

~ Plug-in Library
[#- NRFS51 Target -
Block Description X
Waijung Blockset/STM32F4 Target/Device Configuration/Target Setup: Use this block to setup STM32F4 Target in a 2
Simulink model. ‘5 ‘
The sample time of this block is the system base i tis i C ted based on ime of every block

Showing: Waijung Blockset/STM32F4 Target/Device Configuration

Ut 2.42 Target Setup wnwvtena Simulink Library Browser

UG

- 1uiinluld model $nafa v1miu Update model Tasnailu Ctrl+D (2 %a) iite 1w
Waijung wasanas 1$ammasansn uazal$y Sample time wea Block 1¥gndes wine
i 4'hiins Bild model Tusunen Update model

- vonuuy Model awdisidesms

- 5 Update Diagram, Incremental Build model ite 5 u@un1s1damvesa Fi02
wso STM32F4
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2.11 andanmendos
Aaw o 4 a o
fl]']ﬂﬂ'li‘v'lll‘ﬂ:]uEU‘V]ﬂ'J']iJQ'Iu'Jﬁ]f]ﬁ}'l“l!ﬂ'ﬁi]'la@QLLWQLcﬁaallﬁ\?@qm@giﬂﬂﬂ']iﬂ’]a@\j

a

Tusunsuneniiumediiu TnaenuininaueiaTsmsansransznuve S inauas, gUNY]
uazAnuAUMU Ao aniamsnemas liihvewurasaduasering Iasliluudazauaisd
Joauazdedeouanaaiulusail

2.11.1 “AHybrid Control Strategy for Photovoltaic Simulator” Tae Yuan. Lil, Taewon
Lee, Fang. Z. Peng, and Dichen Liu[11]

4
@

a f o J a o 1 o J a J
uAteiithinaue nagninmsauguuun leusadmiuns aewmaaduaeing

t 3 o e ¢ A <
(PV) gailunsideunvuguanyuzioniynve swususaduaseiiiad (PV aray) neldnau

1 @ a [ o a s
LW]ﬂ@]?ﬂﬂuﬂ]@ﬁ@]ﬂ!ﬁ@jﬂuagﬁiﬁaﬂ ﬂ15ﬂ135\1%1ﬁﬂ1ﬂﬂ'lﬁﬁ%ﬁ\ﬂl‘]ﬂﬁna@Qﬂ?ﬂﬂm@]ﬁ’lﬁ@i UD Qlfgf}u

]
1 =3 v

v 4 a o A a z;l Y ast

189 -V v unuaaduasernad Aoarunluauiseiilinsauls vazawiinmsniugu

useau lihwieTimanruquaszua I il¥aadnyaviemivnues PV fianunandiadu
as A o A 1 o s o < 1

¥o3 pmsminauemsniuguuunleuse uisguanvuy [V ves PVersisdeeniluaudin

1Msiaen1snauues PV Tagnisdaussa uagnizuaomyn 11nyasiaoamileniugy

[ Y

geoguunugiu TMS320LF2407 DSP irmisdruamuazasuquuseauliihwsonszue
o w 9 a v Ay Lg o @ Y o '

AR YAAULUUILIA 2 A T TARNa 519 Y shimsnade Uiy Tnaaanud wmunuulSua

18 nazTnaaliilinedi nanisnaaswaaslifiiudinisiiass PV ildmsmdeuiiedis
= A~ [ o & A 1 Z‘; a J J o o Y

swisuiloeununiguanyae 1V asedlininiunnmsnaassvesdunesmes duild

W lndyagagaluszun PV asgiin 2.43 wag 2.44
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L,
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DSP Control Board

./

57t 243 Tnsan

U

aea PV

TNUDINT

Y

(V) uaun))

160

120

Vaitage (V)

— + w Cyrent Control

- e B D

o e \oltage Control (by measured current)

510 244 aaidnuuzvioanyee PV ol

U
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2.11.2 “A Fuzzy PD-PI Control Strategy to Track the Voltage References of Photovoltaic
Arrays” Tae Nilton E. M. Mogambique, Ricardo Q. Machado, Vilma A. Oliveira [12]

Tumanuiviuae Wad PD imﬁy'ﬂﬂﬂa%'nﬁamuqu Pl évwsnszvunmayad
werae1fing FanauguazAnamuseiu llihddsiismualashsunuszunas duna wie
P&O (perturh and observe) AigasiasIu#hgeqa (MPPT)

Fodonoundnvessanesiiu P & 0 MPPT fie figaeranzasdy mathamundal
1nseunandanugaga (Suiti) ngnisatuguaisleunduiitnaue luumanui e
Usuil3e dse@ndgdnisiian P& O MPPT indaaudadredadiniu PV o155 vinas
woudesusutasdaana DC to DC faesmsihaumeldifen lviinagliadeuuandi
il ifedudussandglvesiing

Taofivunouitugiudag i 2.45 ua step up converter with control &agudi 2.46

v v
Vietlk) = Viefk-1) -AV Veefk) = Voesfk-1) + AV
v | | v
Vies(k) = Veeg{k-1) + AV Vees(k) = Veefk-1) -AV

l - . I

L -«

51t 2.45 vienlaozunsu uuu P & O MTTP
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2.11.3 “Real-time Simulation of a Photovoltic Cell/Module Under the Single Diode
Model”, D. Impreeda and W. Subsingha [13]
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2.11.4“Design and Simulation of Digital PV Simulator Based on Push-Pull Forward
Converter” Tas Zhang Jike, Wang Shengtie [14]
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2.11.5 “A Study on the PV Simulator using Equivalent Circuit Model and Look-up Table
Hybrid Method” Tae Zheng Guo Piao, Shu Juan Gong, Yue Heng An, Geum Bae Cho[15]
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Parameter Value
Input Voltage 25V
Output Voltage V-2V
Switching freg. 5.5 kHz
Load Resistance 30-610
Power Output 60 W
Ripple ratio 1%
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mei 4.1 wanSoufiounuusassiumamanvae SOlarEX su MSX60

Value MSX-60 Simulation Error
Prmax (W) 60.0 60.47 0.78%
Vi (V) 17.1 17.08 0.12%

Imp (A) 3.5 3.48 0.57%
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Waijung: 15.04a
Compiler: GNU ARM
MCU: STM32FA17IG

Auto Compile Download: ON
Full Chip Erase: OFF

Auto run app: ON
Execution Profiler: None
Base Ts (sec): 0.01

Target Setup
ADC Module: 1
Qutput Data Type: Double AN1 TR
Ts (sec): -1 fon
MATLAB Functiont
Gain1
Volt Sensor ADC ; [[\F}eﬁul(zﬂr ng)
Input: Volts (double;
Rl Viref (V): 3.3
Isolation(min 0 - max 1) Ts (sec): -1

Vout to Signal condition DAC

PV Module

ADC Module: 1
Qutput Data Type: Double AN3 Ty
Ts (sec). -1 fcn

Current Sensor ADC1
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ms1an 4.2 wansnadeuusasadudieiag o iurari A=250W/m?, T=25°C

monmsuuudiaes  mildonmmasewuy  mildonmsnasewny  anwamanageu (EMON)  anwnarandew (Eror)
(Simulation) Tugimsaugu niiled Tasimsnaugu uwud i 1o A
VIV)  1(A)  PW)  V(V)  I(A)  P(W) (V) I(A) PW) V(%) (%) P%) V(%) (%) P(%)
0 0% 665 715 092 658 703 0% 668 214 316 108 043 000 043
5 0% 713 750 092 6% 751 0% 713 000 316 316 013 000 013
60 0% 760 800 092 736 802 0% 762 000 316 316 025 000 0
65 0% 808 8% 092 /8 849 0% 807 024 316 29 012 000 012
90 0% 8% 905 092 833 901 0% 8% 05 316 262 011 000 011
95 0% 903 959 091 873 952 0% 904 09 420 330 021 000 02
100 09 95 993 091 904 1003 094 943 070 421 488 030 105 076
105 09 998 1048 091 95 1052 094 989 019 421 439 019 105 086
110 09 1045 1105 091 1006 1103 094 1037 045 421 378 027 105 078
115 09 1093 1139 091 1036 1150 094 1081 0% 421 513 000 105 105
120 09 1140 1197 091 1089 1199 094 1127 025 4201 445 008 105 114
125 0% 118 1232 091 1121 1253 094 1178 144 421 559 024 105 08
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m31an 4.2 namsnageuururadiaseindhasaumuiunani A=250WIY, T=25°C (so)

ﬂ'ﬁnﬂﬂYi!!‘]J‘]J‘ihaﬁN

V(V)
130
135
140
145
15,

(Simulation)

1)
095
0.94
0.94
0.94
093
092
0.90
087
083
076
0.6

P(W)
123
12.69
13.16
13,63
13,95
14,26
1440
14,36
1411
1330
11,88

T
Taigimsnaugu

V(V)
1327
1362
13.98
14,0
1497
15,70
1616
16,62
17.14
1748
17.90

I(A)
091
091
0.90
0.90
0.90
0.90
0.88
0.5
0.0
071
060

P(W)
12,08
12.39
12.58
13,14
1347
1413
142
1413
1371
12.41
10.74

V(V)
1302
1351
1400
14.49
1502
1553
1600
16,52
1700
1748
17.99

ni'led

I(A)
0.94
093
093
093
092
091
0.89
086
082
075
065

P(W)
1224
12.56
1302
1348
1382
1413
1424
141
13,96
1311
11,69

Tagimsmugu
V(%) 1(%) P(%)
208 421 22
089 319 233
014 426 439
069 426 360
020 323 34
129 2171 04
100 22 14
073 230 159
082 361 282
011 658  6.69
056 909 960

V(%)
0.5
0.07
0.00
0.07
0.13
0.19
0.00
0.2
0.2
0.1
0.06

= A =
wuudi i 'le @

1(%)
105
106
106
106
108
109
11
115
120
13
15

mildannisnasewuy  aildanmsnaseawy  awmamnaeu (EMMor)  axwaaanadewu (Error)

P(%)
090
09
106
113
0.94
090
11
103
109
143
157




Tua1s19i 42 wanisnadeuunaisaauaie1indsiaoauuuiuma
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Compair Current (A=250W/m?; Temp.=25°C
== Module Current(A) ====Current (A) without PID === Current (A) with PID
1.20
1.00
__ 080
<
=
o 0.60
=
© 040
0.20
0.00
O O O O O O O O O O O O O O O O O O oo o o o o
OnmMomomomomnmomomnmomomaomoSmo
M~ M~ 00O 0 O OO0 O O «+f 1 N AN OO M < < 10 I O© O© M~ N~
L e e B B I B I B B I T T B B R |
Voltage (V)

51 4.13 n3l 1V Curve szwharamssiassfumantsnaaes (250W/m?, 25°C)
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Compair Power (A=250W/m?; Temp.=25°C
=¢=Simulation Power (W) =i=Power (W) without PID ==#=Power (W) with PID
16.00
14.00
12.00
g 10.00
S
o 8.00 -
= r= o
o 6.00
4.00
2.00
0.00
O O O O O O O O O O O O O O O O o o o o o o o
I~ I~ O 0 O O O O « « N N O M < < 1O 1 © O© ™~ M~
- - - - i - - - - - - - - - — - —
Voltage (V)

Ui 414 a5 P-V Curve sevdananisdianssuwanisnaana (250W/m? ,25°C)
A o Y I K =} 1 1 a J

13 4.2 fuaasimdimsuSeuiiousznieamnsidinesni
Tihasiasaazainaas siiawssan Tfszning TV-18V deansasihwdewilu
nslanuduiusnszua-useau luihnnwaveuuiiaes (Simulation) VOUWHUTAA
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Compair Current (A=250W/mZ; Temp.=25°C)

m Current (A) of Module m Current (A) without PID m Current (A) with PID
1.00
0.90
0.80
0.70
< 060 -
€
5 050 -
é 0.40
0.30
0.20 -
0.10
0.00 -
OMNMOWVWOMOWONMOWONOWNOLWOLWOLWOo
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D e B B B T T e e T I O T B O O B |
Voltage (V)
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dred1evesmsuaasdyaunszud 1190091099 I NOUTEAULT WUV DTTE U
arugumsileundunszualdihvieonuun i To 18 0.94A SwRavinmsnaasi 14

Toviu 1 ananduuea 250W/ME gaimgii 25°C

434 namsnaaeviinaundias S00WNY gainigii 25°C

nnmsnaaeuTasmsnlasudinnudiumuszuiam 3Q-61Q e
sl luaseit 43 lugeanavesnssaesmuianeiddliihgagaveswnasad
uasenfindio 29.75W iAadudawsadulailia 17V nszualuifia L75A (A=500Wim?
1=25°C)

msnaaealumadjiailufissvuaiuauniseundu nuinase
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€07

ms1an 4.3 wansnaaeunmusadiasofindsaoauuiiunaii A=500 Wim? T=25°C

ﬂ'ﬁnﬂﬂYi!!‘]J‘]J‘ihaﬁN

mildannisnasewuy  aildanmsnaseawy  awmamnaeu (EMMor)  axwaaanadewu (Error)

(Simulation) Tugimsaugu niiled Tasimsnaugu uwud i 1o A
VIV)  1(A)  PW)  V(V)  I(A)  P(W) (V) I(A) PW) V(%) (%) P%) V(%) (%) P(%)
0 1% 133 709 18 1297 710 189 1342 129 368 245 143 053 089
5 190 142 743 183 1360 745 189 1408 -093 -368 458 027 053 -119
60 1% 1520 801 18 1458 803 189 1518 012 420 409 025 053 -0.15
65 1% 1615 858 181 1553 854 189 1614 094 474 384 047 053 -0.06
90 1% 1710 897 181 1624 889 189 1680 -033 474 505 089 053 -L74
95 1% 1805 951 181 1721 95 188 1795 011 474 464 042 -105 -0.53
100 19 1900 999 181 1808 1001 188 188 -010 474 48 020 -1.05 -0.95
105 190 199 1050 180 1890 1049 18 1972 000 526 526 -010 -1.05 -115
110 190 2090 1105 181 2000 1103 188 2074 045 474 430 -018 -1.05 -0.78
115 190 218 1140 178 2029 1154 188 2070 087 -632 -113 123 -105 -0.71
120 190 2280 1197 175 2095 1200 188 225 025 -789 812 025 -1.05 -1.05
125 190 2375 1242 172 2136 1249 189 2361 064 947 -1005 056 -053 -061
130 190 2470 1300 179 2327 1320 189 2495 000 579 579 154 -053 100
135 189 2552 1335 176 2350 1335 187 24% 111 68 791 000 -1.06 -216




y0T

m31an 43 namsnaseuumawadiaseindhasauusiunani A=500 Wim? T=25°C (so)

MmaInmsuuDsIaes  minldenmsnasewwy  minldennsnasewwy  anwmamnasew (EMMOr)  aawaamnadewu (ErTor)

(Simulation) Tugimsaugu niiled Tasimsnaugu uwud i 1o A

V) IA) PW) V(Y)  IA) POW) V(Y) 1) POW) V() I(%) P) V() I(%) P%)

140 189 2646 1414 176 2489 1413 187/ 2642 100 -688 595 -007 -106 -0.14

145 188 2726 1458 173 2522 1452 187 2115 055  -198 -747 041 053 -0.39

150 187 2805 1494 170 2540 1497 187 27199 -040 909 945 020 000 -0.20

155 186 2883 1559 168 2619 1545 185 2858 058 -968 915 -090 054 -0.86

160 184 2944 1600 167 2672 1602 184 2948 000 924 924 012 000 012

165 180 2900 1673 166 2777 1644 180 2959 139 -178 649 173 000 -0.36

70 1 297 1699 166 2820 1701 174 2060 -006 514 520 012 057 051

175 167 2923 1745 157 2740 1751 166 2907 -029 -599 626 034 060 -0.54

180 154 2772 1807 150 2711 1802 152 27139 039 260 -222 028 -130 -119

185 136 2516 185 127 23%6 1847 13 2493 027 662 637 -043 074 -090

190 111 2109 1904 114 2171 1901 109 2072 021 270 292 -016 -180 -175

195 076 1482 195 064 1249 1950 05 1463 010 -1579 1670 010 132 -132

200 032 640 1985 025 49 1992 032 637 -0/5 -2188 000 035 000 -040




Compair Current (A=500W/m?Z; Temp.=25°C
=m@==Module Current(A) ====Current (A) without PID === Current (A) with PID
2.00
1.80
1.60
1.40
< 120
)
g 100
3 0.80
0.60
0.40
0.20
0.00
OO MmO O OoOWmWOoOLWmOoOLuwmOoLumOoumWOoLumOoLumOoLwmOoLuwmo
NS sooggddddgdyIvLggnEgsaag
Voltage (V)

R 417 nsl 1V Curve szwharamsshassiumantsnaaes (S00W/M?, 25°C)

Compair Power (A=500W/m?; Temp.=25°C
|—O—Simulation Power (W) =i==Power (W) without PID ==t=Power (W) with PID|
35.00
30.00
25.00
S 2000
S 1500 -
g
10.00
5.00
0.00
M~ M~ 0 00 OO0 OO = N AN OO M S S IO W0 O© O M~ N~ 0 oo & O
R I B B T I e I B B I I T I I B B I I B I o\
Voltage (V)

51 4.18 n319l P-V CUrve sznananissaesiunanisnaass (S00W/Y, 25°C)

A o Y 3 XK =3 1 1 a J
31015199 4.3 FaaadlfiiiudamsnSsumeusznneamnstmesnia
#hasrasaazmnnaassnawsaau I enig TV-20V seaunsoshundewiu

nslanuduiusnszua-usean luihmnmavesuuiiaes (Simulation) VOUWHUTAA
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vinmsnaaewuy liimsarugy uaz Tnsaaugumsdeundunszud awdiay

Compair Current (A=500W/m?; Temp.=25°C)

| = Module Current(A) m Current (A) without PID m Current (A) with PID
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Voltage (V)

501 419 nsradveanszuaszaudiasasunanisnaass (500W/m?, 25°C)
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519 4.19 namanmsnfFeuisuaanuaaramas uveanszua ihveq

U

1A

n1s Simulation mammmaa’umm‘ﬁﬂ5ﬁuﬁ1ﬂizuﬁﬁ"lmmjizuumuqumii’ﬂ@uﬂﬁu
wagiifiszuuawgumsileundunszualifiieonuuy i lo @ nazgid 4.20 Sy
Aredrnesmianaasdyaranszud I nnniwsneouszauns WUz U
awaumsdeundunszualiihiesnuuy i o 18 1.88A suiRaninmanaaeai 6

Toviu it Amndunes S00W/M? qaimgii 25°C

435 wamanazeuianuduea 250W/m? gamgii 50°C
nnnsnagou Tagnslasuainnudiimuszrnaa 3Q-27Q 1o

o Y1 A ' o ' ' o w A J
ldmluaisen 44 lugewavesnistaesnunganehiad lvihgsgeve sunaaad

uaeniindae 1AW Aaduiias i i 16.0V nszualviiia 099A (A=250W/m?
,T=50°C)

a QJQd' (D= Y v ! '
N1INea FNG],“H1/1']\1’]J§]”U@‘1/113J115$‘]J‘Uﬂ3ﬂﬂuﬂﬁ‘l_]@uﬂa'U WU31YA1Y

e fhgagai 14.20W Gavuiiaus iulalih 16,16V nszua'lalih 0.88A duniuiiya

o w

[ 9 1 a 4 9 d‘ ) d' 1 A u’d‘
mamm"lﬂvxhqaqsamwwsmmm‘nN"I,NV\Immaammmmmmaaumnmwwmmas‘n
£
v A A @

o 4 a d’d’ a Y % = =
mammumwﬂuummsaaumamm‘n"lumzuummgmwﬂmma‘mm‘u n 118 f

' A ¢ YA a A ' A 7o :
mwwmmawn"lﬂﬂmmaammmm 1AAADUITINATWITTINIADI NITADIVDIYAVTY

idalwihgage 124% veensean i 1.0% wazvesnszualdh 2.22%

'
del{ll

mynaasslumalianlidszuvarngumsiloundunszualuihan

[

v Y '
ponuu Wi lo & wudigasierias niligeganiia 29.60W maauias saulai
s ' [
17.01V nszualuih L7T4A duiuiigadiesias lihgagedmnsifiwesn luihiinaasa
= A ' N s o 2~ 9 I A Jaa
fanuaatamaounnAIwsme ind1aeastiifeunuunaya anase e dniisz u
9 o = a2 a 4 Y A = A
auqumstlounaunuy Al To & Ao imaliihnnaaesdinnuaaimndousin

Ao isaesvesganieniadliihgeaa 111% veaus sduliil 0.0% uazves

aszua i 1.11%

107



807

ms1an 44 wansnaaeunnusadiasefiadsaoauuiiunaii A=250W/m? T=50°C

ﬂ'ﬁnﬂﬂYi!!‘]J‘]J‘ihaﬁN

V(V)
70
75
80
85
90
95
100
105
110
115
120
125

(Simulation)

1)
097
097
097
096
096
096
096
096
096
096
095
095

P(W)
6.79
7.8
776
8.16
8,64
9.12
9,60
10,08
1056
1104
1140
11,88

Taigimsnaugu
V(V) 1(A)  P(W)
29 093 678
157 093 7.04
806 093 750
859 093 799
916 093 852
948 093 882
1007 091 916
1042 091 948
1099 091  10.00
1159 091 1055
1197 089  10.65
1260 089 1121

ni'led

1)
097
097
097
096
09
096
096
096
0.96
095
095
0.94

P(W)
682
729
176
817
8,65
910
061
1007
1057
1092
1140
1077

Tagimsmugu
V(%) 1(%) P%)
414 412 015
093 412 -323
0.5 412 -340
106 312 -210
171§ 312 -140
021 312 -333
070 521 -454
076 521 -593
009 521 529
078 521 447
025 632 655
080 632 -557

V(%)
043
066
074
093
164
0.00
060
067
0.8
086
0.25
063

= A =
wuudi i 'le @

(%)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
104
0.00
105

mildannisnasewuy  aildanmsnaseawy  awmamnaeu (EMMor)  axwaaanadewu (Error)

P(%)
043
027
0.00
0L
011
021
010
010
0.09
113
0.00
089




607

man 44 namanareuunayaduaserfindaoauniiunari A=250W/m? T=50°C (doe)

monmsuuudiaes  mildonmmasewuy  mildonmsnasewny  anwamanageu (EMON)  anwnarandew (Eror)
(Simulation) Tugimsaugu niiled Tasimsnaugu uwud i 1o A

VIV)  I(A)  PW) V(V)  I(A) P(W) (V) I(A)  PW) V(%) (%) P%) V(©®%) (%) P(%)
130 094 1222 1300 087 1131 1302 094 1224 000 -745 745 015 000 015
135 092 1242 1347 086 1158 1354 090 1219 022 652 673 052 -217 -1.88
140 090 1260 1415 083 1174 1400 089 1246 107 -7.78 679 -1.06 -111 -1l
45 087 1262 1461 082 1198 145 086 1249 076 575 503 062 115 -L0I
150 083 1245 1514 078 1181 1502 080 1202 093 602 515 079 -361 -349
155 076 1178 1542 071 1095 1552 076 1180 052 658 -7.06 065 000 013
160 065 1040 1595 061 973 1600 065 1040 031 615 645 031 000 0.00
165 051 842 1650 048 792 1650 050 82 000 58 58 000 -19%6 -1.96
170 031 527 168 028 473 1703 030 511 071 968 -1031 089 -323 -3.06




Compair Current (A=250W/m?; Temp.=50°C
=== Simulation Current(A) «=t==Current (A) without PID e===Current (A) with PID
1.20
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—~ 080
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0.20
0.00
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i 4.21 nsl 1V Curve szwharamssiasssumantsnaaes (250W/m? 50°C)

Compair Power (A=250W/m? Temp.=50°C

=¢==Simulation Power (W) ==i==Power (W) without PID === Power (W) with PID
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Compair Current (A=250W/m?2; Temp.=50°C

| m Current (A) of Module m Current (A) without PID m Current (A) with PID
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ms1an 45 wanmsnaaeuususaduaseriadsaoauuiuaain A=B00Wm? T=50°C

ﬂ'ﬁnﬂﬂYi!!‘]J‘]J‘ihaﬁN

V(V)
70
75
80
85
90
95
100
105
110
115
120
125

(Simulation)

1)
193
193
193
193
193
193
193
193
192
192
192
191

P(W)
135
1447
1543
164
17.3%
1832
1997
2022
21.15
2,08
2.98
23,84

T
Taigimsnaugu

V(V)
6.76
733
8.14
870
882
041
1001
1035
1096
1157
1219
1237

I(A)
185
185
185
185
185
185
182
182
182
182
182
180

P(W)
1251
13,56
15,06
16.10
1632
1741
1822
1884
19.95
21.06
219
27

V(V)
702
751
802
850
0,04
048
1003
1053
1098
1148
1202
1248

ni'led

1)
193
193
192
19
19
191
191
191
191
191
191
190

P(W)
1355
14.49
15.40
16,32
17.36
1811
19,16
2011
2097
2193
2.9
2371

Tagimsmugu
V(%) 1(%) P%)
343 415 -1.36
220 415 629
175 415 240
235 415 -186
200 415 601
09 415 -49
010 570 -5.46
143 570 -6.84
036 521 -569
061 521 -463
158 521  -3.46
104 576 -6.60

V(%)
0.29
0.13
0.25
0.00
0.44
021
0.30
0.29
018
017
0.7
016

= A =
wuudi i 'le @

(%)
0.00
0.00

-0.52
-0.52
-0.52
-1.04
-1.04
-1.04
-0.52
-0.52
-0.52
-0.52

mildannisnasewuy  aildanmsnaseawy  awmamnaeu (EMMor)  axwaaanadewu (Error)

P(%)
0.3
017
020
049
002
116
058
053
084
069
009
054
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man 45 naminareuurugaduasorfindiaoauuuiiuaaii A=500W/m?, T=50°C (de)

monmsuuudiaes  mildonmmasewuy  mildonmsnasewny  anwamanageu (EMON)  anwnarandew (Eror)
(Simulation) Tugimsaugu niiled Tasimsnaugu uwud i 1o A

VIV)  I(A)  PW) V(V)  I(A) P(W) (V) I(A)  PW) V(%) (%) P%) V(©®%) (%) P(%)
130 190 2465 1299 180 2338 1294 190 2459 008 526 514 -046 000 -0.26
135 188 2535 1359 177 2405 1347 189 2546 067 58 51l 022 053 043
140 18 2593 1400 177 2480 1411 185 2610 007 432 437 079 000 06/
145 181 2629 1451 175 2539 1447 180 2605 007 331 -341 021 055 -0.93
150 176 2633 1507 169 2547 1499 L7b 2623 047 398 327 007 057 037
155 167 2589 1564 163 2549 1553 166 2578 090 -240 -153 019 060 -043
160 15 2477 1598 146 2333 1601 154 2466 012 581 581 006 -0.65 -0.46
165 137 2267 1639 129 2114 1652 139 229% 06/ 584 674 012 146 129
170 113 1928 1708 107 1828 1702 113 1923 047 531 521 012 000 -0.25
175 081 142 1781 077 1371 1749 080 1399 177 494 -3% 006 -123 -160
180 040 713 1800 035 630 1803 040 720 000 -1250 -1164 017 000 115




Compair Current (A=500W/m?; Temp.=50°C
—@=—Simulation Current(A) === Current (A) without PID ===Current (A) with PID |
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O N O v o W o Wmwo W o Wwownwo o Lwmo oW o
~ I~ 00 0 O O O O «+« « N N 0 M < < 1 I © © ™~ N~ ©
4 4 A A4 A A A A4 A A4 A A A A «d -
Voltage (V)

R 4.25 nsl -V Curve szwharamssiasasumantsnaaes (S00W/mM? 50°C)

Compair Power (A=500W/m?; Temp.=50°C

== Simulation Power (W) =@=Power (W) without PID <#~—Power (W) with PID
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Power (W)
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Voltage (V)

R 4.26 n319l P-V Curve sznananissaesiunanisnaaes (S00W/m? 50°C)

A @ Y 3 XK =} 1 1 a J
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Compair Current (A=500W/m?; Temp.=50°C)

| m Current (A) of Module  m Current (A) without PID  m Current (A) with PID
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51U 427 nswlwadaveanszuasznnamuiassiunanisnaass (500W/mM 50°C)
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) e 250WM? gainigii 50°C
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P-V Characteristic-Varying imadiance-Constant temperature
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P-V Characteristic- Constant Iradiance (1000W/sqm)-Varying Temperature
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vazaIadihnszuadagili 2.15 laTeass 185ums ludadeundn (Reverse
Bias) nszuaielnarmainunastiglldwuniionirldlaease Tasiinszuaduwilaenlva

1 =] = J & ] 4 J| Y
W'luﬁﬁlﬂﬂﬂﬁgﬂllazﬂﬂﬁﬂuﬂuﬁqﬂaN'luiﬁﬁﬂ flnﬂﬂ{]ﬂ]@Qlﬂ@i“]fﬂww%$ulﬂﬁilﬂ']5‘11'ﬂ\1

E4

us o T il
+
V. _L 1y =
n-T H ay L4 lci I o
+ o
_ o, v,
N PAY —
[}
-
q = 1 b vl. = Vin — ’/n

514 2.15 29smeuszaunsaduioaiadg ( hnszud

UG

—Vin+VL +Vp =0 (2.12)
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VL =Vin—Vo = L%L 213

diL _Vin—Vo
R @4

A4 a 2o - A o = A A 2
YUSNTAIAFUINTSLU dt - DT Weonsimslasuulasvesnszuanino1992091NSINNVOS

aszua il usadu mldaansadualann

AL _ AL _ Vin—=Vp

P E 25)
- in —Vo)0T
Ai gy = Ui LO) (216)
Ai 'I’ill'lﬂﬁ\i é"mmmﬂ?iauuﬂawmﬂizuﬁVlWﬂﬂuﬁamﬁmﬁwmzﬁ‘iwﬁﬁmizuﬁ

L,on

2.12 anmzaiad ihinszua
iloadad hishnszuadazii 216 laTeavzgnluealawi (Forward Bias)
Tihnszua i lfnszua lWihi lvasudumiioniniams nasdseriles nanguowasd

v ' Y
oz ldaumsvewseau lnihnanaseudunileanieil

V| = <V = L%% .17)

9('1% 26 :Vro (219)
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l"‘l
+ "'.:?: v, =V,
__*_NW\ i
== = ir
Vin §
- N ; v,
—_— Il‘ pa—
=0 v, =0
51#t 216 2evsneusziuussdniioadng  lhinszua
vaugfiadad sz nssdudnasdugud dt= (1-D)T Fazldn
Aip =V
el 219
CE//PSINN
il off _(_,__Ja—D)T 2.20)

d' (Y] d' Y d‘ ] @ d' ) ad [ Y 4
NaNIITDYNI fﬂil“l_]aEJ“L!UJJﬁQﬂl@\iﬂizllﬁleV\l1ﬂV1WaWWUGI’JLW“L!EJ'JU'IQ‘VITJN?HWnﬂUf‘{uEJ N

aumst (2.16) waz (2.20) 22185

Ail_,on + AiL,oﬁ = (2.21)
Vi —V v

(T'n 0 ]DT +{—(T0)(1—D)T} =0 2.22)

VinD—VoD -V +VoD=0 (2.22A)
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Y
aaiuaz Idoasimsvensnsaau

Vo _
0 D (2.23)

: 4 o da d
2.1.3 msmsanumilenhiianiiga
<

] ]
=1

[ ~A o = ~ o Y gv/ 14 d o
Mmymmaanteninannganaziiliiesinaeuneimesitauly
Tvuanszuaaoiiiod TaeT NALIINAMTMINTZU AR ASN IMaRIUAUW 81NN FILMDUN T
d‘ d‘ 1 d‘ d' ' o (Y d' ] v a3
maeh lvaru Tnaa ilesnnvaziegluan zmsiavedad nszuad lvasuaunuilszqee

A 1w P v
Nﬂ']!,ﬂ']ﬂﬂf'fUﬂ ﬂquu%gulﬂ

A 4 V -V
7))

" 77 —
77 7

B

A

by ipple /\ T‘//\ ——
0 / \A \/ ’

1 217 ussdu ldhidamiioniuu) veznszua ihit lnarudamiionii@)
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v o Y A ' o A o o A
ﬂ\?uufl]%iﬁ'lll'liﬂﬂizllﬁulw%h‘ﬂllﬂaw114@%“11!8']1'!']@]']@1@!,!631gﬁ’q@ﬂﬂ

ILmax =1L +42'L (2.24)
ILmar = 1L +3[*22-DT| 229
ILmax =10+ (226)
ILmin =iL —%L (2.27)
ILmin =1L 5[\ 2-DI ey
o IL =g :\1/% 229
forh {Ciin = ng-\lg[(l_—l_[’ij (230)

aq v Y A ] o A o & ! A A o g’/ '
ammiwmzua”lvxlﬂm“lwamummumuuﬂuuummuamazmmaﬂ ANUUISHIA
= o A g A & o q 9 o o o ) '
ANUINUIIUINLANNT A 1/1‘1/111143\‘1%51/1@”53WULL‘NQ‘LJ‘ﬂNWullﬂG],u"U@‘UL"UGI?%W’JNI‘HZJ@
9 A ] @ ~ o o 1 A L A Y o Y
ﬂi&’LLﬁUlV\IWTﬂ‘l‘HaW1UG]’JL°H°L!EJ’J“L!1L°1JNLHJ‘]J§]?JL“L!?JQLLﬁ?JlliJG]EILLlEN 1ﬂﬂ1ﬂﬂ1iﬂ1°ﬂuﬂ1°ﬁ

nsgua i lnarudamienisiauiugud dsluaumsa (2.30)
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ILmin =V0H;——Z[f—}=0 (231)

1 _ (1-D)
0= f
FafuazIdh
Lmin = 45 PR (2.32)
oy f = {d-D)xR (2.33)
2><I‘min

214 sszaonaduueasiguaiueen
{ v I { ) [ @
msndaunulszandvuialug srawisoinuliussau ldihdueen
~ [ A oA [l A Yo I A [ ¥ A =)
ash ua lumal§uia ldansadenlsdanulszgndvualuguing 18 e snnlisnmmaas
sldy A =S A Yo At 1 A [ Y 9
T Judenld@unulsggntivuaminzan sazaszasnaanve s lnihdwesn
! v A v Y o { A o Y =
agluszavfoonsvld msdaumaiszasnaauvewssan liihdiuesniinesaiseon

annsom lannanuduiuiveanssduns sua lilii lnarwdaiulszqaag i 2,18

38



a ~ Voo’ Y. A v 9
gﬂ‘n 218 ﬂizuﬁ‘l/lulﬂamuﬁ’uﬂuﬂiz@LLMB@I?ﬁ%ﬁ@ﬂﬂﬁMﬂJNLLiQﬂumumm

dionszua ihi narhudidulszatisniiuuin Fernardinandunulsyaeavauiszy

Tagaansasmula laan

AQ =CAVy
Avp=22 (234)

so=4E{A)- 1
(2.35)

unumaunsn 2.35 asluaunisn 2.34 a2 18

AV = T2IL (23

unumaunsn 2.20 aaluaunisn 2.30 a2 1d
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AVg = Yo q—py 2.37)

T8
AVp _T¢(1y
VO__BC(IJG D) (2.39)
Safuezd
AVy _(1-D)
W 8Ler (2%)

A g o A o I o Y ¥ 1 v 9 v
Lllﬂ@@\iﬂﬁi]&’aﬂ€lﬁ51i$ﬁ@ﬂﬂauﬂl@il&iﬂﬂuulww1ﬂ1u@@ﬂ %3%11@1@8?115’61@?]'] D G],‘W!fllﬂﬂﬁ

& A A 1w A ° A A o d A A A A QY 2
HUI NIDDTTINNATAIUNUHYIU ﬂi@LWiJﬂWl’JLﬂU‘]JiZiJ‘ ‘HiEJI,WMﬂiﬂ’n&miuﬂﬁﬁ’mcﬂﬁqwu

2.8 szuuauauuuu P1D (Proportional-Integral-Derivative)[10]

! E4
TTUUAIVAN (Control System) o mathamiszneunaeydinaeireniuyumily

o a 4 1 1 a A o
ST 1aziINIT AT IZHMIA0UAUBIURITLUUMUNABINMS  syuUAUAURTdszans gLl

U

v o 4 { v o
Trawnsndszudanasau nat uazoun 18 Tuvazildnadnioonunldmnudosns gndes Tu

Y

nsAnEvesszUUAIUAN sxiiiugweguunguinistlounay (Feedback Theory) wazlums

a J f a v o a

SR T BT TR AV TRIL SITE R NI ¥E CEATAVI ALY TagazuaainNuduNusveduNIIay
s A 203, (s & d‘

IMWN HIDNTABITUDY ANUAINTZNRUNTONTZUIUMT (Process) NITAIVANTNNTD
{ <3 [ { 1 a J

unuildaeuaen  (Block) dwasddugii 225 d@rwdunnuazeniynvesszuunnudig

o o a < 1 o w v d J
dyaa Tasdygrudunnizsiludiudagvemwadwiviowminm

DUNN e ATLUIUMS —)Lmﬁwﬂ

511 2.19 MsauauIzUU

LT a
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szuumuguasausesmilulsaanlvgqawdnsagmsshauidiiy 2 oy fe szuu
auguuuwda (Open loop Control System) waz wuuila wie szvvaIwguuuiloundy
(Closed Loop or Feeaback Control System)
2.8.1 szuuauauuuuila (Open loop Control System)
Wlumsl¥ginsainauau (Controller) wie gulnsainszdu (Control Actuator)
wiel 18msnevauosauaiudeams  Tasliiwamsnovuduesvesszuisigmafiarsan

anvazveszuunuguuuudlaudalugin 2.20

auw‘ﬂﬁ daunsz@i’u el NTTUIUNT émqﬁw‘ﬂ

51U 220 szuvmruquuuinile
2.8.2 syuuauauuuuileunay (Feedback Control System)

szuumuguuuuiloundy  wuanannnszuuauauuuDEla Aelins

o ay v 9 @ Y < J = 9 A ' 9 3 a A

owad Idannszuaumstloundvaduiludmnisvesoyanozdwd idusunniiez

@ y 1 J @ J 4 1 4

Tinuszuy msagnsanewinn ldezdeslinig iateyaveuo1viyn Wensiwaue1iumida

o o 1 J A = o J Ay 2’, 1 [

wnazihaneiyni 14 lfs sufeu i inmAdeansnns zuy MINITUANULANANTZHI

J Ay o ~ Y a 1 [} [ 4 Y 1 [ ] a Y
LE)TVI‘V!‘VI‘VIG]ﬂ\iﬂﬁllﬁ&’&ﬁﬂﬂ%jﬂﬂlmﬂiﬁﬂzgﬂﬁﬂﬁﬂqﬂ’gqﬂﬂimﬂﬂﬂﬂu umammﬂuauwmmﬁ

=

d' 9 1 1 'd d'9} '3 d' Y a d' )
szuuie IdANWuANA NIz HI e NN AR INITIaZID YNNI aAasoes unsznali
= 1 1 " Y N\ Y1 7 < 9
Hanuuanaszninamages  aniveg ldnanemiynvesszunidullawdeans  szuw

v v 4
awguuuniloundunaaddugin 221 dwmSunanmsvesmsloundui ldesueliudaiine

] dy a 4 o wa Ag Yo [ @
mﬂuwugmmmmmmﬂzmmzeammmsuumuqmMum ﬂi%ﬂuﬂgiuﬂﬂi}uu

41



A3

Sa
=b
3

©MNNNABINS GAVETTIREN

2.

dwnfsoumon | damnway = nszuIums

R <

51 221 szvumvquuuniloundu

U

o v zé 2’1 2 a S A Y d‘ Y
TMITUITUUAIUANNUINUY 21902 UM NTHIoA Y TNABINIT VL

1 & a 14 & o Y o 1 I A o 9
AIUANNINNITUUINITIULADT Gﬁﬁﬂ$ﬂ111’ii$°ﬂﬂﬂfl'ﬂﬂﬂﬂ\?ﬂﬁ13lﬂu§$‘ﬂllT]iJﬂ'ﬂll“]ﬂJ“]f@‘Lliﬂﬂ

v Y
=2 1 o v A

89U LANANMIVDITTDUAILANTINioWAY Ao nawlsiisdeenisaIuguIzAeeliniiia

Y J o

A = o oA Y o :1} [ o
A lanneninn sazihwulSeufeuduminmdeinsvesdulsiug dmsuszuunivgy
waedauls (Multivariable Control System) sefidnuaigaslugili 2.22

s Ay N e
INANNADINITT ﬁ mumuau > ATLUIUMS ) DINNNIIN
L > S ——
N1379
€

57 2.22 szvuaununateaanls
2.8.3 nuUasanundiamanivesszuy (Mathematical Model of System)
o a 4 I AAa A A Y a 4
puusaesnndiacmaas lunieuiieldlumsesnuuunazins iz
a a ~ a Y o ¢ A ) [
FEUVAIUAN WYANTTNUBITZUY HouivzeTinedrsaumseyius esnszoun Tl lidu
. v v , . -
szoudadu  (Nonlinear  System)  dwiuluunanuiiaznandaiimsh  Idiwsedu
. . . 4 1 Z’,
(Linearization) e lteuisaudaumsmaniulanionsldnsuasanana (Laplace

¥ v o ¢ a H ¢
Transform) MNUUITMIANNFUR TV AR MW NUATBUNNYBITTUY MIUN szgndmsuilasan

D.

[ o J a o o ' { A @
daradhivaumsoynus  wanimsulasaumsiFeoyius hogluTamuanuiiogniagn
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penamuzan  nog lduuudiaemmndiamaaiisionduilaiduaieleon  (Transfer
Function)

ay"+ay"t+..+a _y+ay
=b,x" +b X" +...+b, X+b,x ,(n=m)

Transfer function =G (s)= %

Zero initial condition

Yo  bs"+bs"t+..+b, , +b,
V) n n-1

X as' +as +..+a,,5+a,

(s)

flarsudieTou (Transfer Function) wes Buck converter Tnuanszuaseriiosldan

quNII2.40

Gy (s)m¥p ——r (2.40)

2.8.4 msauguuuudadaw (Proportional control, P-control)
mamuqmzummui’jauﬂﬁ'ﬂﬂasl%ﬂvaﬂmﬂmmuﬁ’ﬂdam‘?u dya
man (U) wiludadiu Tasnssdumdgapaunwianain (€) fiRannradaszriem
Foanudedstudyaaeinnes szuuiidesmsaingy wnuglufenvesiaaiuguuu

daduudasldasgilin 2.29

ES) ——> Kp —>U(9)

51U 223 druguuundadiu
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=
qunNIT A

u(t) = K,e(t) (2.41)

] E4
A ~

< Y 3 A = ' v 1 4 o
Lo Kp Lﬂuﬂ'l@@iﬁlﬂ'lﬂﬂlﬂQﬁ?ﬂ?UﬂNUWi@ﬂZLiﬂﬂ?WlﬂUﬁﬂﬁﬁu ﬂiziwummmmuqmmu

adu (Proportional Controller) AsaainruAanainvesszuy Tao awisnaeuauesim

Tyaannurananedwiunnula

2.8.5 msauguuuuduinia (Integral Control)

MIMUAUIVIUNANTa Htuuvaums fe
u(t) =K, j e(t)dt (2.42)

4 1 1 o a a o <] (% a a o [
Lﬁ@ Kl ﬁammﬁmmmmuammuaumﬂia LLNUEﬂUﬁ@ﬂﬂJ@Q@]'Jﬂ')“].lﬂiltlﬂﬂﬂuﬂﬂiﬁllﬁﬂﬂﬂi

51t 224

Es) ——> >U(s)

ez

5171 2.24 dnuquuuuduiinga

Y

Aa O B~ o o A ] Y Z‘/ <3 [
AN WANAIA E(t) mnﬂuﬁuaiumwmmanammllﬂu,mmm MIUNWIIENTYYIUNT

o

A a o dy < "o A A o
nngtuuumInuquuuuduiniatiwriuhdyapamuny  Ul)  awliaunnTasidyanu
~

1 [

9

augulunsaives mimuguuuuduiniavuegiuailusan (past value) aarudaniuguuuy
o 1 = Lg Too 0 @ J o A a o d A g9 1
dadimasszyuegiuamfogiv - YszlemivesdiniuauuuusunniaiiionsImsanninI
a 1o = v 1 S A I 9 9
Hawaia luaauzegdd TuvazieiiuainnuiliedesjvesssuunIzaniosainen1snIug Y

a a o dy 3 A o o Y v 1 = <3| A | & Y o
suvdunnFadstlumanueuay lnuszuy wu lunsaiszuutuoudunvii uazie lyd)

auquuuuduiinga (Integral Controller) udszuvilounduasiisusuiluana
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4

2.8.6 mamunuuuueysius (Derivative Control)

@

J = A A
NMINIUANLVUDYWUD 3J§°L]‘Vl UUUTUNIT AD

. g
u(t) =K, n (243)

o KD fomasiivesdaniuny uuveyrius anmnnuding1dswiusiniuaudasn wu 19
Smfummuguuuudadin  3adenhdr  muguuuudadiuandueyiusvie  (PD-
controller) faaaaluzalii 2.25 Sranuauunudadinld SwsudufinatezGonidaningy
wuudadauvanduduiniause  (Pl-controller) uwazdlddmiugy  nuudadiusuiuda

AunuUULB U atazdnuaNuue LS Fonda (PID-controller)

E§) ———>| Kp+tkKoS p——U(5)

o

Ui 2.25 dnruquuuudad s uaInIuguIUUe L

Sa

o @ o"dy 1 A U 1 H Y o A Y o
MNUANLUUVDUWUTUIZFIVNUAINNUHUN (damplng) TAuszUUNAIMIZAILRY U

A [ Y = =2 zg = v < 1w J A J
19 M Glﬁi%ﬂ‘l_lillﬁﬂ&ligﬂNTﬂﬂlu 5lummzmmﬂuwmmmmﬂpmmmwmwaaﬂmﬂmmmu
o a

v Jo & a N 2 a v o o
LLU‘]J@HWu'ﬁuulﬂuﬁﬂlﬂ”mV]Lﬂﬂ"lnﬂﬂ']iﬂ']@‘klwu‘ﬁm@QﬁiUuiUu']mﬂ'J'liJNﬂwa']ﬂ PNUU ﬁ/m’tyﬂﬁm

oo

a Ix o ) @ ] o I
ANUAANAALTAYYIUTUNIUNN  dYIAeUNTNoaNNININA N ANILDO YRS T

nszdion (fluctuate) Aewdrann (osnndanudu (Slope) vesdyaafimsndounlag

udasAouthann) FazshIfssuuniuay liladesgl 14
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snuauuuuiiled (PID controller)

ﬁmimﬁwummmmuﬂﬂ

Rl —>( ), Gy US| g > C(9)

31U 226 szuvmruquunuile

PID controller 1Jszneudas 3 mew e Proportion, Integral uaz Derivative swnaums 2.41, 2.42

way 2.43 1@y

ut) =K, -e(t) + K, j e(t)dt + K, - % (2.44)

e(t) =r(t) —c(t) (2.45)

o
msutasararavesgums 2.44 1A 2.45 W UAIHUMNST 2.46 11QE 2.47

U(s)=(K, +%+ K, -s)-E(s) (2.46)
_U(s) _ K, "IN =KD32+KP3+K,
G(S)= 2 (K, + x + K, -8)-E(S) (2.47)
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A a P4 s A o @ A
NAUBDINITINUATNITTULAD FUDN PlD ﬂ@ui‘ﬂimﬁ@ﬁ YETHHNAANTATUATIT NN

A A A s P
MI1NN2.1 waﬂjaamimumwwammmmmﬂauimamm PlD

N A ¢ ¢
NaURIMIANAIINIT NS Yo InauInsataes PID

nnnes Rise time Overshoot Settling time Error at
equilibrium

Kp Al i Wieudnites RGN

Ki Al i ity 2nfi1da

Kd HUIUHUIND afaN afaN ﬂﬁ

4 A2
(ﬂﬂﬂ\?'ﬁiﬂLWll"Uu

Wooun)

: ) B U 2
n3U5unasRe3s Ziegler-Nichols aziSudremsiash Kinagz Kd ifugud vnsiu
vziivue Kp laudean Ke (Critical Gain) sznvszizannas I ianmueamsunds PCuag i1y

M3 1ateaaiienia Gain dueq

maefiz.2 nsilfunsedaes Ziegler-Nichols

3% Ziegler-Nichols

Control Type Kp Ki Kd
P 0.50 Ke - -
PI 0.45Kc 1.2Kp/Pc -
PID 0.60 Kc 2Kp/Pc KpPc/8

msdfunasdresending lugaamnssudiuvngludaniiv ezl dwevding lumsmuiauas

USundaan GainTasaenduaiwshmsiiudeya ad e lueanazdunun Gain Wiaeda luia
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2.9 Tsunsn MATLAB/SImulink
Tasunsy MATLAB/SImUlink 1w T sunsulugruiiandmdrunlu T sunsy

MATLAB & ailuTusunsusuansidrauniilse levviogranainvate 5y m3 lsauiansu

[
=1

a ¢ o o A o Ay ¥ ! @ @ ’
nadamaaivuge ,memudalugidumlsmeunaums ,mslynusiunuesaniigy
. . v ] H ]

suuanifudy Juagaves SIMUlink siudhuasesien1¥lum swenTdsunsuivenidne
vosaumsnuadiamans Tasld 37 uovves block Diagram ifundnsiinlianudienas

P s 3 ) o v ¥
qzAINNINT Y Smsveeadsynevvedllsunsniy warmsaadsuuusiaesldlasly
Building Blocks #izisa1van Simulink Library Browser s'ag1# 2.32

File Edit Yiew Help

=2

Bus Creator: This block creates a bus signal from its inputs.

= W9 simulink Ii“ L] ~
3§ Commonly Used Blocks | Constant
2 Continuous { [Drag this icon into a model to insert the Constant block]
2] Discontinuities Data Type Conversion
> Discrete
Q—‘ Logic and Bit Operations ‘
1 Demux
| Lookup Tables :
2| Math Operations KTs
3 Model Verification o7 Discrete-Time Integrator
= z
2| Model-Wide Utilities
2 Ports & Subsystems D Gain
> signal Attributes
2 signal Routing E Ground
2 Sinks
Q—] Sources
..1 In1
2 User-Defined Functions
+ 2| Additional Math & Discrete 1
+ W Aerospace Blockset b s Integrator
)
+_ W COMA Reference Blockset '
< Ay W 2] AND Logical Operator v
Ready

51t 227 vienlaezunsuituglu Simulink Library Browser

. . Y A . . . L
TuTsunsu Simulink 17y msshaesilaszerdonisaraumugd (Simulation Diagram) iivenas
fudia Mssu nagderimdyga doyasn DIOCK wilsezgnd a1 block wilaTaerudu
' ' v . .
Woureszninmi Tasiiainsoguaanivestoya lanatodnumesia Oscilloscope vise Display

Tavensaidonainludiuves Sink ezt 2.28 nag 2.29
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‘AB Help or Demos from the Help menu.

D&

Bus Creator: This block creates a bus signal from its inputs. File Edit View Simulation Format Tools Help

DeE& B4 |22 » =nioo | [Nomd v

= Wl Simulink
| Commonly Used Blocks
2 Continuous
2| Discontinuities A co
2| Discrete
2] Logic and Bit Operations
2 Lookup Tables
2] Math Operations
2 Model Verification
2 Model-wide Utilities
2] Ports & Subsystems

2]

—J|o-

Constant

it | Data Type Conversion

Demux

=
a3

CHRVATE

Discrete-Time Integrator

Gain
2 signal Attributes
2] Signal Routing
2 sinks

2 Sources Int
2] User-Defined Functions Ready 100% odeds A

Ground

514 2.28 wihaadmsvaszoudsaesves Simulink

T &7

= — v
Sl untitled™ =2l
File Edit View Simulation Format Tools Help

DSE& B G D] ) = W Normal ~| 3 g

Sine Wave Integrator Scope

Ready floo% ~ =1 _ lodess.

51#4 2.29 msiousiaszia block ves Simulink

1 dy 1 :
2.9.1 nauwoa block wuginlu Simulink
n. unaei A dyy I (SOUTC&) uaguva A Ty (Sinks)
nguues UICE Admuamliazilszneudlroundssuiiadoya

A [ ]

wiednn i wunvassuiadinaii (Constant), wnassuiladayayaiad (Pulse Generator),
unastuiladyanagii lsi(Sine Wave) w3 euwasiuiiadaanauniind (Clock) finldiesy
namshasslymuiludu dagui 230 nquaea Sinks iWunguiteglsdmsunudeya (To

Workspace) uaz uaaswavosnisudilayn (Scope, Display) ifludu dagalit 2.31

U
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_P

s1fi 2.

U

L _ISimulink Cibrary Browser
File Edt View Help

D& = b

Digital Clock: Output current simulation time at the specified rate.

= B Simulink [ /W]h Chirp Signal
2| Commonly Used Blocks
2 Continuous C|_> Clock
> Discontinuities
> Discrete
2+ Logic and Bit Operation’ Iz‘ Consiait
2+ Lookup Tables

2| Math Operations Counter Free-Running
2 Model Verification

2 Model-Wide Utilties Counter Limited

2 Ports & Subsystems

2] Signal Attributes ‘ Digital Clock

2 signal Routing |

2 Sinks
From File
CE
2 User-Defined Functions
2 Addttional Math & Discri From@egghace

# Wl Aerospace Blockset
Wl COMA Reference Blockset | E Ground
Sl w E3]

3L ngu b|0C[(”:Jm Sinks

N E]

Ready

51/ 2.30 neu block wea Source

brary Browser
File Edit View Help
D& dh|

To Workspace: Wit input to specified array or stiucture in MATLAB's main workspace. Data is not available until the simulation is
stopped or paused.

=

2]

= B Simulink
2 Commonly Used Blocks
> Continuous
2 Discontinuities
> Discrete \
2| Logic and Bit Operation| || (T)  Outt
2 Lookup Tables
2| Math Operations ! E' R

2| Model Verification

2] Model-wide Uilities | —1.
2+ Ports & Subsystems { o lp Sagn
2] Signal Attributes

> signal Routing
2 Sinks
> Sources
2 User-Defined Functions
@ 2 Additional Math & Discrs
« Bl Aerospace Blockset {

P R e T [

m

N\
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v, m3siiumsmandiasmaas(Math Operations)
nqu Math Operations & w17 iR sadesdunisdniiunis

adiaaa s 1wy myvan(Add) dedsuniandarmans (Math Function) nrsqasdauals
(Gain) iFudu

L Simulink [ibrary Browser

File Edit View Help
DS+
Math Function: Mathemalical functions including logaithmic, exponential, power, and modulus functions. When the function has more
than one argument, the first argument corresponds to the top (of left) input port.
= Wl Simulink ] [ [a]
2| Commonly Used Blocks E] Abs
2 Continuous
2 Discontinuities [:| Add E
2| Discrete
2 Logic and Bit Operation Igebraic Constraint
2 Lookup Tables P
2 Assignment
2| Model Verification
2| Model-Wide Utilities e
2 Ports & Subsystems v,
2] signal Attributes .
2] signal Routing Complex to Magnitude-Angle
2 sinks
2 Sources Complex to Realimag
2 User-Defined Functions
+ 2 Additional Math & Discr { Divide
+ WA Aerospace Blockset i
+_ Wl COMA Reference Blockset 1% |
3 i — (23 i t Dot Product [v]
Ready 2
1 .
a 1
51 2.32 nqu block ves Math Operations
File Edit View Help
D& -
Bus Assignment: This block accepts a bus as input and allows signals in the bus to be assigned with new signal values. The left
listbox shows the signals in the input bus. Use the Select button to select the signals that are to be assigned. The right listbox shows
the selections. Use the Up, Down, or Remove button to reorder the selections.
o W smink (Al Y/ \\////0) 0 /] A
Sim
2] Commonly Used Blocks | | Out | Environment Controller
2 Continuous fulll 1B
2 Discontinuities :»" m g
> Discrete ISl ! - e
2 Logic and Bit Operation| ||
2 Lookup Tables | Goto
2| Math Operations. |
2 Model Verification [ Goto Tag Visibility
2 Model-wide Utilities !
2 Ports & Subsystems Index Vector 3
2 signal Attributes
> SR o s
ik - ‘
2 Sources L
2 User-Defined Functions Merge
+ 2 Additional Math & Dis i'
= P ” i
< ] = ] 3 Multiport Switch ["1
, Ready 4
A ' . .
519 2.3 nqu block ves Signal Routing
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o A v Y g’/ = o & 9 = [y 1w [ o
Tumsrassszvuitinnududou vensdinnuiuiludedimsSudsdyaunndiuniiaves
szuu ldgdnaauniisvesszuy FamslfdwienernliazainTunsau & block Tungu

ke . . - g '
tuthnlszian GOTO, FROM, Multiplexing agsil#umugiiarmidussidlsumniudag i 2.33
29.2 msfmuasinsilumsiraesilayn (Parameters Configuration)

o a 14 :’/ =S 9 1Y d‘ 9 =1 o A d'
m3snaesdymluneuiuaesiu idedunaidesiiesz i Avszeznain
aulalumsrassdyminuszezna lumshassllym wuneuiinwe oz l¥szeznalu
° 1 ~ ~ ~ a A o 9 A
mssaesnisasuauedluyie 10 i vesszuunauladios L3unii i ldszeznain
asuines 1 lumsmaaovvestamifiaulaliassiulumsfas sy aeldsndods
i adyavit Step Size inalaaed (Variable Step Size) sn Step Size Aurniiganaziliosiiqa
annsadmuald edralsiamussbouiiseduavii Step Size tisneh (Fixed Step Size) 11133

A o a Y o A 1 A A Y
minvgtenldlumshaewlym esnnaunsnszysaamsegaveanainaulsldedis

usind aagilin 2.34

C Configuration Parameters: untitled/Configuration

Select: Simulation time =]
—Solver Start time: [0.0 Stop time: [10.0
- Data Import/E xport
i Optimezefion Solver options
-|- Diagnostics
Sample Time Type: [Vonable-step _'_l Solver: | oded5 (Dormand-Prince) :]
—Datalntegrity Max step size: |auto Relative tolerance: [1e-3
- Conversion )
- Connectiviy Min step size: |auto Absolute tolerance: [auto
i~ Compatibility Initial step size: fauto
-~ Model Referencing . .
- Hardware Implementation Zero crossing control: I Use local settings _:]
- Model Referencing
[=1- Real-Time Workshop
i~ Comments
i~ Symbols |
i~ Custom Code
i~Debug
“Interface ~|
| | 2

m Cancel Help | e I

57 234 naasmhanilddmuaansilunissaedym

UG
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2.10 wesanunu (STM32FA07VGTE)

14 o ¥y A A 1 o [ Y

vesanruguiImt Mo udouuuTasInIsiIuszuuauANAle TSNy
MATLAB/Simulink funszuaumsasa Taesu block sets uazausadsunlasuamnnimes
A fvenuuudlonannss miaoumefasznoudesuauses AID, DIA, PWM, Digital
/0 uaz Encoder #41ddmiuszuuniuauisu msnruquuewes llihnszuaadudonnnes
(=] a Y Ao 9 I Y @

MsnuANUYUNaLag Msnuaunszuuntsuuy idugsudungdudemdudu wazszuudl
Tuilude sl Tugamlasdaygruiiizonan Analog to Digital Convertor (ADC) &ashwvhiiudlaq

[ <3 Y I [ an 2 Yy an a 4 =
yanaewaenniludyguaiaea mednsndszuiana lddsadnoanouiinaes sauda

Tugaulasdayanaiiidend Digital to Analog Convertor (DAC) swsimshiutasdayanmainea

]

Thiludyanaeuaenmsl¥auewdondu nisaduaesia STM32FA07TVGTE

E4
m3aswaesinla STM3ZFA fidnumziausail
I J a 4 o [ a H ] ]
- Lﬂumiﬂaummwiamm‘um‘uqmmunmmq(rea|-tlme) H1un1eres USB aeq

aouimosaruyana uaz Mini USB vesmiadunedula

- ¥luTasneuTInaaed STMIZFAOTVGTE wuw 32 bit fivitonawsrvuia LMD
SRAM wuna 192 Kb lusadamuy LQFP vuaa 100 a1
- figaneas ST-Link sqwegluvesa lddmsunis Download uas Debug Tusunsw Taees
7 Jumper Iiden 14 iwiuuesauIf
- Whidesnnnesa USB wieannsaidenidimassie limouenuing 3.3V vie 5V I
- i LED iieldmadeunienaasadouTisunsu 4 aae fle
n. LD3@dw  deediunesa PD13
v. LD4@den weodiuneia PD12
a. LDS@uas  deadiumesa PD14
.. LDy seediuneda PDI5
- fadndnedaaesdu 2 @2 fie
n. ai3nd Reset 19dmiummmsinavesueda STM32FA Wsurham i
v, aad User (#¥h) ldmadeunsenaasuiouTdsunsuTasaeagiunesa PAQ
- widunanaziondna (GPI0)ves CPU azdooanind Header nisdiudreve sueda e

anvazaInlunislaau
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Embedded
ST-LINK/NV2

—ID -

STM32F407VGT6

||swo|

110
/0 |[RESET]
|

LED B2
LD3 to LD8 RST
B1
—{ MP45DT02 ‘ | NEeR }—
CS431L55 LIS302DL orF
[

LIS3DSH
‘ Mini-Jack ‘ |Micro-USB‘

le}

Header

Header

51t 2.35 uifon laezunsuaiaunivesnisadwaesta STM32FA0TVGTG

51/t 2.36 n3adunesilagu STM32FA0TVGTG

UG
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NJTRST, JTDI

JTCK/SWCLK

JTDO/SWD, JTDO
TRACECLK
TRACED(3:0)

MIl or RMII as AF]|
MDIO as AF|

DP, DM
ULPI: CK, D(7:0), DIR, STP, NXT
SCL/SDA, INTN, ID, VBUS, SOF

PA[15:0]
PB[15:0]
PC[15:0]
PDI[15:0]
PE[15:0]
PF[15:0]
PG[15:0]
PH[15:0]

PI[11:0]

140 AF

D[7:0]
CMD, CK as AF
4 compl. channels gIM1 CH? 4N
4 channalsF(TlMl_ H[1:4)) ETR,
s Al

4 compl. channels (TIM1_CH[1:4]|
4 channels (TIM1_CH[1:4]) ETR,
BKIN as AF

2 channels as AF
1 channel as AF

1 channel as AF
RX, TX, CK,
CTS, RTS as AF

RX, TX, CK,
CTS, RTS as AF

MOSI, MISO
SCK, NSS as AF

Voorer_aoc
8 analog inputs common
to the 3 ADCs

8 analog inputs common
tothe ADC1 & 2

8 analog inputs to ADC3

s

[CLK, NE [3:0], A[23:0]
] DI31:0], OEN, WEN,

/| NBL[3:0], NL, NREG
NWAIT/IORDY, CD
NIORD, IOWR, INT[2:3]

LINTN, NIIS16 as AF

HSYNC, VSYNC
PIXCLK; D[13:0]

DP
DM
SCL, SDA, INTN, ID, VBUS, SOF

Vpp=181036V
Vss
Veap1, Vearz

>

:> Vooa: Vssa
NRST

:> OSC_IN
0OSC_OuT

Vgar=1.651036V

0SC32_IN
0SC32_0UT

RTC_AF1
RTC_AF1

ata RAM 64 External memory
™ controller (FSMC) "
TTAGESW | wPU K= SRAM, PSRAM, NOR Flash, |\
ETM NVIC PC Card (ATA), NAND Flash
-BUS)
ARM Cortex-M4p > K=
168 MHz 1-BUSK: A = S
FP I Zu| | Flash
Sk @ = 25k upto —
x =
Ethernet MAC | DMA/ JEILE 1MB =
10/100 | FIF ) £ O Camera
& K—)[__SRAM 112KB Slz| interface
=
= use (oMMl L 2K—=_SramicKB
&| OTGHs = ol UsB =
=i [ L[ oTG Fs| &
DMA2 FlFo‘«] ¢ ARBZ 160 MHz o
A=, -
DMA1 |° FIFO 4 | AEBI150MHz Vppy, + Power managm{
pyolage =
33Vto12V
@VDDA @VbD
PO
GPIO PORT A RS ] Redl sopat
—t_RCLS Int POR/PDR/
et | BOR
GPIO PORT B v | e | = |<:
GPIO PORT C | | I
@VDDA @VDD
GPIO PORT D XA oo
- z
GPIO PORT E Feset &
clock — > wbG
control
GPIO PORT F PN ey
* ‘ ‘ interface
GPIO PORT G 5y
5
o
GPIO PORT H g ke o
GPIO PORT | — AWU
%) Backup register
o = 4 KB BKPSRAM
KD TiM 320
K TiMs '
DMA1 5
g K TiM4 '®
AHB/APB2 | AHB/APB1 ke TiMs 320
EXT IT. WKUP ] T
X = TIM12
SDIO / MMC <R TIM{3 160
TIM1/PWM ' 2 D14 1
e smeard]
USART2 :
TiMs /PWM_ 190]<=| K= DA
e smcﬁird
TIMg T k= K= UsARTS *"0)

TIMio 7®  k=> K= UART4
BT VR )]

TIM11 k=i 3 UART5
[Smcard geaRT ol | 2 Fi SPI2/12S2
SMeATUSART 1 k:::>§ I
smoard 2 K= SPI3/I12S3
DA USART 6 K1 § TIM7 16b Lo, g

SPH B=s il g K= 12C1/SMBUS
@VDDA Ky  12c2/sMBUS
Temperature sensor|K=! K> 12c3/sMBUS
ADCT
K=
22223 b || ke boAnt ]
ﬁ ﬁ K= bxCAN2 |4

4 channels, ETR as AF
4 channels, ETR as AF
4 channels, ETR as AF
4 channels, ETR as AF
2 channels as AF
1 channel as AF

1 channel as AF

RX, TX, CK,
CTS, RTS as AF

RX, TX, CK
CTS, RTS as AF

RX, TX as AF
RX, TX as AF
MOSI/SD, MISO/SD_ext, SCK/CK

NSS/WS, MCK as AF

MOSI/SD, MISO/SD_ext, SCK/CK
NSS/WS, MCK as AF

SCL, SDA, SMBA as AF

SCL, SDA, SMBA as AF

SCL, SDA, SMBA as AF

TX, RX

TX, RX

DAC1_OUT DAC2_OUT
as AF as AF
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2.10.1 Matvoudens adwae sile (STM32FA0TVGTE) uaznaaoumaitewso ST-

Link

dluganimun MICROCONTROLLER awna 32 BIT swisenda wes
u3Hn ST luaszgalmai STM32 ARM CORTEX-M4F Tasluuesaszilszneudas 2 dauvan
fio ga ST-LINKIV2 141ums DOWNLOAD waz DEBUG 'l1léa MCU TM32FA07VGTS dieglu
vosa iuma PORT USB

drmves ST-LINKIV2 1% MCU wwe3 STM32F103 sndlusaiensenis
shamiusesaeufiuaes PC runia USB PORT

- awnsovhms IN-CIRCUIT DEBUG waz PROGRAM ru@n MCU
STM32F4 fieguunesa’ld

- 4740 6 PIN SWD sieeenldan DEBUG 1iaz PRGRAM lduenueda
dauvesalyau STMI2FA

- 1% MCU we$ STM32F407VGTS, 32 BIT ARM CORTEX-M4F 1MB
FLASH, 192KB RAM, LQFP100 TYPE

- fwedaausald i +5V vndade USB wiean POWER 5V areuen
1aTums 4w

- fiaau 3-AXIS ACCELEROMETER w5 LIS302DL eguuueia

- fi@au DIGITAL MICROPHONE 1o 5 MP45DT02 aguuuesa

- USB OTG FS wouisio MICRO-AB

- druesainiiussenuy PIN HEADER 14 PCB 25 X 2 s1u 2 4

Waijung Blockset (¥ Blockset 141 Ta/sunsu MATLAB/SImUIK Tagwusem
pwdn e Idmsudeu TsunsumuguluTasneuInames  STM32F4  Tunuvwes

Simulink Blockset vir1vtmsitieuTdsunsunruau lulasaou Inaae S hanazsiasa

56



| o« STMI2EA. » = 0 (& @~ | Mewto MATLAB? Watch this Video, see Demos, or read Getting Started, X

[ Mame « Fe o>
@ | Labl_Digital Qut_rt=2%4 . ===
= Lab2_Digital_Out_c| Drowse "or lold=r N
| = Lab3_Digital_Input
(@ Lab3 Digtaldnput| [ Selzctz new Felder |
3] Lab3_Digital_Input i
= Lab3_Digital_Input
= Lab3_Digital Qut_s = [ MATI AR = !
= Labd_Analog_Inpu L Wy 180 hilzs
3] Labd_Analog_Inpu
o] Labd_Analog_Inpu = 00 MeroWision
@ | LabS_Analog Inpu | Ly STMZ2F4_Lab El
= Lab5_pull_up_pull, b Youcam T .
@ | Labb_Basic PWM_ ) Date created: 13/3/755 1577
= Lab6_FB_pull_bipo g '__J' b i .
& slprj = My Plues -

] Labl_Digital_Out.r

igital_Out —plder: STMIZM4 L ab
B| Lab3_1_Buck_stm3
] Lab3_51_Buck_stm PMake Mew Fo
B] Lab3_Buck_52.mdl =
B Lab3_Buck_stm3l..:—= e - ——
ﬁ Lab3_Digital_Inputl.mdl
%] Lab3_Digital Input2.mdl
] Lab3_Digital_Input3.mdl

] Lab3_Digital_Out.mdl

%] Labd_Analog _Input.mdl

%] Labd_Analog_Inputl.mdl !
] Labd_Analog_nputZ.mdl

B8] LabS_Analog_Output.md 7 i

Lab2_Digital_Out.mdl (Smulink Wodel)

OVR

it 2.38 msialaeu Directories uuvidinalasunsy MATLAB

U
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W Source Block Parameters: Regular ADC 3 ‘ @

stm32f4_regular_adc (mask) (link) =

This block implements Regular Analog to Digital Converter (ADC) Module.

Regardless of the specified data type, the output values are always RAW
ADC data between 0 to 4095.

To convert to voltage, multiply the output values with Vref/4005.

Parameters
ADC Module [1 -
Output Data Type [Double -

ADC Prescaler: 2 (HCLK: 168MHz, fADC: 84MHz, ADC :5.6MSps) =
[7] Read ANO (Pin: AD)
[T] Read ANI (Pin: A1)
[71 Read AN2 (Pin: A2)
[7] Read AN3 (Pin: A3)
[7] Read AN4 (Pin: A4)
Read ANS (Pin: AS)
[7] Read ANG (Pin: AG)
[C] Read ANZ (Pin: A7)

[7] Read AN8 (Pin: BO) i
[7] Read ANS (Pin: B1)

[7] Read AN10 (Pin: CO)

[7] Read AN11 (Pin: C1)

[7] Read AN12 (Pin: C2)

[7] Read AN13 (Pin: C3)

[C] Read AN14 (Pin: C4) it
+ [

PEEVEV 2N | v

J[Lgancel ][ telp || zoply

st 2.39 fesimsIans Target Setup block damswwesa STM32F

—

B stm32f4_digital_output_demo

-3

n]

SE&

File Edit View Simulation Format Tools Help

Waijung: 14.09¢
Compiler: GNU ARM
MCU: STM32F407VG

Auto Compile Download: ON
Full Chip Erase: OFF

Auto run app: ON
Execution Profiler: None
Base Ts (sec): 0.01

Target Setup

\| | WA Sample Time Legend

I o I stm32f4_digital_output_demo

| Sample Times for 'stm32f4_digital_output_demo’

= | Color Description Value
Tyoe B ] Discrete 1 0.01

i == Discrete 2 0.1
Ready 1100% [ [ [Fi'xedStepDiscrete 4
| — ]

51 240 fedre Model Telnszwsunas nihaaumadueaasar Sample Time veq Block
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v Build mode (o Compile uas Download) asluesa STM32F4 Tas
natly Clrl+B Tusunsy Matlab Simulink sza%ra Source Tl waamamis Waijung a2 compile
source 'Ilduaniudae C Compiler 1vihy Binary vie Hex ‘lnid 1ife Compile 1a% &y Waijung
vz download Binary ‘v asluveda STM32F4 sivu ST-Link TaesaTusi@ wieia Waijung

Track Build process szuanwanisdudivam uusazvuney daguii 241

-
Bl Waijung Track Build Process e @

Programming Complete.

Waijung: The executable 'stm32f4_digital_output_demo.bin' downloaded to flash successfully.
STM32 ST-LINK CLIv2.0.0
STM32 ST-LINK Command Line Interface

ST-LINK SN : 50FF6D064977535549120287
ST-LINK Firmware version : V2J2154
Connected via SWD.

Connection mode : Normal.

Device ID:0x413 |

Device flash Size : 1024 Kbytes

Device family :STM32F40xx/F41xx

MCU Reset.

< n )

(2]6
e Erese g-
enncation...U ~

4« L

OK

51 241 whaaTdsunsu¥eudenea Insamesd 15

2 e 4 J a Qy [ {
vasnnauaew Build waz Download ﬂm%maﬂﬁﬂaumaiﬂma%aumgﬂﬁ
v Y
241 veiavzisumsvhan lasdunalaninvaea’ll LED 1a 4 azdaitludidy uazooansiono

ST-Link fuvesa ileradedusduneuns Auto Compile and Download udnfaunsarirld

2.10.2 Suadramddalng
Yl uun e Simulink Library browser ide iy File -> new model ive
Suduadioniiiang model Twal siudin Induazilden Current Directory lugadumiadlud
uineg
219 “Target Setup Block” &1 §u STM32F4 a9 Tuwfra1a model (Target
Setup Block o1+ Simulink library: Waijung Blockset/STM32F4 Target/Device Configuration
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r . N
WA Simulink Library Browser e e 0 E@u

Fie Edt View Help

b = - M
I
Libraries Library: Waijung Blockset/STM32F. i Search Results: (none)
+§_J Simulink Design Optimization &

#- | Simulink Extras Read Uniqug ID

__‘j Simulink Verification and Validation
B statefiow

i _‘_| System Identification Toolbox

+ ‘ Video and Image Processing Bloc...
o TR

+- Communication
Custom Code
- Hardware Modules

4 Misc

Profiler

¥ STM32FO Target

-~ STM32F4 Target

-~ Boot Loader

Device Configuration
+- On-cl ip Peripherals

Target Setup

m

~ Plug-in Library
[#- NRFS51 Target -
Block Description X
Waijung Blockset/STM32F4 Target/Device Configuration/Target Setup: Use this block to setup STM32F4 Target in a 2
Simulink model. ‘5 ‘
The sample time of this block is the system base i tis i C ted based on ime of every block

Showing: Waijung Blockset/STM32F4 Target/Device Configuration

Ut 2.42 Target Setup wnwvtena Simulink Library Browser

UG

- 1uiinluld model $nafa v1miu Update model Tasnailu Ctrl+D (2 %a) iite 1w
Waijung wasanas 1$ammasansn uazal$y Sample time wea Block 1¥gndes wine
i 4'hiins Bild model Tusunen Update model

- vonuuy Model awdisidesms

- 5 Update Diagram, Incremental Build model ite 5 u@un1s1damvesa Fi02
wso STM32F4
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v dd v
2.11 andanmendos
Aaw o 4 a o
fl]']ﬂﬂ'li‘v'lll‘ﬂ:]uEU‘V]ﬂ'J']iJQ'Iu'Jﬁ]f]ﬁ}'l“l!ﬂ'ﬁi]'la@QLLWQLcﬁaallﬁ\?@qm@giﬂﬂﬂ']iﬂ’]a@\j

a

Tusunsuneniiumediiu TnaenuininaueiaTsmsansransznuve S inauas, gUNY]
uazAnuAUMU Ao aniamsnemas liihvewurasaduasering Iasliluudazauaisd
Joauazdedeouanaaiulusail

2.11.1 “AHybrid Control Strategy for Photovoltaic Simulator” Tae Yuan. Lil, Taewon
Lee, Fang. Z. Peng, and Dichen Liu[11]

4
@

a f o J a o 1 o J a J
uAteiithinaue nagninmsauguuun leusadmiuns aewmaaduaeing

t 3 o e ¢ A <
(PV) gailunsideunvuguanyuzioniynve swususaduaseiiiad (PV aray) neldnau

1 @ a [ o a s
LW]ﬂ@]?ﬂﬂuﬂ]@ﬁ@]ﬂ!ﬁ@jﬂuagﬁiﬁaﬂ ﬂ15ﬂ135\1%1ﬁﬂ1ﬂﬂ'lﬁﬁ%ﬁ\ﬂl‘]ﬂﬁna@Qﬂ?ﬂﬂm@]ﬁ’lﬁ@i UD Qlfgf}u

]
1 =3 v

v 4 a o A a z;l Y ast

189 -V v unuaaduasernad Aoarunluauiseiilinsauls vazawiinmsniugu

useau lihwieTimanruquaszua I il¥aadnyaviemivnues PV fianunandiadu
as A o A 1 o s o < 1

¥o3 pmsminauemsniuguuunleuse uisguanvuy [V ves PVersisdeeniluaudin

1Msiaen1snauues PV Tagnisdaussa uagnizuaomyn 11nyasiaoamileniugy

[ Y

geoguunugiu TMS320LF2407 DSP irmisdruamuazasuquuseauliihwsonszue
o w 9 a v Ay Lg o @ Y o '

AR YAAULUUILIA 2 A T TARNa 519 Y shimsnade Uiy Tnaaanud wmunuulSua

18 nazTnaaliilinedi nanisnaaswaaslifiiudinisiiass PV ildmsmdeuiiedis
= A~ [ o & A 1 Z‘; a J J o o Y

swisuiloeununiguanyae 1V asedlininiunnmsnaassvesdunesmes duild

W lndyagagaluszun PV asgiin 2.43 wag 2.44
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DSP Control Board
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57t 243 Tnsan

U

aea PV

TNUDINT

Y

(V) uaun))

160

120

Vaitage (V)

— + w Cyrent Control

- e B D
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510 244 aaidnuuzvioanyee PV ol
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2.11.2 “A Fuzzy PD-PI Control Strategy to Track the Voltage References of Photovoltaic
Arrays” Tae Nilton E. M. Mogambique, Ricardo Q. Machado, Vilma A. Oliveira [12]

Tumanuiviuae Wad PD imﬁy'ﬂﬂﬂa%'nﬁamuqu Pl évwsnszvunmayad
werae1fing FanauguazAnamuseiu llihddsiismualashsunuszunas duna wie
P&O (perturh and observe) AigasiasIu#hgeqa (MPPT)

Fodonoundnvessanesiiu P & 0 MPPT fie figaeranzasdy mathamundal
1nseunandanugaga (Suiti) ngnisatuguaisleunduiitnaue luumanui e
Usuil3e dse@ndgdnisiian P& O MPPT indaaudadredadiniu PV o155 vinas
woudesusutasdaana DC to DC faesmsihaumeldifen lviinagliadeuuandi
il ifedudussandglvesiing

Taofivunouitugiudag i 2.45 ua step up converter with control &agudi 2.46

v v
Vietlk) = Viefk-1) -AV Veefk) = Voesfk-1) + AV
v | | v
Vies(k) = Veeg{k-1) + AV Vees(k) = Veefk-1) -AV

l - . I

L -«

51t 2.45 vienlaozunsu uuu P & O MTTP
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Current semsor gain

Load

Sk T .
|

L

H, Vokage sensor gain

v
K MPPT

P& '_. }—s| Conmroller I_">[ M|

517 246 nsaruguaieassutlassesaunu Step up

U

2.11.3 “Real-time Simulation of a Photovoltic Cell/Module Under the Single Diode
Model”, D. Impreeda and W. Subsingha [13]
AN UM I AU LU0 UTIAAAN TN VD UHUTAS A0 170 Tasadi
Y 9 ¥
JunnaumMsiugILveuYadua0iad ilonyINansz nUYRIANUTULAS gavgl daus
laTena A umusynsutazauIuanyadtemas lihve uraduasoriad Feaziilal
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2.11.4“Design and Simulation of Digital PV Simulator Based on Push-Pull Forward
Converter” Tas Zhang Jike, Wang Shengtie [14]
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2.11.5 “A Study on the PV Simulator using Equivalent Circuit Model and Look-up Table
Hybrid Method” Tae Zheng Guo Piao, Shu Juan Gong, Yue Heng An, Geum Bae Cho[15]
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n.1 Mansusiaesnmsmauveusaduasonadlulusunsy MATLAB/SImUlink vewwsaa

uaoriindgu SOlArEX 51 MSX-60

WasFuiassmsmhauve waaduaseiiad SOlArEX §u msx60

function la = msx60(Va,Suns, TaC)

k = 138%

q = 160e%

A = 12

Vg = 112

Ns = 36

TL = 213+ 25
Voc TL = 2L.06/Ns;
Isc T1 = 3.80;

T2 = 213+75
Voc T2 = 17.05/Ns;
Isc T2 = 3.92;

TaK = 213+TaC;
TIK = 213+25

Iph TL = Isc_TL* Suns;

a = (Isc_T2-lsc_T1)flsc TL*1/(T2-T1);

Iph = Iph T1* (1 +a*(TaK - T1));

VETL = k*Tl/q;

Ir TL = Isc TL/ (exp(Voc TL(A*Vt T1))-1);

Ir T2 = Isc T2/ (exp(Voc T2/(A*Vt T1))-1);

b = Vgrg(AK)

Ir = Ir T1*(TakKITL)A3/A) * exp(-b.*(L/TaK - UTL));

X2y = It TU(A*VE TL) * exp(Voc TU(A*VE T1);
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dvdl Voc = - L15/Ns/2;

Rs = -dvdl_Voc- UX2v,

Vi Ta = A*138e-23*TaK/1.60e-19;

f(la) = Iph-1la-Ir*(exp((Vctla*Rs)./Vt_Ta)-1)=0;

Ve = ValNs;

la = zeros(size(Vc)),

forj = 15

la = la-(Iph-la-Ir*(exp((Vctla*Rs).Vt_Ta)-1))./ (-1 - (Ir.X(
exp((Veta*Rs)./Vt_Ta) -1)).*Rs/Vt Ta);

end
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n.2 Meteswazidea M file dwmFvaduaseriindju SOLAREX u msx60 uazamanvas

i Ifhveusaduaserfindwudn (BP Solar's gu SX60 wag SUNSTORE §u Sunstore 60/12)

WasFuthassmaiauveusaauaietiind SOLAREX su msx60 15sustandulae
NS MMUARITIANRI31E, AN NveIa nazgungl vz Idmnszuaee N 1Ty Aus Iy
e 13sdmin 5 V anuduveanaasiiiy 0.8 Sun wazgamgiiniiiy 30 esmusaidoa vz Idiiu
la =msx60(5,0.8,30)

JodunalaiFuiiozannsosmuamanudiveauaa'ldlifu 1 Sun (1000 Wim)
function la = msx60(Va,Suns, TaC)

lafo nszuaeniisd (aray current)
Va fie usasiuensisd (array voltage)
Suns e Auveauera (num of Suns: 1 Sun = 1000 W/m)
Tac o gaingiilda niine osnared
mmﬁﬁugm
k Aanadi Boltzman’s = 1.38¢%

( Ansiitlszqdiannsou=160e”

v 4 Y '
% narasiide T a1l umsdnalasmsasaan@gwm 1000 Wim?

A=12 % Auamesammmveslalen smualiiily 2 iiewaduaeniiad

il wiia  CIystaling uazduilu amorphous 1 mnusiesndi 2

Vg=112; % @1 band gap voltage, frmualiiiu 112V iesaduaseindiiiu

%iiQ crystaling, wagzdwiualiiihi 175V ifleisaduersorindifluaiia
amorphous

Ns = 36; % $auwad neeoynsuluersisd (number of series connected cells
(diodes))
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T1=273 +25,
Voc TL=2L1/Ns;

Isc T1=3.80;

T2=213+75;
Voc T2=17.05/Ns;

Isc T2=3.92;

TaK =273 + TaC:
TrK=273+25:

% Agamgisigaiildunmsd o

% Awsaduvmzilansasiiagamgiisga (0pen circuit voltage per
cell at temperature T1)

% fnszuavazdansasiiaamgiaga (short circuit current per cell
at temp T1)

% Agamgigegaiildlumsdiuon

% Awsaduvmailansasfiagamgiigeqa (0pen circuit voltage per
cell at temperature T2)

% Arnseuavasdansasiiagumgigaga (short circuit current per cell
at temp T2)

% gaingiilFamvesersisdiaduaserdiag (array working temp)

% qaingiicrasa (reference temp)

% iijoussauersisd (V) Sanuilu 0 dwnszuaitidninuaa (Iph_T1) selinwidoanszuavas

anvINAgUNYIdIga

% A1nen @ AedasdIuTTHINNTIAYNZEAIRI I AgUYI

Iph_TL=Isc_TL* Suns;

a=(Isc T2-Isc TOMsc TL*UT2-TL), %
Iph = Iph_TL* (1 + a*(TaK - TL)) 0

Vt TL=k*T1/q

% dnadi Boltzman's gaidne Avgainigiidige

FY ¥ ' A ad
LURAINI1INIY ﬂ1ﬂ\1ﬂﬂi$ﬂ®mﬂ§liﬂ‘u

Ir T1=1Isc T1/(exp(Voc TL(A*Vt T1))-1);
Ir T2=1sc T2/ (exp(Voc_T2/(A*Vt T1))-1);

b=V * g/(A*k);

Ir=1Ir _TL1* (TaKIT1)A3/A) * exp(-b.*(L/TaK - UTL));

Xov=Ir TU(A*VE T1)*
dvdl Voc=-1.15/Ns/2,

eXp(Voc_Tll(A*Vt_Tl));

% e dV/dl 71 awssduvmzilaisasaomas
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% enldannslnmainvesdnant

Rs =-dVdl_Voc- UX2v; % wimanudumueynsudesad(Series
resistance per cell)
Vt Ta=A*1.38e%* TaK / 1.60¢™, % mfimiqﬁ'uﬁ%aﬁqmwgm%’qm = Awvlraed

aanm vod'laToa * An i Boltzman’s *
aq Y 14 J J a 7
gaungillFuvesefisdivaduaering |

' A adg
ﬂ'lﬂ\’lﬂﬂﬁgﬂﬂlﬁﬂ@i@u

% fmin 1a il f{la)dudte f(1a) = Iph- la - Ir.*(exp((Ve+la Rs).Vt_Ta)-1) =0;
%% yrmiumsindaess Newton’s method a1 1a2 = lal - f(lal)/f’(lal)

Ve = VaiNs;

la = zeros(size(VVc));

for j=1.5;

la=1a-(Iph- la- Ir*( exp((Vetla*Rs).Vt_Ta) -1))/ (-1 - (Ir.*( exp((Vetla*Rs).Vt_Ta) -
1)).*Rs./Vt Ta);

end
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L waduaseriinduosuisn BP Solar’s su SX60 adiihi Silicon #iflade ynsu

o P o 9 s o A
U 36 L¥AQ %Quﬂmaﬂ‘]gm?.imﬂﬂ%hsumwamﬂumu

auanyazm ihadvaduasorindvesnstm BP Solar’s yu SX60

Electrical Characteristics
Maximum power (Pmax)
Voltage at Pmax (Vmp)
Current at Pmax (Imp)
Guaranteed minimum Pmax
Short-circuit current (Isc)
Open-circuit voltage (Voc)
Temperature coefficient of Isc
Temperature coefficient of Voc
Temperature coefficient of power
NOCT®

BP Solar’s model SX 60
60W
16.8V
3.56A
H5W
3.87A
21.0V
(0.065+0.015)%/°C
-(80£10)mv/°C
-(0.540.05)%/°C
47£2°C
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2. waduaserindvesuIyn SUNSTORE su Sunstore 60/12 rasadiflu Silicon

@

. H ' 4
Monocrystalline ffiivadeynsudu 36 iad Falnuanvuznalithveuradiudsi

auanyazma ihadvaduasorindvesustn SUNSTORE su Sunstore 60/12

Electrical Characteristics Sunstore model 60/12
Maximum power (Pmax) 60W
Voltage at Pmax (Vmp) 17.64V
Current at Pmax (Imp) 3.40A
Guaranteed minimum Pmax 58.2W
Short-circuit current (Isc) 3.60A
Open-circuit voltage (Voc) 21.16V
Temperature coefficient of Isc 0.05A%/°C
Temperature coefficient of Voc - 0.35V%/°C
Temperature coefficient of power - 0.45W%/°C
NOCT 46+2°C

vnaumsd 2.1 54 2.7 luundi 2 i I Seuaunsdnaniiu mfile 1 MatLab/Simulaink e
WS’eJmﬂ51WGl,ﬁ'udJu“lﬂ@1mgmé’wmzmmmaﬁummﬁﬂ&wiazg'm%u ATimes A1 110159
“fnanTiauana1eiY §aiu Seiianusuilufesde nia Specification 714 1unuas
arwms M file 1w MatLab/Simulaink Besaudafiazshldiinarildenszua lulihaneenveausad
nldeunlaq Hudsio i

A L Aulameamnmuedlalen dwiualdiflu 2 iemaduaserfindiuria

crystalling uazdiily amorphous 1 muaiesndi 2

Voo TL : dwssduvazidassesiingamgisga

Isc TL : snszuavaizdaisasiimgamngiiga

Voe T2 : dwssduvazidannsiimgungigage

Isc T2 snszuavaizdaissfingungigege

Rs L AR TUNILEY NS NABLTAT

T1, T2 ' awuvgiidge, geganldlumssuon
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Specifications of Solar cell (IKW/m?, 25°C)

SolarEx ~ BP Solar’s model ~ Sunstore
Parameters

MSX60 SX60 model 60/12
Typical peak power (Pm) 60 W 60 W 60 W
Voltage at peak power (Vmp) 171V 168V 1764V
Current at peak power (Imp) 35A 356 A 340A
Short-circuit current (Isc) 38A 38TA 360 A
Open-circuit voltage (Voc) 201V 2.0V 2116V

Temperature coefficient of open-circuit voltage (5) - 73mV/I°C  -(80t10)mvV/°’C - 0.35V%/°C
Temperature coefficient of short-circuit current ()~ 3mA°C  (0.065£0.015)%/°C  0.05A%/°C
Approximate effect of temperature on power -0.38W°C - +(0.50.05)%/°C - 0.45W%/°C
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2.1 Toyanudnuarmalwihveamasadumsoriind Solarex-MSX-60

MSX-60 and MSX-64 ' @
Photovoltaic Modules ST L
I SOLAREX

The MSX-64 and -60 are among the most powerful of lation of bypass diodes on 18-cell strings, which can
Solarex’s Megamodule™ series, a product line which is the improve reliability and performance in systems with homi-
culmination of nearly three decades of extensive research in nal voltage 24V and above.

polycrystalline silicon photovoltaics. With over 3 amperes of
current at peak power, these modules offer the most cost-
effective package in the industry, and charge batteries effi-
ciently in virtually any climate.

These modules may be used in single-module
arrays or deployed in multiple-module arrays,
wired in series/parallel combinations as required
to meet current and voltage requirements. They
are engineered under Solarex’s IntegraSystem™
system integration concept, which ensures full
compatibility with other Solarex subsystems
and components (support hardware, regula-
tors, etc.) and easy system assembly. As single-
module arrays, they may be mounted on a vari-
ety of surfaces using optional kits or by means
of user-fabricated support hardware. Solarex
also offers hardware for supporting multiple-
module arrays.

High-Capacity Multifunction Junction Box
The size of the junction box (25 cubic inches, 411cc) and its
six-terminal connection block allow most system atray con-
nections to be made right in the J-box. The box also can
accommodate bypass or blocking diodes or
a small regulator, which can save the
expense and labor of additional boxes. The
box is raintight (IP54 rated) and accepts 1/2"
nominal or PG13.5 conduit or cable fittings.
The standard terminals accept wire as large as
AWG #10 (6mm2); an optional terminal block
accepts wire up to AWG #4 (25mm?).

Proven Materials and Construction
Megamodule materials reflect Solarex's quarter-
century of experience with solar modules and sys-
tems installed in virtually every climate on Earth.

« Polycrystalline silicon solar cells: efficient,

These modules are wellsuited for virtually all :
attractive, stable.

applications where photovoltaics are a feasible
energy source, including telecommunications
systems, pumping and irrigation, cathodic
protection, remote villages and clinics, and
aids to navigation.

* Modules are rugged and weatherproof: cell strings
are laminated between sheets of ethylene vinyl
acetate (EVA) and tempered glass with a durable
Tedlar backsheet.

* Tempered glass superstrate is highly light-
transmissive (low iron content), stable, and
impact-resistant.

» Corrosion-resistant, bronze-anodized extruded alu-
minum frame is strong, attractive, compatible with
Solarex mounting hardware and most other mount-
ing structures.

Individually Tested, Labeled and
Warranted

As part of the final inspection procedure,
every MSX module is tested in a solar simu-
lator and labeled with its actual output—volt-
age, current, and power at maximum power point
(Pax)—at Standard Test Conditions and Standard Operating,

Conditions. Furthermore, the MSX-64 and -60 are covered by Options
our industry-leading limited warranty, which guarantees: « Blocking and bypass diodes
» that no module will generate less than its guaranteed mini- « Solarstate™ charge regulator

mum P, when purchased;

+ Protective aluminum backplate

+ at least 80% of the guaranteed minimum P, for
twenty years.
Contact Solarex's Marketing Department for full terms and limi-
tations of this unparalleled warranty.

Reliable and Versatile

The Megamodule series has proved its reliability at thousands
of installations in every climate on Earth. Among the features
that contribute to its versatility:

Dual Voltage Capability
These modules consist of 36 polycrystalline silicon solar
cells electrically configured as two series strings of 18 cells
each. The strings terminate in the junction box on the
module back. Shipped in 12V configuration, modules may
casily be switched to 6V configuration in the field by mov-
ing leads in the junction box. This design also allows instal-
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Safety Approved

MSX-00 and -64 modules are listed by
Underwriter's Laboratories for electri-
cal and fire safety (Class C fire rating),
certified by TUV Rheinland as Class TT
equipment, and approved by Factory o

Mutual Research for application in NEC Class 1, Rh:iLI'Jl}gn d

Division 2, Group C & D hazardous locations.

Quality Certified
These modules are manufactured in our ISO 9001-certified
factories to demanding specifications, and comply with IEC

W) A

Typical Electrical Characteristics'

1215, IEEE 1262 and CEC 503 test requirements, including;
« repetitive cycling between 40°C and 85°C at 85%
relative humidity;
+ simulated impact of one-inch (25mm) hail at terminal velocity;
* 2700 VDC frame/cell string isolation test;

+ a "damp heat" test, consisting of 1000 hours of exposure to
85"C and 85% relative humidity;

« a "hotspot" test, which determines a module's ability to tol-
etate localized shadowing (which can cause reverse-biased
operation and localized heating);

+ simulated wind loading of 125 mph (200 kph).

Mechanical Characteristics

MSX-64 MSX-60

Maximum power (Pmax) 64W 60W
Voltage @ Pmax (Vmp) 17.5V 17.1v
Current @ Pmax (Imp) 3.66A 3.5A
Guaranteed minimum Pmax 62W 58W
Short-circuit current (Isc) 4.0A 3.8A
Open-circuit voltage (Voc) 21.3v 211V
Temperature coefficient of

open-circuit voltage ... —(80£10)mV/°C. ...
Temperature coefficient of

short-circuit current ...(0.065+0.015)%/°C . .
Temperature coefficient of power .. ... —(0.5+0.05)%/°C . . .
noct* 4742°C ...
NOTES:

(1) These modules are tested, labeled and shipped in 12V configuration. These

data represent the performance of typical 12V modules as measured at their
output terminals, and do not include the effect of such additional equip-
ment as diodes and cabling. The data are based on measurements made in
a solar simulator at Standard Test Conditions (STC), which are:

+ illumination of 1 kW/m~ (1 sun) at spectral distribution of AM 1.5;

+ cell temperature of 25°C or as otherwise specified (on curves).

Operating characteristics in sunlight may differ slightly. To determine the
characteristics of modules in 6V configuration, divide the 12V voltage char-
acteristics by 2 and multiply current characteristics by 2. Power values are
unchanged.

(2) Under most climatic conditions, the cells in a module operate hotter than

Current (A)

Current (A)

the ambient temperature. NOCT (Nominal Operating Cell Temperature) is
an indicator of this temperature differential, and is the cell temperature
under Standard Operating Conditions: ambient temperature of 20°C, solar
irradiation of 0.8 kW/m*, and wind speed of 1 m/s.
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VARIABLES AFFECTING PERFORMANCE

The performance of typical MEGA SX-64 and -60
modules is described by the I-V curves and electrical
characteristics table on the next page. Each module’s
actual, tested output characteristics are printed on
its label.

The current and power output of photovoltaic
modules are approximately proportional to illumi-
nation intensity. At a given intensity, a module’s out-
put current and operating voltage are determined by
the characteristics of the load. If that load is a battery,
the battery’s internal impedance will dictate the
module’s operating voltage. An I-V curve is simply
all of a module’s possible operating points (voltage/
current combinations) at a given cell temperature
and light intensity. Increases in cell temperature
increase current but decrease voltage.

TYPICAL ELECTRICAL CHARACTERISTICS"”

12 VOLT CONFIGURATION'?!
MSX-64 MSX-60

Typical peak power (Pp) 64W 60W
Voltage @ peak power (Vpp) 17.5V 17.1V
Current @ peak power (1pp) 3.66A 354
Guaranteed minimum peak power 62W 58W
Short-circuit current (1sc) 4.0A 3.8
Open-circuit voltage (Voc) 21.3V 211V
Temperature coefficient of

open-circuit voltage ..., —(80+10)mV/°GC... ...
Temperature coefficient of

short-circuit current ... .(0.065£0.015)%/°C
Approximate effect of

temperature on power ... —(0.5+0.05)%/C.. . ..
Nocr® AT 1 VN B
Notes:

(D) These data represent the performance of typical modules as
measured at their output terminals, and do not include the effect
of such additional equipment as diodes and cabling. The data are
based on measurements made at Standard Test Conditions (STC),
which are:

* Illumination of 1 kW/m? (1 sun) at spectral distribution of AM 1.5
* Cell temperature of 25°C or as otherwise specified (on curves).

(2) Electrical characteristics of modules wired in the nominal 6V
configuration may be found by using the 6V scales on the IV
curves. For more exact values, divide the 12V voltage characteristics
in the table by 2 and multiply the 12V current characteristics by 2.
Power values are unchanged.

(3) Under nearly all climatic conditions, the solar cells in an operating
module are hotter than the ambient temperature, a fact which
must be considered when reading module data. NOCT (Nominal
Operating Cell Temperature) is an indication of this temperature
rise, and is the cell temperature under Standard Operating
Conditions: ambient temperature of 20°C, solar irradiation of 0.8
kW/m?, and average wind speed of 1 m/s.
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I-V CHARACTERISTICS
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MECHANICAL CHARACTERISTICS
MEGA §X-64 and -60 are mechanically identical,
differing only in electrical output.

Weight: 15.9 pounds (7.2 kg)
Dimensions: Dimensions in brackets are in millimeters
Unbracketed dimensions are in inches

19.75
’" 501.6) ’I
= —
x4l $x
//
0.381(9.6)
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H
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Proven Materials

and Construction

BP Solar’s quarter-century of field
experience shows in every aspect
of this module’s construction and
materials:

+ Frame strength exceeds require-
ments of certifying agencies;

+ 36 multicrystalline silicon solar
cells configured as two 18-cell
series strings;

* Cells are laminated between
sheets of ethylene vinyl acetate
(EVA) and high-transmissivity
low-iron 3mm tempered glass.

i

LY

Clear Anodized
Universal Frame

Limited Warranties
+ Power output for 25 years;
« Freedom from defects in
materials and workmanship
for 5 years
See our website or your local
representative for full terms of
these warranties.

High-Capacity Versatile

Junction Box

The junction box is raintight (IP54
rated) and accepts PG13.5 or 1/2"
nominal conduit or cable fittings. Its
volume (411cc, 25 cubic inches) and
6-terminal connection block enable
most system array connections
(putting modules in series or parallel)

to be made right in the junction box.
Options include:
* blocking and bypass diodes;

©2003 BP Solar Global Marketing

BP SX 60

60-Watt

Multicrystalline Photovoltaic Modules

BP Solar's SX series provides cost-effective photovoltaic power for
general use, operating DC loads directly or, in an inverter-equipped
system, AC loads. With 60 watts of nominal maximum power, the
BP SX 60 is well-suited to traditional applications of photovoltaics such
as telecommunications, remote villages and clinics, pumping, and land-
based aids to navigation. Its 36 series-connected cells charge batteries

efficiently in virtually any climate.

oversize terminal block which
accepts conductors up to 25mm?
(AWG #4); standard terminals
accept up to Bmm? (AWG #10);
Solarstate™ charge regulator.
Shipped in 12V configuration,
modules may easily be switched to
6V configuration by moving leads in
the junction box. Six-volt modules
are intended to support 6V loads,
and are not recommended as series
elements in higher voltage arrays.

Quality and Safety
» Manufactured in ISO 9001-
certified factories;
Listed by Underwriter's
Laboratories for electrical and fire
safety (Class C fire rating);
Certified by TUV Rheinland as
Class Il equipment for use in
systems with voltage up to
1000 VDC;
Approved by Factory Mutual
Research for application in NEC
Class 1, Division 2, Groups C &
D hazardous locations;
Compliant with the requirements
of IEC 61215, including:
= repetitive cycling between
-40°C and 85°C at 85% relative

humidity;

= simulated impact of 25mm
(one-inch) hail at terminal
velocity;

= a “"damp heat” test, consisting
of 1000 hours of exposure to
85°C and 85% relative
humidity;

°a "hot-spot” test, which deter-
mines a module's ability to
tolerate localized shadowing
(which can cause reverse-
biased operaticon and localized
heating);

= static loading, front and back,
of 2400 pascals (50 psf); front
loading (e.g. snow) of 5400
pascals (113 psf)

BP SX 60

® e B (E

01-4006-3 5/03
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Mechanical Characteristics

Weight
7.2 kg (15.9 pounds)

Dimensions
Unbracketed dimensions are in millimeters
Bracketed dimensions are in inches.

Overall tolerances +3mm (1/87)
2.8 [0.11] max. 502 [19.8]
screw head ‘ ‘
projection, typ.
[
Front View
Grounding hole,
[ 2places
— 1 04 X X 4.1(0.16] dia.
r2.4 [0.09] — / f
B = |
501.97] | o / / 1110 [43.7]
——2711.06] | (includes
. | screw head
Section X-X projections)
Back View /
g ‘ 610 [24.0]
Junction box
x |
9.5 [0.38] dia.
mtg. holes, typ.
g YP 250[9.8]
||
17.5[0.69] 467 [18.4] L 20 [0.8] typ.
SX 55, SX 60

Lo

Grounding Detail
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Electrical Characteristics'

Maximum power (Py;4x)*
Voltage at Py (Vmp)
Current at P4y (Imp)
Guaranteed minimum P,y
Short-circuit current (lg¢)
Open-circuit voltage (Vo)
Temperature coefficient of I
Temperature coefficient of Vg
Temperature coefficient of power
NOCT®

Maximum series fuse rating

Maximum system voltage

Notes

1. These data represent the performance of typical modules in 12V
configuration as measured at their output terminals, and do not
include the effect of such additional equipment as diodes or cables. 4.0
The data are based on measurements made in accordance with
ASTM E1036 corrected to SRC (Standard Reporting Conditions,
also known as STC or Standard Test Conditions), which are: 3.5
« illumination of 1 kKW/m’ (1 sun) at spectral distribution

of AM 1.5 (ASTM EB92 global spectral irradiance);

« cell temperature of 25°C.

I

approximately 3% from typical Pppay.

w

4. The power of solar cells varies in the normal course of production;
the SX 55 is assembled using cells of slightly lower power than

the SX 60.

During the stabilization process which occurs during the first
few months of deployment, module pawer may decrease

. The cells in an illuminated module operate hotter than the ambient
temperature. NOCT (Nominal Operating Cell Temperature) is an
indicator of this temperature differential, and is the cell temperature 15
under Standard Operating Conditions: ambient temperature of
20°C, solar irradiation of 0.8 KW/m?, and wind speed of Tmi/s.

BP SX 60 BP SX 55*
60W 55W
16.8V 16.5V
3.56A 3.33A
55W 50W
3.87A 3.69A
21.0v 20.6V

(0.065+0.015)%/°C
-(80£10)mV/°C
-(0.5+£0.05)%/°C

47+2°C
20A

600V (U.S. NEC rating)
1000V (TUV Rheinland rating)

BP SX 60 I-V Curves

AN

4.5
T-0°C
301 T-25°C
= T=50°C
< T=75°C
- 2.5
£
g
E
3 2.0
&)
1.0
0.5
0.0,
o 5
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5 Years warranty of quality and workmanship
20 Years warranty of power output

Local UK technical support and warehousing
with rapid response time.

nclBemeSIENY ) o\ B /B es/ \ s

Peak Power Watts-P,., (WP)

Power Output Tolerance-By.y (%)

Maximum Power Voltage-V,,, (V)
Maximum Power Current-lyg. (A)
Open Circuit Voltage-Vo(V)
Short Circuit Current-l¢ (A)
Module Efficiency n,, (%)

Registered office | 125 Findon Road, Worthing, BN14 0BQ
Registered No. 7814446 Cardiff

raaoiiad SUNSTORE 5w Sunstore 60/12

Rigorous quality control to meet highest international
factory manufacturing standards including MCS, CE and ISO

High performance under low light conditions (cloudy days,
mornings and evenings)

High Cell efficency of 17%
Tested to withstand snow loads of 200kg /sqm

Highly transparent low iron tempered glas with enhanced
stiffness and impact resistance

Unique frame design with high mechanical strength for easy
installation

Advanced encapsulation material with multiplayer sheet
lamination to provide efficient protection from the severest
environmental conditions

,‘I \N cﬁk‘i [
60 Nominal Operating Cell 46°C (£2°C)
3% Temperature (NOCT)
17.64 Temperature Coefficient of B, -0.45%j/°C
3.40 Temperature Coefficient of ¥ -0.35%/°C
2116 Temperature Coefficient of:- 0.05%/°C
3.60
12.3

Values at Standard Test Conditions STC (Air Mass AM1.5, Irradiance 1000W/m?, Cell Temperature 25°C)

XN ANY

Solar cells Monocrystalline
Cells orientation 36 cells
Module dimension 899 x 537 x 35mm
Weight 5.8kg
Glass High transperancy solar glass 3.2mm (0.13inches)
Frame Anodized aluminium alloy
J-Box IP 65 rated 125 FINDON ROAD,
. WORTHING,
Cables/Connector Photovoltaic Technology cable 4.0mm WEST SUSSEX,
340mm , MC4 Connectors BN14 0BQ
//01903 213141

1/ infomsunsiore co.uk
// www.sunstore.co.uk
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«.4 CTL DECISION SHEET DSH251E FOR INSTRUMENT ACCURACY LIMITS (DSH251E)

I EC IEC System for Conformity Testing and Certification
of Electrotechnical equipment and Components

CTL DECISION SHEET

Standard(s): Subclause(s): No. Year
Generality
DSH
Category: 251E 2014
General
Subject: Key words: Developed by Approved at
- Measuring range
- Accuracy 2015 CTL Plenary
Measurement accuracy i WG1-WG4a Meeting
- Leakage {touch) current
Instrument Accuracy Limits
Measurement values stated in a CB Test Beport shall be made with instruments with accuracies within the
limits stated below. These values apply unless more stringent raquirements are given in the relerence
standard.
Parameter Range Instrument accuracy of
Measuring Range
Voltage
- Upto 1000% upto LkHz +1,5%
1kHzupto 5 kHz + 2%
5 kHz upto 20 kHz +3%
20 kHz and above +5%
- 1000V and above deupto20kHz + 3%
20 kHz and above +5%
Current
-UptoSh deupte sl Hz +15%
above 50 Hz up to 3 kHz +2.5%
5 kHz upto 20 kHz +3,5%
20kHz and above + 5%
- Above 5 A deupto 5 kHz +2,5%
5 kHzupto 20 kHz +3.,5%
20 kHz and abowve 5%
Leakage (Touch) current L S0Hzupto 60 Hz +3,5%
preater 60 Hz upto 5 kHz + 5%
greater 5 kHz up to 100 kHz + 10%
greater 100 kHz upto 1 MHz under consideration
Power (56/60 Hz) uptod kW +3%
above 3 KW 5%
Power Factar (50/60 Hz) + 0,08
Page 10f 2
CTL-OQP 106 Ed 91 @ |EC - IECEE 2012

2012-06-27/28
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IEC System for Conformity Testing and Certification
of Electrotechnical equipment and Components

Parameter Range Instrument accuracy of
Measuring Range

Freguency upto 10kHz +0,2%
Resistance 1 m€¥upto 100 me and above 1 MQupto 1 TR +35%

above 1 TQ + 10%

for all other cases +3%
Temperature ™ -35°C to below 100° C +2°C

100° Cupto500° C +3%

Below - 35°C 396
Time 101ms up to 200 ms + 5%

200meupto s +10ms

1 zand above +1%
Linear dimensions upto 1 mm + (1,05 mm

1 mroup to 25 mm + 0,1 mm

235 mm and above + (0,5%
Mass above 10 gand upto 100 g +1%

100 gup to S kg +2%

5 kg and above +5%
Faorce for all values + 6%
Mechanical energy for all values +10%
Torgue +10%
Angles +1degree
Relative humidity 309 to 95% RH +5% RH
Baromelric air pressure + 10 kP2
Gas & fluid pressure for static measrement + 5%

1 The stated tolerances apply lo the tolal lolerance of the leakage (iouch) current circuit and metering
Instrument. Refer to CTL-OP 113 “Leakage (Touch) Current Measurement Instruments”.

Thermocouple not included in the Instrument accuracy of measuring range. Thermocouples type ‘K7, “T”
and “J”, premium grade, are recommeanded.

Swilching power supplies presenl an electrically noisy environment for lasl instrumentation. When
measuring temperalures on and within swiiching power supplies, thermocouples are in the immadiate
vicinity or in inlimale contact with component sources of the electrical noise. Type J thermocouples are
made of material that is magnetic. Type K thermocouples are made of material that is slightly magnetic.
Type T thermocouples are made of non magnetic materials. As a result Type T thermocouples are
alfected less by the high frequency magnetic lields prasent and give more accurate resulls.

2

Not for measurements related 1o relative humidity.

Page 2of 2
CTL-OP 1086 Ed 91 © IEC - IECEE 2012
2012-06-27/28
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a.1 Real-time Photovoltaic Simulator using current feedback control
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Real-time Photovoltaic Simulator using current feedback control
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Abstract— In this article, mathematical model of PV model is investigated in order to study the affection in irradiance,
temperature, parameters to the PV's ouput power. It will lead to analyse and develop the PV simulator. By which, PV
simulator Is utilized by DC converter circuit with a current feedback control. This may be useful if is possible to
implementing into a real world PV simulator. In this paper, PV simulator is modelled using MATLAB/Simulink program,
which is composed of DC converter and a proper controlscheme. From the simulation results, it can be observed that I-V

relationship of the PV simulator is quite the same as of such
a real PV simulator in commercial in a further work.

PV mathematical model. This means that, it is possible to build

Keywords— PV model, PV simulator, DC Converter, Feedback control.

1. INTRODUCTION

PV (Photo Voltaic) cell is the devices that convert
photons into electric potential in PN silicon junction or
other material [1]. PV system is a popular renewable energy
source due to their energy-friendly environment [2].
However, its high costs may cause the difficulties in
development and experiments for laboratory. Mean by that,
practical PV simulator which emulates output characteristics
of PV module through a real converter circuit can be used
in replacement of an actual PV module in laboratory scale.

2. PV MODEL

Mathematical model

The equivalent circuit of PV is a current source parallels
with a diode and reisitances as shown in Fig. 1. When PV
exposed to the sunlight, a current which is proportional to
the solar irradiance is produced [3].

N
Rs

DIC Rsh

LOAD

220

Fig. 1 Single diode PV model

The circuit of Fig 1 is described by Shottkey diode
equations incorporated with diode quality factor in account
of the recombination effects in space-charge region [3]. The
currents equations of PV cell are given by (1) to (3).

V+iRy
rr - oA GRGRINE N
P : Rsh
Lph = (Isc+ K1 (T ~Tref )). 2 2)
> ()
= ) e Sl 3
1. 7Is[Tref] e (3

Where I, is photon current, R, , Ry, are series and shunt
resistance, N is ideal diode factor, X is Boltzman constant,
q is electron charge and J; is reverse saturation current of
diode, K; is short-circuit current temperature coefficient of
PV’s cell, I is short circuit (SC) curernt of cell , A is solar

irradiance, E, is band gap energy of semiconductor and /;
is ambient temperature voltage. By consideration, The
behaviour of PV celis are described by I, N, I, R, and Ry,
In which , these parameter depend on solar irradiance (4)
and temperature (7) [1].

However PV module is a congregation of PV cells. So,
V-1 relationship of PV module ( neglecting Ry, Ryp,) is given
in (4) [1], where Where n; and n, are number of series and
shunt cells in PV module.

).

s Fill factor (FF): SC current and OC (open circuit) voltage,
which are maximum current and voltage of PV cell. By
theory, the product of these values is the maximum power
of PV cell [3]. FF is defined as the ratio of actual maximum
obtainable power, (V,.2,) to the theoretical power, (Z. V).
it is given asf3].
S Vindm

VOC '[SC‘

Crees
I =n I

" @

ph"'p

)

* Maximum efficiency (n): is the ratio of maximum output
power to the input power [4].
7= VocIsc.FF
Bin
3. SIMULATION MODEL OF PV MODULE
3.1. Mathematical model

The Solarex MSX60 PV module was chosen to do a PV
model. It provides 60 W. of norminal max. power, and it
has 36 polycrystalline silicon cells in series connecting. The
specifications are shown in Table 1 [S].

©

Table 1. Typical electrical characteristic of MSX-60

Solarex MSX60 Specifications (1kW/m*,25°C)
Characteristics SPEC
Typical peak power (Pp,) 60 W
Voltage at peak power (V) 170V
Current at peak power (I,) 35A
Short-circuit current (L) 3.8A
Open-circuit voltage (Vo) 211V
Temp. coefficient of OC voltage (B) -73mv/°C
Temp. coefficient of SC current (o) 3mA/C
Approx. power by temp. -0.38W/°C

86

151



12" Eco-Energy and Materials Science and Engineering Symposium, Krabi, Thailand, June 11-14, 2015

Fig. 2 Simulink model of PV Module

The model of the PV module was implemented using a
MATLAB/Simulink program. The medel parameters are
evaluated during execution using the equations listed on the
previous section. The program, calculate the current and
voltage, using typical electrical parameter of the module:
L=3.8A, Vo=21.1V, B=3mA/°C, o=73mV/°C N=12,
I,=100nA and the variables Irradiation (A) Temperature (T).
The PV model is implemented and shown in Figure 2.

3.1. Simulation Results of PV Cell/Module
PV Cell

- |
2850 - 2

Current[A]

T

BIE

[i¥]

|~———Um1 Onm
—==001 Ohm
o 1 Obm

] X

02

03 a
Vokage [V
Fig. 4 IV curve of PV cell correspond on Ry

Fig 4(a) shows I-V curve of PV cell for the values of R, at
1mQ, 0.01Q and1Q. It is seen that increasing R, affect on
decreasing Fill factor (FF). The shunt resistance Ry, is
inversely related with shunt leakage current to the ground.
In general, the PV efficiency is insensitive to the variation

in Ry which can be assumed to approach infinity without
leakage current[7]

25 Celeius

—e

07 5]

03 04
Voitage [V}

Fig. 5(a). IV curve of PV cell on varying T(“c)

] o
Voltage [V
Fig. 3(a). IV curve of PV cell correspond on Iy

CurrentA]

H
02

of

[E) 04
Voltage {V]

Fig. 5(b). IV curve of PV cell on varying A

From Fig. 5(a) and Fig.5(b) it found that increasing of

0z

) 04 ©s
Voltage [v]

Fig. 3(b). TV curve of PV cell correspond on N

Fig.3(a) shows -V curve of PV cell for the reverse
saturation current of diode (/) at 100nA, 1pA, and 10pA. It
is seen that increasing of /; affect on decreasing of V.

(open circuit voltage). Fig 3(b) shows I-V curve of PV cell
for the ideal factor () at 1.0, 1.5 and 2.0. It can be

observed that increasing N affects on increasing V..
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working tetperature, Isc will increases. In another ways,
increasing output current will leads to decreasing of PV
output voltage, which PV output power always decrease at
higher temperature. On the other hand, from Fig.5, the
increasing of solar irradiance, Isc of PV will be increased,
and the maximum output power may increasing. This
means that open-circuit voltage is logarithmically depend

on solar irradiance, and the short-circuit current is directly
proportional to the radiant intensity.
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PV Module

4

s

Current[A]
\

o 5 o 15 2
Votags [V]

Fig.6(a). I-V output characteristics of PV module

i
ot : A
15 ]

10
Valtage (V]

Fig.6(b). P-V output characteristics of PY module

In PV module, there is one path available for conduction
current due to PV cells that connected in series, therefore #,
= 1. The number of PV cell that connected in series in this
PV module here is 36, hence n, is 36. Therefore, the
simulation result the I-V and P-V curve of a PV module are
shown in Fig. 6(a) and Fig. 6(b) respectively.

Table 3 shows the comparison between the simulation
result of PV module model and its electrical characteristics
(MSX60). It found that the error is acceptable thresholds
and the simulation result the I-V and P-V curve of a PV
module are shown in Fig. 7

It

4. SIMULATION OF PV SIMULATOR
4.1 Simulation Model

Fig.8 Block diagram of proposed PVsimulator

A photovoltaic simulator that emulates the output
characteristics of photovoltaic modules can be used in
replacement of an actual photovoltaic modules [6]. The PV
simulator is mainly consists of a DC buck converter and a
control system which is using dsp board implementation. A
current transducer (CT) was used to detect the output PV
module’s current and then sent back to the DSP controller
board in order to calculate PWM triggering signal for
IGBT of the DC converter.

In the further works, real time hardware has to be
acomplished in order to produce external output aspect
following the I-V characteristics of such PV modules.

However, in this paper, PV simulator is modelled using
MATLAB/Simulink program. By which, PV simulator that
comsisted of a DC buck converter and a proper feedback
control scheme as shown in Fig, 9.

Povar (W]

Cunert [A]
-
T

10
Volisge [V]
Fig.7. Simulation result the I-V and P-V curve of a PV module

Table 3. Error of PV module model

MSX-60 | Simulation Error
P.(W) 60.0 60.47 0.78%
Val(V) 17.1 17.08 0.12%
1,(A) 3.5 348 0.57%

153

Fig.9. DC buck converter and a PID feedback control scheme
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4.2 Simulation Results

4 T

i
i
i
P

== =1V Buck 0.6 SUN

:
,
i

:
;
Ie

.

|

i

1 i
5 [

: * :
Yettage [V]

Fig.9 1-V curve of PV module under different solar
irradiance (T=25°C) compared PV based DC-DC Converter

Y Macute 1.0 SUN
o BY Buck 1.0 SUN
PV Hadute 0.5 SUN
== =Py Buck 05 SUN

5 o s 0 2 30
Veitage []

Fig.10 P-V curve of PV module under different solar
irradiance (T=25°C) compared PV based DC-DC Converter

The output voltage of the DC converter based PV
simulator in this paper is designed to be adjusted from 7V
to 22V. In order to test the DC converter based PV
simulator, an adjustable resistor (Rload) is used by
changing the value of resistor from 2Q to 49Q. As shown in
Fig. 9 is IV curve of PV module under different solar
irradiance 25°C compared PV based DC-DC Converter and
Fig. 10, Comparing P-V curve, the mathematical model of
the PV with the DC converter based PV simulator it show
that [-V curve of the PV simulator via DC converter is this
paper is well matching with the of MSX60 PV module
except the small part of voltage control zone of PV
experimental curve need to be adjustment to the I-V curve
with particularly in both different solar irradiance and the
temperature are same.

5. CONCLUSIONS

This paper presents a PV simulator which mainly consists
of a buck converter and digital controller controlled by a
personal computer. According to the application
requirement, the hardware of the PV simulator is designed.
Based on design in this paper the output characteristics of
PV module working under variable sunshine intensity or
temperature are simulated. The simulation results confirm
that the PV simulator designed in this paper is well
matching with the actual PV module except the small part
of voltage control zone of PV experimental curve need to
be adjustment and the work done in this paper important to
experimental foundation for the actual application of PV.
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Aman : suudiasueAauaeIng (PY model), Trasvsaatase1iing (PV simulator), WUaausaduag
(DC Converter), nysmavmunisileunay (Feedback control).

Abstract

In this article, mathematical model of PV model is investigated in order to study the
affection in irradiance, temperature, parameters to the PV’s ouput power. It will lead to analyse
and develop the PV simulator. By which, PV simulator is utilized by DC converter circuit with a
current feedback control. This may be useful if is possible to implementing into a real world PV
simulator. In this paper, PV simulator is modeled using MATLAB/Simulink program, which is
composed of DC converter and a proper control scheme. From the simulation results, it can be
observed that |-V relationship of the PV simulator is quite the same as of such PV mathematical
model. This means that, it is possible to build a real PV simulator in commercial in a further
work.

Keywords: PV model, PV simulator, DC Converter, Feedback control.
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gt 1 nunenssynliinedieei MSX-60

Solarex MSX60 (kW/m’.25°C)
Characteristics SPEC
Typical peak power (P,,) 60 W
Voltage at peak power (V) 171V
Current at peak power (I,,) 35A
Short-cireuit curent (L) 3.8A
Open-cireuit voltage (Vo) 211V
Temp. cocfficient of OC voltage () ~T3mV/eC
Temp. coefficient of SC current () SmAC
Approx. power by temp. -0.38W/°C
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¥ Mazuds
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gﬂﬁ 2 wuudnass Simulink w84 PV Ill%ﬂ

EULLUUﬁ"IﬁBWiE}x‘IL“Maélkﬁﬂa?ﬁﬂﬂﬁgﬂi“ﬁuﬂﬁ
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maaﬂma‘[‘iﬂ'anmiﬁisqﬁauwﬁ'lﬁ MATLAB /
Simulink tduTUsunsudivInAINT s Laway
wsadlulih Tngnandine firlvealugada Isc
= 38A, Voc = 21.1Y, B = 3mArC o = -
73mV/C N = 1.2, Is = 100nA wazlunisdinas
PV Tu@aﬁ'ﬂmﬂmiﬂ%’uLﬂﬁlﬂuﬁi‘lﬁmﬂwmmi

= o o <
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guﬁ 3 (2) IV Curve samswasusm N
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MSX-60 | Simulation Error
P.(W) 60.0 60.47 0.78%
VaulV) 17.1 17.08 0.12%
In (AY 3.5 348 0.57%

4. n1IAnaes

4.1 LWuudnasg

(R i o el s i s 1
The power cireuit 0

AN N
% 5 n

Voltage V]

]

Ul 6 () 1y Curve siamswldsuen T Q)

2ap

0]
Horaga V]

E‘Uﬁ 6 (1) IV Curve saniawdeud A

Tu pv luga Rediuwienldladmsunis
o " P ‘
u"\ﬂ'iﬂtl.ﬂlﬁ@ﬂu']ﬂ”lﬂL'ﬁﬁﬁhtﬂ\ia']'ﬂﬂﬂ WL'T]E]HFI'81’1J

Uil 8 ulienlaevunsuvasmsdiaas PV

2an

w o ° - “
YAgunTH A3t NP = 1 Siuiusaduasa1fingd

AT TR R ey A s TIenFuA et wos e g o

AAEREETAREART A INENE T

-212-

162



E-METT 2015 Energy Sustainability

mTlsr TRt I MR ASed 11

11" Conference on Energy Metwork of Thalland

Msd9rasasaduaIfing 1\un1sitane
AnvaEMISsoNTeILRIwadLaIa Al Tun1s
WasuknueaduaeindiAntues [6] N5
Tevaduaning drulvaiusznoudienas
waasaduRE uasssuumuANlan sy
vasaauAy DSP fhsstadudyaanszua (CT)
unldlunisamedunszuaodnaveiisad
uadoiied uidinduludiuesnaiuay DSP e
ﬁflmmﬂﬁaémmgmmmﬁ%?glwLﬁﬁ"L'lJvﬁﬂ IGBT
BBINVIUUAIUT I URT

iluddudall Asthunldnuivensaws
W34 WpwSsuifisunisdensnveariiddlnda il
seRuanwuznnliieunasaduaeing
Mnan

mssasduummani ssdunssaadasls
Tusunsu MATLAB / Simulink uazta3asiionie
MannlszAsUAUMNITLU AL URTLAZLUUAS
mumumstaunduiivanzaudeuanddusud 9

?‘ﬂﬁ 9 LUURITASAIUAL

17 - 19 digneu 2556

4.2 NAN1531809

) =

s o 7€
Vetags V]

U7 10 wules 1V vaaiwaduasaniindneldsed
uanaAndAuans1aiu (T = 25°C)

) . - T

(] B ]

Vnmﬂ;ﬂ\ﬂ
FUT 11 14ulAs PV mnawadumeniindnneldsed
uasandAuannaiu (T = 25°C)

LsafuaenneeNaTUaIL I UAd anms
Jraee PV Tuunamuilliinsesnwuulaems
Viuamussduan 7V fs 22V wagdadtuniuliu
(Rload) Usuan 202 fla 4982 Tugu 9 (Hudu
s 1V seasaduasaniind el dsainarendingd
wananfy wdgamadaciifi 25 ssnnemden
WinuiaufuskUAMSIFUAE wazsudt 10
wRsuWeulds Py, Srasmendnmaniuos PV
TR TRURILTIFTURT AUMshaes PV wand
Tdiudnsan 1V vaanrsdaougaduasoniing
furaanA UL 99 suUaus IR uRT vos
iwadLaindsu MSX60 Tuumanuiliamnnis
Frandldiduldnsmiidioudu snviudnndn q
1937901 dulde luudiiunisaivaudiu
wsduldh azanalinsuiudulds 1V uazpyv
fae vaviassdiiduatninduandraiuuas
gamgideil

AAEREETAREART A INENE T

e

-213-

163

AT TR R ey A s TIenFuA et wos e g o



E-NETT 2015: Energy Sustainability

P R WV ; g4
msdsyAnmaeasoTiendinsaialsnndlng ASeA 11

11% Conference on Energy Network of Thailand

5. 85U

unanuiiiEuen1sanasd PV d@awndng
Uszneudieulaussdy DCDC  warAIunAy
Ameamunulngauianesdiuyana nsen
wuumumMsUszg ndldensawasveauudiass PV
3
nseenuuuluumanuidudinudnuarnisds
¢ Ao v
wiinnresluga PV vihaumeldduusanu
Wurpwmefinduazammgi n1sdaosuuld
Twamnnsdiasuazluna MSX60 Tuunaa
& 3 vy sy s [
Twavnnsdraeddiduldnsmndugiduogad
gniudndn q eesveadulds luvinanis
pupuauussiuliih axfedinisuTuiduléa I
;
VoowazPVv e vesviaaesafeduasendiag
unnsnafuuazoamalifeniu

nsnaRpEaRuAETRg uneawiifesnis
AFUTULA mewuﬁﬁﬂuwmmﬁlﬂuﬁuﬁmﬁ
ddlunismaaesdmsumyvszendlinuais
YIGAGUAINTING

6. 1ONEATTENIDY

[1] Savita Nema,
Agnihotri. 2010. Matlab/simulink based
study of photovoltaic cells/ module/

RKNema and Gayatri

array and their experimental verification.
In International Journal of ENERGY AND
ENVIRONMENT. Volume 1, Issue 3, pp.
487-500.

A. bilsalam, J. Haema, |. Boonyaroonate
and V.Chunkag. 2011. Simulation and
study of Photovoltaic cell Power Output
Characteristics With Buck Converter Load.

[2

Lo

In 8th International Conference on Power
Electronic-ECCE  Asia. The Shilla Jeju,
Korea, May 30-June 3, pp. 3033-3036.

17 - 19 diquigu 2558

[3] Pilin Junsangsri and Fabrizio Lombardi.
2010. Time/Temperature Degradation of
Solar Cells under the Single Diode Model.
In 25" International Symposium  on
Defect and Fault Tolerance in VLS|

Systems, pp. 240-248.

Francisco M. Gonzalez-Longatt. 2005.

Model of Photovoltaic

Matlab™. In Il CIBELEC .

Huan-LiangTsai, Ci-Siang Tu, and Yi-Jie Su.

2008. Development of

Photovoltaic Model Using

MATLAB/SIMULINK. In Proceedings of the

World Congress on Engineering and

[4

=

Module in

[5

d}

Generalized

Computer Science WCEC. san Francisco,
USA, October 22-24.

[6] Qingrong Zeng,
Liuchen Chang . 2002. A PHOTOVOLTAIC
SIMULATOR BASED ON DC CHOPPER. In

Canadian Conference on Electrical and

Pinggang Song and

Computer Engineering. pp.257-261.
[7

—

Huan-Liang  Tsai.  Insolation-oriented
model of photovoltaic module using
Matlab/Simulink. In H.-L. Tsai / Solar

Energy 84 (2010) 1318-1326.

BATAMYINETAERS UMTINIABUSAIS

-218-

164

AgswaURWIRaBNLay Tag uaTinendoralulad s somndno i



.3 ﬂﬁiimﬂil“]faﬁllﬁﬂ’mﬁﬁgﬁ’lﬂﬂﬁﬂﬂﬁ’ﬂ’ﬂuﬂﬁﬂ!mﬂ ﬁ hlf) ﬁ la ﬁf’]i% aa%n %ﬁﬂﬁ’unm
(Real-time Photovoltaic Simulator using PID and Fuzzy Logic Control)

Y

. 4
® @ ptt TREC-7

NMISUSINANNLNIBUIZINS
lelluuwnw'nunnnnudzmsuumds:mﬁ?nﬂ F'IS\!I"‘I Y 4
111= 7" Thailand Renewable Ener'gy for Cormnmunity Conference [TREC-7)

"MINSOUWE (NENaRINALILL WRWIUNAINURZNSU"

WAVIUNW3ZINS 7 AN
CP TWihauzu

CT ADWSOUgUZU

CF IFoIwAvIUIU

ES NisUs:HIow&wWU

EN AvinoAeuilozuzu

IR u3aNssuwWANWIUNaINU
EM misfomswaswnuluzuzu

12-14 wnrAnou 2557
U uranenAoinaiulagsruvaasSauinduns SngnRadvinana Us:9ouAsSius

165



wTmendomaluladsvusraiaulnduns da

AENITUNM TEVITIAUIARIITAIUVAIY
MsUszgudusBavimsguiuundsumauiguasuwisdssmdlve a3sii 7
wningdemalulagsysseasaulnguns

sheamimendemaluladsvusaadminduns $aiu aupundsnumauuEggTuuvisssmne
g AwmualiinsdausegaduuidNunTsURUUNE UL T suuaUsEIndlng et 7 (The 7"
Thailand Renewable Energy for Conference: TREC-7) sywinefufl 12 - 14 NOFANIEY W, 2557 U
wnfingrdemaluladsisuseadaulnduns menantelnadng suneiaifiu Smtaussaufidus lned
Tnqusvasdiiloliindde 98a dnfine sedudadinfnu Taflonaueuninaniifeguanmaivins was
uanAsuemwUsraunaifungide Bnindunisaiaeietemauauiofunisidesmiuaiodenis
Wesgdududinfnyannieusn

o ¥ daw o oo Y P 9 ¢m &
gty dislimsdiiunuduluimeemnuieuiesuasussa Tagusvasd Jaunsianasnssunts
AvssnandfinsanunanimsussrudinuldRnnssUsuundunumaunugr suuisUssinelng afei 7

o
=

1. ANENTINNNTONUIENS Usznausing

1

N Oy W N

2. ARENTSUMSANTANUVIAN Usznaudae

)

0 ® N RN

e
= O

e N T =
U RWN

o8MIUA

se.a5. 8989

. 39998NIUAReANIIaridY
. WENAPNNS W LNALTE Y T ssinelng
. HneeBnsuitheideuasu3nsivims
. HneeBnsudshednnisuaside
. fgunenisan1iiTeuas i

. segduemsaniiideuasianrhedaetuaide

WA e aivendesaensen

Us¥sunIsung
ATFNAT

ATINAT

ATINAT

ATINAT
ATTUMTUALIANIUNT
HHegauynTs

wimnendemaluladsvseaaulnduns
wMineaemelulagusnatiyus

iminenaemalladuuseasyus
inTinenaemalladsvuseasyus

=

]
=

A}

WIS
wingdemaluladinusnasyy
wimvendemalulagssseasyy
wngdemaluladienatyy
WInedesuigae
wmivendewellagsmseasyys
wimiendewellagssseasyys

wnminenaemaluladsvuseadeany

afll all and

e Vedld foiady
ueLasngualvul  gifnAfiue
HeLAT. RS U&snans
Nﬂ.ﬂi.qmﬂq%é UszennuAa
weLasAnuna T
HeLes. e o3 e
AT A5Y Tsensund
neLaTaTIY  aeUsd

- weasasded  windes

. wAAs.dn3 EEnNHEH

. NALAT.EUY Bonn

R RV ngeIeal

. nAATRUANA wonysnig Tl

. HALATANEN WREAUTA

. HALAT.AUNDS False

wiminendemaluladsvseaaulnduns
wiminendemaluladsvaseasaulnduns
wiminendomaluladnuuseasnulnduns

166



17.
18.
19,
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33
34,
35.
36.
37-
38.
39.
40.
41.
42.

43

AT layend
Al
AvAUR

5. ARG
A5.9n3NEY
A%.50N
f5.Us¥a
ERATE )
A5.udtY
A%
A5.77308
AT.ATNAN

5. fname
A5.8077
AvaRae
Avgste
As.ouaTHl
a%.6ma

a5, 5580
as.Uszemlun
ERIH
av.5Udl
819158191AY
a191380RAT
DRRECIRATA
0191583 dlenen s
o1ty

sapauglvl
asaiusng
InegBued
Funind
faves
Besetena
Buseed
e
ueiluh
Alanseans
NI
LTEgNITA
Hgo
Wi
= s
aFalde
NaIENT
o ¥
Junied
o §
wasUsyany
21AEUINT
WA
Tvmaam
AR
Tauars
297ty
0301
Leana
b
Tvatie

o ¢

yeyUeiml

wimnendemaluladsvaseaaulnduns
wimnendemaluladsvaseasaulnduns
wimnendemaluladsvseadaulnduns
wimingnaemaluladsvuseany Tuoen
Wwinendesuigfiyaasesia
WIMINedysTIUMans
wminenaemaluladsvuseadeany
WAMIINGEEULTAT
WWMInedeinwaseEns
Wwinendesudgaii
antuiauesvgiauaemeluladuusuumaede
WInedessigeassiil
Wiy Tyl
rudmelulaBlavisuas Tauviand
WRMINGNSEULTAT
wmendesuig degl
LIMTANYG LR ENTAM

AN IANSTUWAITR (BIANTSUMIT)
wimnerdemeluladsvseadaulnduns
wimnerdemaluladsvseadaulnduns
wimnerdemaluladsvseadaulnduns
wimnedemaluladsvseadaulnduns
Wwinendesuigaiin
winendesudgaiin
wimngnaemaluladsvuseandide
LIMTANENSELAENT AN
wmnendemalladnvuseasaulnduns

167



a13U%y

anvuinnssanasunaun (IR)

O-IR01
O-IR0O2
O-IR03
O-IR04

O-IR0O5
O-IR06
O-IRO7
O-IR08

O-IR09
O-IR10

O-IR11

O-IR12
O-IR13
O-IR14

O-IR15
O-IR16
O-IR17

O-IR18
O-IR19
O-IR20
O-IR21

0O-IR22

O-IR23
O-IR24
O-IR25
O-IR26
O-IR27
O-IR28
O-IR29

O-IR30
P-IR31
P-IR32
P-IR33
P-IR34
P-IR35

mseenuuuLarRsRsuumalladfnraudwiuduaesilusanelne
wdosushuuuwdend

Lﬂ%aawaauﬂLmummwmﬁmﬂwmwﬁga
AMavndeUALSSALLIBLATD UL A uLase induuuglusdan dunedu ol
gostudmiueuuiiui
msousislunseui oo UL s uae Tindkuumay
Buasluinnsvuamssuudlduvdsdng 2 ssuy
wudassruduuastevamdal Ui mas uLasefing

pasdnuad e iiduovaildeueonludiiinsfusniynvuviessaidoy
dieldiushiuadorfing

msioslandladldndanufetanin
msiasasasuaefiadianvdnmsiounduiuy @ lo # way Hed aoln
Filaviunan
winnssunsuaaiiswfteueadeueonladdmiunsuinlulefisasinden
wamt,um;jmﬁaﬁya

s lssouwiedulzselagldnwasaunawe findsas

i eseuwindseunasenfinduumdnideldounsdiulaviaguay
msduasvinaigatiendnualanduriduialidelflumadumeding

LD EGLOH IR

nMsvpdeuaNsIauzIRLu U anwinduasasldTueens
iiospunianden o aduuudou
mseeniuufoustinuiusuvanseutuadndviuiamvicymlag 1§

B mdudowas
nsfnsmsldszuvlnimdsnuiaenfadlaglidudunesines

Solar Concrete Wall Collector
Asfiueiesfuomendaulnivnvaduaeinduuudasy
msaneiosiidendauluihminisous suefsansedsldsng

4,000 T Mpsiewmoilninsuaadu 3 wa wuuddasdativdeda

Smart Selar Farm Concept and Implementation for Improving Photovoltaic
Power Generation

mssenuuUlavadeeseuwonuy i e teu
mafiufndanulnianmsduaniion

AswAnF s uirdssnadesr UL Raaes
msienaiassnundminiureusiesiifuildiveudidnvin
msfinuBammaoafuuuuAsiuasnusuulu U Rndldonalouuy 4 Su
sansyvuean e sTnauas lufafuiiTieau ssausaeafiuadgUis
ARz nueedtamAwiamswususanasulusaey (PEMFC)
uin 1.2 kw laelusunsy MATLAB
muAnduasdue Tl uuinlsladaudauAavsaule
iesdnnonuasiunauz U SluTRlns T s uiasefind Juumdmdaa
wasunaLnudviuAsdeueunUs e

msuetesgauariagey fganiavetansuludvs i
iwdewmAnTalslazauanndanunaeniindmueudnondnnisues PWM
msvageulsvdvSnuaskansynusednuasagluiniuasluveglisdunadn

168

AuAun el e ogse
WY ViASEsIyEY

AQEAT N9

aigna F3AvSlaana

Ash AndS
dnvtand dglo
Ssfvs viad
5 diaad

Fo¥el viedves
WA slading

nsng Deosdnd

deyvan gUszga
U euszates
wonfesh Wi

SAINT LSS
slue lyguuy

o o

Anf Avsgqusniu
JUWYT Aosuen
V. Veng

DI UEAA

&

fauaus inunswedea
Chanwit Boonchuay

#i¥os U
Als¥mBum ovsailng
waddng Aevy
lofidsd AShuna
lusl wasensa

a a a &

Anf dafls

Wi whauna

Ui dudilaua
a3uns wnay
uga gassained
s :
353 guMm
o «
s Buensual
Weda Juaoy

Wi
476
483
490
496

502
507
514
521

527
533

539

545
549
553

558
565
871

577
584
592
598

605

612
620
626
634
642
650
656

663
669
675
683
690



' ol
. MSUS=UANNU@ITINN 1S
TREC- L FUIUUWS I TUNOUNUFINIUIHIUS=InATND ASaf 1

The 1" Thalland Renewable Energy for Community Conference

LT S A TR AL N T U TS A N JAU AT T ST ST YA AT STV ST AT T SN T U A T A T S AT T SRR S R N P

O-IR10
2 'S & = - o o = = &
msdnaesraduseisdioudnnisdoundunuy W lo & way Had aedn aliadunen

Real-time Photovoltaic Simulator using PID and Fuzzy Logic Control

i sianidnn ' uas Sy nindRol
Yo Amnsranaad sninedomealuladaeedon 12110
E-mail: lee eei@hotrmail.corn; wanchais@en.rmuttacth

undnte

amAfeiiauenanisrUuumasa adtun A n suauasussu i s af AT e Bl asd 1 s
#1979 15 Avdines nuvgidnsswanden udy Teonsldlusunsa MATLAB/SImulink Sasaduesanfiadlrshlufidneasnis
e lidady fidmatediiunAesesioaesiusm maddodlvaiutusuohia o Jofuuuinis Real Tme PV
Simutator) Tromsdssgndldneasudasfudddlsuuismameuusdu (00 Budk Converten @eflnamsrimihmmaiinonssdu Fui
pduliiterdositnsmuauuotoundy sellumemadandunsafuuudasnsaduas AedlagEaunismiadeen sadist
AYITUINTTHAUSN B A1 JUD0saua D 1Tae mnﬁﬁdﬁmimﬁ”ﬁmiﬂ’mﬂmﬂamﬁwmixwﬁﬂaauﬁalﬁlﬁnmﬂﬂmmﬁmmh‘
sz amindfustusadumadadiEdunniaa shifiimsoundusunalinsussgndléfuoy PD Control uag
Fuzzy Logic Control

AR FWFVH%.IL“V’J’S.ILLHJ, Fimmwﬂﬁ“umﬁmﬂumﬂé’am

Lumin
v Fow '3 P T w, . o = & v = A, = !
Tudagtuimdirunawmsnsaduamofadd o dundaniilanliaiuads onifhudauiiarorauesduiassde
Buswndas uiifadfialunisihunldou fondumilimiesnsasaduam Radfdelddelled Sullasnunnsudoundan e
v s ] = i3 = av Ja = s s ST ¥ &
windes SalluansevulaonssonimBalafimausessfuaaifed auideldunyiansisvusadiuan fadfohldafady
srUUTIanu U URLUUTLIAT Real Time PV Simutator) Taenisyssansldwasudasdfuidalafl wuun snouwssdiu (OC Buck
Converter) SeligaenTBifhunasinowsaiy Salanudufiiedodmsmunuuundeundy luumesmisziunisaiausasusad
w0 S € oA a o . 5. £ = = o
uasorfsdlaaldrunismedantaafidfofnsanimrusnvusaenseuafiod onudifiosudinseauiounduwe

syuutasaiielilanmansndETunsiulivssdniamlnAfesiueaduaranfiagitanBuiniga
ad E
2.vnufj e dos
11 asswdasdulriinszas sathilvilinssuansauuneus dunssdy
wesanseduLsdulvihannseiassaiunsenasss 1302993 Buck Converter Luasiiildussdainanuasasasitdrdini
s wie nagudbifimaaengsninssuarnd wesdsinglafuwssfuseniimansyionnndanun gy Fufivissgd
soagiuluanssduiaausiunsedionfnoon Wessmouduswsunamasiabiussiumeniimmsilulnsmnng g

ynuseAUL AL waentsiemadufinm

I]
in 3 Y 77+
i L,
- L sV
> :: 2
b3 e
g4 —p
= o W
E‘U‘ﬂ 1 NIVDUTEAULHAU
s oA Rl aalian
ninendmmaluladsiansnasaulnduns 12-14 WoAINIew® 2557 533

169




MSUS=INaUNUETTEINS
SULUUWANTUNOUUFINILHIUS=nAlne ASafA 1

The 1" Thalland Renewable E ity Canference

R e R A L A R L L M S P A A L S A

v
D=—=2 (1
. : V:)’l
aundmnadarEmte A dnl,., ) dan
1-D).R
bri :! (7}

‘min 2f

o ‘oo = p g = o
gunsAmrd L iul sydlddasseaanadu ewin

Cfi(lfD) @
n AV
8Lf ==
4 1

o

12 sruusuaudsundunuuiiled

[———y

ey =i w s el oo e e
Fmsdldlumsasnuuuimuguuuoiled Mihitoustey 2 38e
121 ssuumuauuuuRdn (open Loop Control systern) Whimsldnunsal Controller v3a aulnsalnsssu (Control
Actuator) LialAlinTsa susuasidasms ndliduansaausuasiasss vuiingnisiiansan
1.2.2 syueuRusuURRvEsssuua uRHLUUtaundy (Clesed Loop or Fesdback Contrel Systern} 3suangi 14310
= da = ® iy & e & o ' = & = TR & a = s
ssuumuRuuundafide  dnsbieweilduinnssrunsleundunndndudnmiloasdogaisdad i duiuniesWiduss
Dy e : o B v ¥ 3 R 3 g 5 - oo =
aungeidlailanuuandssewinsamsaes Aniuaiegliindwammussssuuiulusaugoants enadenlddondieuquivensea
123 meeauguuuy # 1o & vie PID controller utiaandhusugm fa
1231 Proportional model of Control (P-control} wiadisumikuusagi Taen1adiud1dasmens (Gain)
o 5 . ;
Tigadu Fragsiilileman mmeummpeilody
1232 Integral Mode of Control (I-Control) wiadaauenuwuudugnga aaldrnior) lwsdosfuen
sagrens Iy e waysETTame steady state eror 1@
1233 Derbvative Mode of Comol (D-Control) wifedmuruuuuaiiug vvoanuanousuoeiiu

overshoot Tuszuunda Slissuuiladosnmmniu

1.234  n1sUiuwi pararneters w04 P, Pl e PID 41 2 Snundd

Cpen Loop weldmatdasuau P, PI, PID a1ua731

Ko T Tel
P /AL
Pl 0.9/FL L/0.3
PID 1.2/RL 2L 0.5L

Closed Loop vladTuasdasauen P, PL, PID #3013

Ko Ti Td
P 0.5/Ker 5
Fl 0.45/Ker 1/1.2Per -
PID 0.6/Ker 0.5Pcr 0.125Pcr
Ker @ Critical Gain w30 Ultirnate Gain : Ku
910 PID Transfer function ﬂ‘wﬁ:iﬂﬂuquﬁlﬁumiﬁu‘iwwmﬂwﬁﬂamﬁfﬁa
Ki=0.2; Ki=0.5; Kd=0.2
saal aminendemaluladsransnasaulnfund 12-14 WEAINI8W 2557

170




NS N AUUN@ITEINS
SUUUWEITUNOUNUEYNEUIKHaUS=InANG ASaA 1
The 7" Thailand Renewable Energy for Caommunity Conference.

LT S A TR AL N T U TS A N JAU AT T ST ST YA AT STV ST AT T SN T U A T A T S AT T SRR S R N P

3. msvssgeu
Anrstanenisdu s ssestaaldlsunsy MATLAB/SImutink Tregtyanamuguezgniudoududygnausu Sanlugues

aSredan P 18amdladadoddutuinanisteue: IGBT Tungsvauss AULRAU AR UANY T BIN IoNE  WIHY
v

€ a € ;& ] . I - o = a g [ .
Elldammnmsdfrumosadiasanding Tuiliaenadnseonwudluduanmoding Taslasainnddedulassenoulude 2 dm
# duntasusaduaiandadinalUsunsusanfmes wesSnsnfonasmeussiuwnduifinaiudendedunidadua fis e
e, . v w = = ' =t =t U o -4 o =
ildgnsaiwdnaafmnzarlunmaseunistelnes Sasdeulingluguuuuhaa s guis

31 ahwuiwewuademaaduoiwadiaofiedieldlauna MATLAB/Smulink fguUf 2

< o a a
Uil 2 uwudreaemn e daean Svanduasn Ao

upLwasiwon Madasnsadiaedaloamslalanlugrund desmnis @)

V+I:R VF+I:R
I=1,; -1 equ( a\ S)—l —( iediic)) fa}
NAET R,

u sy v w2 v, D] P = v
wanTEMUIInILfuameandad Wientusiuiy o suabiladuaandiuasnidad aunsodouldfaanis (5}

1, :[1“ +k, (T—r;gf)]/l (&)

wanIznutngaml nssualiiid s dusefedesusanug g ituRous ady luune i s fulsihosanaadlon uunfilidage

sindu anansaniouldsosanis (6)
gV

=1 (f)exp| — |-1 6}
(1) el
[, Y

|

W reanE # 4
el i .

R s
c AT

) a o 2 o a
3U# 3 unawaduasarfisddasdlindnn 1svosneoueiuLIA

L S S A VT S S S S O S T A T VA T T SR T S S A T S

12-14 WiAINEW 2557 1535

andnendenaluladsianinasaulnduns

171




= 4

& | TRec-7

LT T VAT AL N T AL T VA A U YT S ST T U T ST AT T ST T A L D S D AT TR SR T R T

MSUS=INaUNUETTEINS
SULUUWANTUNOUUFINILHIUS=nAlne ASafA 1

Thailand Renewable Energy for Caommunity Canference

Typical Electrical Characteristics of Photovoltaic Modules Solarex model MSX60

Electrical Characteristics Specification
Masdrmum power (Prnas) 60 W

Voltage @ Prmax (Vmp} 17.1¥

Current @ Prnax (Irmgp} 358
Guarartead minimurn Prnax 58W
Short-circuit current (Isc} 2,88
Open-circuit voltage (Voc) 211V
Temperature coefficient of open-circut veltage —(B0=£10IMV/°C
Temperature coefficient of short-circuit current (0.065+0.015180/°C
Temperature coefficient of power ~{0.5£0.05)%/°C
NOCT (Norninal Cperating Cell Ternperature} 47+2"C
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MSX-60 |-V Characteristics
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MSX60 Simulations Deviation Target
Praix (W) 60.0 51.% 3.5% 5%
Vmax (V) 211 200 5.2% + 5%
Imax (A) 38 355 13% + 5%
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msai 31 qaidnuaznalilihves SOIAEX §u MSX 60[3]
SolarEx MSX60 Specifications (1kwim?, 25°C)

Characteristics Spec.
Typical peak power (Pm) 60 W
Voltage at peak power (Vmp) 171V
Current at peak power (Imp) 35A
Short-circuit current (Isc) 38A
Open-circuit voltage (Voc) 201V
Temperature coefficient of open-circuit voltage (5) - T3mVI°C
Temperature coefficient of short-circuit current (c) 3mAIC
Approximate effect of temperature on power -0.38W/°C
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mei 4.1 wanSoufiounuusassiumamanvae SOlarEX su MSX60

Value MSX-60 Simulation Error
Prmax (W) 60.0 60.47 0.78%
Vi (V) 17.1 17.08 0.12%

Imp (A) 3.5 3.48 0.57%

4.3 mamsnaaeuunraduaInINAgS 1@ BRI
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adiamanivousaduaeting azdaufioglu STM32FA controller azvimmiiisunmusedy
$rsedmsunsimuanian lmialiuassneuszaunsadu (BUCK Converter)Tag?4

Anszuauazussau liihueenvesneunedmesiudyaamdunald STM32F4 controller
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Waijung: 15.04a
Compiler: GNU ARM
MCU: STM32FA17IG

Auto Compile Download: ON
Full Chip Erase: OFF

Auto run app: ON
Execution Profiler: None
Base Ts (sec): 0.01

Target Setup
ADC Module: 1
Qutput Data Type: Double AN1 TR
Ts (sec): -1 fon
MATLAB Functiont
Gain1
Volt Sensor ADC ; [[\F}eﬁul(zﬂr ng)
Input: Volts (double;
Rl Viref (V): 3.3
Isolation(min 0 - max 1) Ts (sec): -1

Vout to Signal condition DAC

PV Module

ADC Module: 1
Qutput Data Type: Double AN3 Ty
Ts (sec). -1 fcn

Current Sensor ADC1
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ms1an 4.2 wansnadeuusasadudieiag o iurari A=250W/m?, T=25°C

monmsuuudiaes  mildonmmasewuy  mildonmsnasewny  anwamanageu (EMON)  anwnarandew (Eror)
(Simulation) Tugimsaugu niiled Tasimsnaugu uwud i 1o A
VIV)  1(A)  PW)  V(V)  I(A)  P(W) (V) I(A) PW) V(%) (%) P%) V(%) (%) P(%)
0 0% 665 715 092 658 703 0% 668 214 316 108 043 000 043
5 0% 713 750 092 6% 751 0% 713 000 316 316 013 000 013
60 0% 760 800 092 736 802 0% 762 000 316 316 025 000 0
65 0% 808 8% 092 /8 849 0% 807 024 316 29 012 000 012
90 0% 8% 905 092 833 901 0% 8% 05 316 262 011 000 011
95 0% 903 959 091 873 952 0% 904 09 420 330 021 000 02
100 09 95 993 091 904 1003 094 943 070 421 488 030 105 076
105 09 998 1048 091 95 1052 094 989 019 421 439 019 105 086
110 09 1045 1105 091 1006 1103 094 1037 045 421 378 027 105 078
115 09 1093 1139 091 1036 1150 094 1081 0% 421 513 000 105 105
120 09 1140 1197 091 1089 1199 094 1127 025 4201 445 008 105 114
125 0% 118 1232 091 1121 1253 094 1178 144 421 559 024 105 08
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m31an 4.2 namsnageuururadiaseindhasaumuiunani A=250WIY, T=25°C (so)

ﬂ'ﬁnﬂﬂYi!!‘]J‘]J‘ihaﬁN

V(V)
130
135
140
145
15,

(Simulation)

1)
095
0.94
0.94
0.94
093
092
0.90
087
083
076
0.6

P(W)
123
12.69
13.16
13,63
13,95
14,26
1440
14,36
1411
1330
11,88

T
Taigimsnaugu

V(V)
1327
1362
13.98
14,0
1497
15,70
1616
16,62
17.14
1748
17.90

I(A)
091
091
0.90
0.90
0.90
0.90
0.88
0.5
0.0
071
060

P(W)
12,08
12.39
12.58
13,14
1347
1413
142
1413
1371
12.41
10.74

V(V)
1302
1351
1400
14.49
1502
1553
1600
16,52
1700
1748
17.99

ni'led

I(A)
0.94
093
093
093
092
091
0.89
086
082
075
065

P(W)
1224
12.56
1302
1348
1382
1413
1424
141
13,96
1311
11,69

Tagimsmugu
V(%) 1(%) P(%)
208 421 22
089 319 233
014 426 439
069 426 360
020 323 34
129 2171 04
100 22 14
073 230 159
082 361 282
011 658  6.69
056 909 960

V(%)
0.5
0.07
0.00
0.07
0.13
0.19
0.00
0.2
0.2
0.1
0.06

= A =
wuudi i 'le @

1(%)
105
106
106
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108
109
11
115
120
13
15

mildannisnasewuy  aildanmsnaseawy  awmamnaeu (EMMor)  axwaaanadewu (Error)

P(%)
090
09
106
113
0.94
090
11
103
109
143
157
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Compair Current (A=250W/m?; Temp.=25°C
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Compair Power (A=250W/m?; Temp.=25°C
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Compair Current (A=250W/mZ; Temp.=25°C)
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€07

ms1an 4.3 wansnaaeunmusadiasofindsaoauuiiunaii A=500 Wim? T=25°C

ﬂ'ﬁnﬂﬂYi!!‘]J‘]J‘ihaﬁN

mildannisnasewuy  aildanmsnaseawy  awmamnaeu (EMMor)  axwaaanadewu (Error)

(Simulation) Tugimsaugu niiled Tasimsnaugu uwud i 1o A
VIV)  1(A)  PW)  V(V)  I(A)  P(W) (V) I(A) PW) V(%) (%) P%) V(%) (%) P(%)
0 1% 133 709 18 1297 710 189 1342 129 368 245 143 053 089
5 190 142 743 183 1360 745 189 1408 -093 -368 458 027 053 -119
60 1% 1520 801 18 1458 803 189 1518 012 420 409 025 053 -0.15
65 1% 1615 858 181 1553 854 189 1614 094 474 384 047 053 -0.06
90 1% 1710 897 181 1624 889 189 1680 -033 474 505 089 053 -L74
95 1% 1805 951 181 1721 95 188 1795 011 474 464 042 -105 -0.53
100 19 1900 999 181 1808 1001 188 188 -010 474 48 020 -1.05 -0.95
105 190 199 1050 180 1890 1049 18 1972 000 526 526 -010 -1.05 -115
110 190 2090 1105 181 2000 1103 188 2074 045 474 430 -018 -1.05 -0.78
115 190 218 1140 178 2029 1154 188 2070 087 -632 -113 123 -105 -0.71
120 190 2280 1197 175 2095 1200 188 225 025 -789 812 025 -1.05 -1.05
125 190 2375 1242 172 2136 1249 189 2361 064 947 -1005 056 -053 -061
130 190 2470 1300 179 2327 1320 189 2495 000 579 579 154 -053 100
135 189 2552 1335 176 2350 1335 187 24% 111 68 791 000 -1.06 -216




y0T

m31an 43 namsnaseuumawadiaseindhasauusiunani A=500 Wim? T=25°C (so)

MmaInmsuuDsIaes  minldenmsnasewwy  minldennsnasewwy  anwmamnasew (EMMOr)  aawaamnadewu (ErTor)

(Simulation) Tugimsaugu niiled Tasimsnaugu uwud i 1o A

V) IA) PW) V(Y)  IA) POW) V(Y) 1) POW) V() I(%) P) V() I(%) P%)

140 189 2646 1414 176 2489 1413 187/ 2642 100 -688 595 -007 -106 -0.14

145 188 2726 1458 173 2522 1452 187 2115 055  -198 -747 041 053 -0.39

150 187 2805 1494 170 2540 1497 187 27199 -040 909 945 020 000 -0.20

155 186 2883 1559 168 2619 1545 185 2858 058 -968 915 -090 054 -0.86

160 184 2944 1600 167 2672 1602 184 2948 000 924 924 012 000 012

165 180 2900 1673 166 2777 1644 180 2959 139 -178 649 173 000 -0.36

70 1 297 1699 166 2820 1701 174 2060 -006 514 520 012 057 051

175 167 2923 1745 157 2740 1751 166 2907 -029 -599 626 034 060 -0.54

180 154 2772 1807 150 2711 1802 152 27139 039 260 -222 028 -130 -119

185 136 2516 185 127 23%6 1847 13 2493 027 662 637 -043 074 -090

190 111 2109 1904 114 2171 1901 109 2072 021 270 292 -016 -180 -175

195 076 1482 195 064 1249 1950 05 1463 010 -1579 1670 010 132 -132

200 032 640 1985 025 49 1992 032 637 -0/5 -2188 000 035 000 -040




Compair Current (A=500W/m?Z; Temp.=25°C
=m@==Module Current(A) ====Current (A) without PID === Current (A) with PID
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Compair Power (A=500W/m?; Temp.=25°C
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Compair Current (A=500W/m?; Temp.=25°C)

| = Module Current(A) m Current (A) without PID m Current (A) with PID
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ldmluaisen 44 lugewavesnistaesnunganehiad lvihgsgeve sunaaad

uaeniindae 1AW Aaduiias i i 16.0V nszualviiia 099A (A=250W/m?
,T=50°C)

a QJQd' (D= Y v ! '
N1INea FNG],“H1/1']\1’]J§]”U@‘1/113J115$‘]J‘Uﬂ3ﬂﬂuﬂﬁ‘l_]@uﬂa'U WU31YA1Y
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mynaasslumalianlidszuvarngumsiloundunszualuihan
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ms1an 44 wansnaaeunnusadiasefiadsaoauuiiunaii A=250W/m? T=50°C

ﬂ'ﬁnﬂﬂYi!!‘]J‘]J‘ihaﬁN

V(V)
70
75
80
85
90
95
100
105
110
115
120
125

(Simulation)

1)
097
097
097
096
096
096
096
096
096
096
095
095

P(W)
6.79
7.8
776
8.16
8,64
9.12
9,60
10,08
1056
1104
1140
11,88

Taigimsnaugu
V(V) 1(A)  P(W)
29 093 678
157 093 7.04
806 093 750
859 093 799
916 093 852
948 093 882
1007 091 916
1042 091 948
1099 091  10.00
1159 091 1055
1197 089  10.65
1260 089 1121

ni'led

1)
097
097
097
096
09
096
096
096
0.96
095
095
0.94

P(W)
682
729
176
817
8,65
910
061
1007
1057
1092
1140
1077

Tagimsmugu
V(%) 1(%) P%)
414 412 015
093 412 -323
0.5 412 -340
106 312 -210
171§ 312 -140
021 312 -333
070 521 -454
076 521 -593
009 521 529
078 521 447
025 632 655
080 632 -557

V(%)
043
066
074
093
164
0.00
060
067
0.8
086
0.25
063

= A =
wuudi i 'le @

(%)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
104
0.00
105

mildannisnasewuy  aildanmsnaseawy  awmamnaeu (EMMor)  axwaaanadewu (Error)

P(%)
043
027
0.00
0L
011
021
010
010
0.09
113
0.00
089




607

man 44 namanareuunayaduaserfindaoauniiunari A=250W/m? T=50°C (doe)

monmsuuudiaes  mildonmmasewuy  mildonmsnasewny  anwamanageu (EMON)  anwnarandew (Eror)
(Simulation) Tugimsaugu niiled Tasimsnaugu uwud i 1o A

VIV)  I(A)  PW) V(V)  I(A) P(W) (V) I(A)  PW) V(%) (%) P%) V(©®%) (%) P(%)
130 094 1222 1300 087 1131 1302 094 1224 000 -745 745 015 000 015
135 092 1242 1347 086 1158 1354 090 1219 022 652 673 052 -217 -1.88
140 090 1260 1415 083 1174 1400 089 1246 107 -7.78 679 -1.06 -111 -1l
45 087 1262 1461 082 1198 145 086 1249 076 575 503 062 115 -L0I
150 083 1245 1514 078 1181 1502 080 1202 093 602 515 079 -361 -349
155 076 1178 1542 071 1095 1552 076 1180 052 658 -7.06 065 000 013
160 065 1040 1595 061 973 1600 065 1040 031 615 645 031 000 0.00
165 051 842 1650 048 792 1650 050 82 000 58 58 000 -19%6 -1.96
170 031 527 168 028 473 1703 030 511 071 968 -1031 089 -323 -3.06




Compair Current (A=250W/m?; Temp.=50°C
=== Simulation Current(A) «=t==Current (A) without PID e===Current (A) with PID
1.20
1.00
—~ 080
<
+—
g 060
3
0.40
0.20
0.00
7.0 75 8.0 85 9.0 9510.010.511.011.512.012.513.013.514.014.515.015.516.016.517.0
Voltage (V)

i 4.21 nsl 1V Curve szwharamssiasssumantsnaaes (250W/m? 50°C)

Compair Power (A=250W/m? Temp.=50°C

=¢==Simulation Power (W) ==i==Power (W) without PID === Power (W) with PID

14.00

12.00

10.00

8.00

Power (W)

6.00

4.00

2.00

0.00

7.0 75 80 85 9.0 9510.010.511.011.512.012.513.013.514.014.515.015.516.016.517.0

Voltage (V)

51 4.22 n519l P-V Curve sznananissaessiunanisnaaes (250W/m? 50°C)

A @ Y 3 XK =} 1 1 a J
311015199 44 FaaaalfiiiudamsnSsumeuszrnneamnstmesnia
W#hasrasaazmnnaassnawsaau Il wenig TV-17V eaunsoshundowiu

nsanuduiusnszua-usean luihmnmavesuuiiaes (Simulation) VOUWHUTAA
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uerseriadf lifiszvuaugumsiloundu vasliszuuaiugumstloundunseuduuy i
o 1 1 1 v o Jd o w o

o & aag 4.21 gl 4.22 nswlanudwiug sraaIdh-useauluih idudues @

Wed ag e uaasnnuduiu sz nszua-mas Iih vesnnmsiaes nszua

vinmsnaaewuy liimsarugy uaz Tnsaaugumsdeundunszud awdiay

Compair Current (A=250W/m?2; Temp.=50°C

| m Current (A) of Module m Current (A) without PID m Current (A) with PID
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Ui 423 nslradvesnszuasziianuusiassunanisnaass (250W/m?, 50°C)

UG

= el sl
apa@h %K 045 ~

 Foedback_Cunent
[ [

100 150 200 250 300

msnugunsteunaunszud lwihvieenuesnsneuszay

usasunw i o @ (250W/m?, 50°C)
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519 4.23 namamsnfFeuisuaianuaaiamas uveanszua ihveq

U

1A

n1s Simulation mammmaﬁumm‘ﬁﬂETmehﬂizuﬁﬁ"lwmzuumuqumii’ﬂ@uﬂﬁu
wagiifiszuuauqumsieundunszua liihwieonuuy i lo & uazgud 4.24 Sy
Aredrnesmianaasdyaranszud I nnniwsneouszauns WUz U
awaumsdeundunszualvihviesnuu i o 18 0.3A suiianinmsnaaeii ss

Toviu it Avndunas 250W/me gaimgii 50°C

436 wamsnageuinnuduas 500W/m? gamgii 50°C
nnnsnagou Tagnslasuainnudinmuszrnaa 3Q-45Q 1o

o Pl A ' o ' ' o w A J
il luaisen 45 lugewavesnistaesnunganehiad lvihgegevesunaaad

uaserfindio 26.33W mavuitdwsadu i 15,0V nszua'lvih L76A (A=500Wim?
,1=50°C)

a QJQd' (D= Y N ! '
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e fhgagai 254W Ravuiiaus iu i 15.64V nszualalih L63A dunfufiya
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ms1an 45 wanmsnaaeuususaduaseriadsaoauuiuaain A=B00Wm? T=50°C

ﬂ'ﬁnﬂﬂYi!!‘]J‘]J‘ihaﬁN

V(V)
70
75
80
85
90
95
100
105
110
115
120
125

(Simulation)

1)
193
193
193
193
193
193
193
193
192
192
192
191

P(W)
135
1447
1543
164
17.3%
1832
1997
2022
21.15
2,08
2.98
23,84

T
Taigimsnaugu

V(V)
6.76
733
8.14
870
882
041
1001
1035
1096
1157
1219
1237

I(A)
185
185
185
185
185
185
182
182
182
182
182
180

P(W)
1251
13,56
15,06
16.10
1632
1741
1822
1884
19.95
21.06
219
27

V(V)
702
751
802
850
0,04
048
1003
1053
1098
1148
1202
1248

ni'led

1)
193
193
192
19
19
191
191
191
191
191
191
190

P(W)
1355
14.49
15.40
16,32
17.36
1811
19,16
2011
2097
2193
2.9
2371

Tagimsmugu
V(%) 1(%) P%)
343 415 -1.36
220 415 629
175 415 240
235 415 -186
200 415 601
09 415 -49
010 570 -5.46
143 570 -6.84
036 521 -569
061 521 -463
158 521  -3.46
104 576 -6.60

V(%)
0.29
0.13
0.25
0.00
0.44
021
0.30
0.29
018
017
0.7
016

= A =
wuudi i 'le @

(%)
0.00
0.00

-0.52
-0.52
-0.52
-1.04
-1.04
-1.04
-0.52
-0.52
-0.52
-0.52

mildannisnasewuy  aildanmsnaseawy  awmamnaeu (EMMor)  axwaaanadewu (Error)

P(%)
0.3
017
020
049
002
116
058
053
084
069
009
054




y1T

man 45 naminareuurugaduasorfindiaoauuuiiuaaii A=500W/m?, T=50°C (de)

monmsuuudiaes  mildonmmasewuy  mildonmsnasewny  anwamanageu (EMON)  anwnarandew (Eror)
(Simulation) Tugimsaugu niiled Tasimsnaugu uwud i 1o A

VIV)  I(A)  PW) V(V)  I(A) P(W) (V) I(A)  PW) V(%) (%) P%) V(©®%) (%) P(%)
130 190 2465 1299 180 2338 1294 190 2459 008 526 514 -046 000 -0.26
135 188 2535 1359 177 2405 1347 189 2546 067 58 51l 022 053 043
140 18 2593 1400 177 2480 1411 185 2610 007 432 437 079 000 06/
145 181 2629 1451 175 2539 1447 180 2605 007 331 -341 021 055 -0.93
150 176 2633 1507 169 2547 1499 L7b 2623 047 398 327 007 057 037
155 167 2589 1564 163 2549 1553 166 2578 090 -240 -153 019 060 -043
160 15 2477 1598 146 2333 1601 154 2466 012 581 581 006 -0.65 -0.46
165 137 2267 1639 129 2114 1652 139 229% 06/ 584 674 012 146 129
170 113 1928 1708 107 1828 1702 113 1923 047 531 521 012 000 -0.25
175 081 142 1781 077 1371 1749 080 1399 177 494 -3% 006 -123 -160
180 040 713 1800 035 630 1803 040 720 000 -1250 -1164 017 000 115




Compair Current (A=500W/m?; Temp.=50°C
—@=—Simulation Current(A) === Current (A) without PID ===Current (A) with PID |
2.50
2.00 -
< 150
-
c
o
S 100
(&}
0.50
0.00
O N O v o W o Wmwo W o Wwownwo o Lwmo oW o
~ I~ 00 0 O O O O «+« « N N 0 M < < 1 I © © ™~ N~ ©
4 4 A A4 A A A A4 A A4 A A A A «d -
Voltage (V)

R 4.25 nsl -V Curve szwharamssiasasumantsnaaes (S00W/mM? 50°C)

Compair Power (A=500W/m?; Temp.=50°C

== Simulation Power (W) =@=Power (W) without PID <#~—Power (W) with PID

35

30

25

20

Power (W)

15

10

0‘00‘00")0‘0Q°>0‘90°)0‘00‘00‘96‘00
'\'\%%%%QQ\}\:\/Q/ ,\’,’;’b,\}\v,\‘/v%‘ob’\'\

Voltage (V)

R 4.26 n319l P-V Curve sznananissaesiunanisnaaes (S00W/m? 50°C)

A @ Y 3 XK =} 1 1 a J
131 45 duaasdimudimsuSsuiiousznieamnsidinesnig
TWihiiTassazmiinaassiinmseau sz TV-18V deainsaiwandowilu
nsmlanuduiusszninnszua-ussau llihnomavewuuiiaes (Simulation) UVDILLA

g A Ay 1A 9 o a 9| o
L“]faallﬁ\i'ﬂ’]ﬂﬁﬂﬂllllll5$UUﬂ3UﬂNﬂ15ﬂGUﬂﬁU Llﬁgiligllllﬂjllﬂilﬂ'ﬁﬂﬂuﬂallﬂigllﬁ
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ued MIed uazdia uaarnud iUz nszud-iaellih vesnnisiass

nszudanmsnaasuy lilinsaiugu uag Insmugumsilounaunszua awdey

Compair Current (A=500W/m?; Temp.=50°C)

| m Current (A) of Module  m Current (A) without PID  m Current (A) with PID

2.00
1.80 -
1.60 -
g 1.40 -
= 1.20 -
2 1.00 -
3 080 -

0.60 -
0.40 -
0.20 -

51U 427 nswlwadaveanszuasznnamuiassiunanisnaass (500W/mM 50°C)

B scope3 -~ P
an@ak HEK Ba s

| | i |
50 100 150 200 250 300

519 4.28 dyanaiinmsnivqumsiloundunszua’liiihneenvesisasnouszau

(4 = =
UIAULTY W lJl’li] A
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519 4.27 nasamsnFeumsumanuaaiamas uveanszua Iihveq

U

1A

n1s Simulation mammmaﬁumm‘ﬁﬂETfTUﬁWﬂizuﬁﬁ"lwmmumuqumii’ﬂ@uﬂﬁu
wagiifiszuuawgumsileundunszualifiwieonuuy i lo @ nazgid 4.28 S
Arednesmianaasdyaianszud lieennniwsneuszauns WUV U
awaumsdeundunszualrihvieenuu i o 18 0.4A suiianinmsnaaesii 45

Toviu finannduea S00W/M? gasnigii 50°C

A < =] ~ @
ﬁ'?l]G],‘LlIW]‘ﬂ 4 WunisnaassazyunnranisnaasalsesuneunurNanis

o J a g’/ { @
ANUUANUFAAUTIDINGY ﬂ@ﬁﬂﬂ%ﬂ?ﬁﬂﬂﬁ@ﬂﬁ?ﬂﬂu%ﬁ@

1) fierunduuers 50WM gaingii 25°C
2)  Aanmduuers S00WM? gainigii 25°C
) e 250WM? gainigii 50°C
4)  famnudunas 500W/M gamgi 50°C

1 v v Y
Famalunisnaasaiuazaszneu e suneunszuanisnienisz Ivandaaua 3-61
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d 1 [} @
Toviu 1 hifimsnwauuazlimsnuaumsilounaunszualWihuuy 4 lo & uaznaves
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nanuaagiledluunn s
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n.1 Mansusiaesnmsmauveusaduasonadlulusunsy MATLAB/SImUlink vewwsaa

uaoriindgu SOlArEX 51 MSX-60

WasFuiassmsmhauve waaduaseiiad SOlArEX §u msx60

function la = msx60(Va,Suns, TaC)

k = 138%

q = 160e%

A = 12

Vg = 112

Ns = 36

TL = 213+ 25
Voc TL = 2L.06/Ns;
Isc T1 = 3.80;

T2 = 213+75
Voc T2 = 17.05/Ns;
Isc T2 = 3.92;

TaK = 213+TaC;
TIK = 213+25

Iph TL = Isc_TL* Suns;

a = (Isc_T2-lsc_T1)flsc TL*1/(T2-T1);

Iph = Iph T1* (1 +a*(TaK - T1));

VETL = k*Tl/q;

Ir TL = Isc TL/ (exp(Voc TL(A*Vt T1))-1);

Ir T2 = Isc T2/ (exp(Voc T2/(A*Vt T1))-1);

b = Vgrg(AK)

Ir = Ir T1*(TakKITL)A3/A) * exp(-b.*(L/TaK - UTL));

X2y = It TU(A*VE TL) * exp(Voc TU(A*VE T1);
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dvdl Voc = - L15/Ns/2;

Rs = -dvdl_Voc- UX2v,

Vi Ta = A*138e-23*TaK/1.60e-19;

f(la) = Iph-1la-Ir*(exp((Vctla*Rs)./Vt_Ta)-1)=0;

Ve = ValNs;

la = zeros(size(Vc)),

forj = 15

la = la-(Iph-la-Ir*(exp((Vctla*Rs).Vt_Ta)-1))./ (-1 - (Ir.X(
exp((Veta*Rs)./Vt_Ta) -1)).*Rs/Vt Ta);

end
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n.2 Meteswazidea M file dwmFvaduaseriindju SOLAREX u msx60 uazamanvas

i Ifhveusaduaserfindwudn (BP Solar's gu SX60 wag SUNSTORE §u Sunstore 60/12)

WasFuthassmaiauveusaauaietiind SOLAREX su msx60 15sustandulae
NS MMUARITIANRI31E, AN NveIa nazgungl vz Idmnszuaee N 1Ty Aus Iy
e 13sdmin 5 V anuduveanaasiiiy 0.8 Sun wazgamgiiniiiy 30 esmusaidoa vz Idiiu
la =msx60(5,0.8,30)

JodunalaiFuiiozannsosmuamanudiveauaa'ldlifu 1 Sun (1000 Wim)
function la = msx60(Va,Suns, TaC)

lafo nszuaeniisd (aray current)
Va fie usasiuensisd (array voltage)
Suns e Auveauera (num of Suns: 1 Sun = 1000 W/m)
Tac o gaingiilda niine osnared
mmﬁﬁugm
k Aanadi Boltzman’s = 1.38¢%

( Ansiitlszqdiannsou=160e”

v 4 Y '
% narasiide T a1l umsdnalasmsasaan@gwm 1000 Wim?

A=12 % Auamesammmveslalen smualiiily 2 iiewaduaeniiad

il wiia  CIystaling uazduilu amorphous 1 mnusiesndi 2

Vg=112; % @1 band gap voltage, frmualiiiu 112V iesaduaseindiiiu

%iiQ crystaling, wagzdwiualiiihi 175V ifleisaduersorindifluaiia
amorphous

Ns = 36; % $auwad neeoynsuluersisd (number of series connected cells
(diodes))
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T1=273 +25,
Voc TL=2L1/Ns;

Isc T1=3.80;

T2=213+75;
Voc T2=17.05/Ns;

Isc T2=3.92;

TaK =273 + TaC:
TrK=273+25:

% Agamgisigaiildunmsd o

% Awsaduvmzilansasiiagamgiisga (0pen circuit voltage per
cell at temperature T1)

% fnszuavazdansasiiaamgiaga (short circuit current per cell
at temp T1)

% Agamgigegaiildlumsdiuon

% Awsaduvmailansasfiagamgiigeqa (0pen circuit voltage per
cell at temperature T2)

% Arnseuavasdansasiiagumgigaga (short circuit current per cell
at temp T2)

% gaingiilFamvesersisdiaduaserdiag (array working temp)

% qaingiicrasa (reference temp)

% iijoussauersisd (V) Sanuilu 0 dwnszuaitidninuaa (Iph_T1) selinwidoanszuavas

anvINAgUNYIdIga

% A1nen @ AedasdIuTTHINNTIAYNZEAIRI I AgUYI

Iph_TL=Isc_TL* Suns;

a=(Isc T2-Isc TOMsc TL*UT2-TL), %
Iph = Iph_TL* (1 + a*(TaK - TL)) 0

Vt TL=k*T1/q

% dnadi Boltzman's gaidne Avgainigiidige

FY ¥ ' A ad
LURAINI1INIY ﬂ1ﬂ\1ﬂﬂi$ﬂ®mﬂ§liﬂ‘u

Ir T1=1Isc T1/(exp(Voc TL(A*Vt T1))-1);
Ir T2=1sc T2/ (exp(Voc_T2/(A*Vt T1))-1);

b=V * g/(A*k);

Ir=1Ir _TL1* (TaKIT1)A3/A) * exp(-b.*(L/TaK - UTL));

Xov=Ir TU(A*VE T1)*
dvdl Voc=-1.15/Ns/2,

eXp(Voc_Tll(A*Vt_Tl));

% e dV/dl 71 awssduvmzilaisasaomas
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% enldannslnmainvesdnant

Rs =-dVdl_Voc- UX2v; % wimanudumueynsudesad(Series
resistance per cell)
Vt Ta=A*1.38e%* TaK / 1.60¢™, % mfimiqﬁ'uﬁ%aﬁqmwgm%’qm = Awvlraed

aanm vod'laToa * An i Boltzman’s *
aq Y 14 J J a 7
gaungillFuvesefisdivaduaering |

' A adg
ﬂ'lﬂ\’lﬂﬂﬁgﬂﬂlﬁﬂ@i@u

% fmin 1a il f{la)dudte f(1a) = Iph- la - Ir.*(exp((Ve+la Rs).Vt_Ta)-1) =0;
%% yrmiumsindaess Newton’s method a1 1a2 = lal - f(lal)/f’(lal)

Ve = VaiNs;

la = zeros(size(VVc));

for j=1.5;

la=1a-(Iph- la- Ir*( exp((Vetla*Rs).Vt_Ta) -1))/ (-1 - (Ir.*( exp((Vetla*Rs).Vt_Ta) -
1)).*Rs./Vt Ta);

end
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L waduaseriinduosuisn BP Solar’s su SX60 adiihi Silicon #iflade ynsu

o P o 9 s o A
U 36 L¥AQ %Quﬂmaﬂ‘]gm?.imﬂﬂ%hsumwamﬂumu

auanyazm ihadvaduasorindvesnstm BP Solar’s yu SX60

Electrical Characteristics
Maximum power (Pmax)
Voltage at Pmax (Vmp)
Current at Pmax (Imp)
Guaranteed minimum Pmax
Short-circuit current (Isc)
Open-circuit voltage (Voc)
Temperature coefficient of Isc
Temperature coefficient of Voc
Temperature coefficient of power
NOCT®

BP Solar’s model SX 60
60W
16.8V
3.56A
H5W
3.87A
21.0V
(0.065+0.015)%/°C
-(80£10)mv/°C
-(0.540.05)%/°C
47£2°C
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2. waduaserindvesuIyn SUNSTORE su Sunstore 60/12 rasadiflu Silicon

@

. H ' 4
Monocrystalline ffiivadeynsudu 36 iad Falnuanvuznalithveuradiudsi

auanyazma ihadvaduasorindvesustn SUNSTORE su Sunstore 60/12

Electrical Characteristics Sunstore model 60/12
Maximum power (Pmax) 60W
Voltage at Pmax (Vmp) 17.64V
Current at Pmax (Imp) 3.40A
Guaranteed minimum Pmax 58.2W
Short-circuit current (Isc) 3.60A
Open-circuit voltage (Voc) 21.16V
Temperature coefficient of Isc 0.05A%/°C
Temperature coefficient of Voc - 0.35V%/°C
Temperature coefficient of power - 0.45W%/°C
NOCT 46+2°C

vnaumsd 2.1 54 2.7 luundi 2 i I Seuaunsdnaniiu mfile 1 MatLab/Simulaink e
WS’eJmﬂ51WGl,ﬁ'udJu“lﬂ@1mgmé’wmzmmmaﬁummﬁﬂ&wiazg'm%u ATimes A1 110159
“fnanTiauana1eiY §aiu Seiianusuilufesde nia Specification 714 1unuas
arwms M file 1w MatLab/Simulaink Besaudafiazshldiinarildenszua lulihaneenveausad
nldeunlaq Hudsio i

A L Aulameamnmuedlalen dwiualdiflu 2 iemaduaserfindiuria

crystalling uazdiily amorphous 1 muaiesndi 2

Voo TL : dwssduvazidassesiingamgisga

Isc TL : snszuavaizdaisasiimgamngiiga

Voe T2 : dwssduvazidannsiimgungigage

Isc T2 snszuavaizdaissfingungigege

Rs L AR TUNILEY NS NABLTAT

T1, T2 ' awuvgiidge, geganldlumssuon
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Specifications of Solar cell (IKW/m?, 25°C)

SolarEx ~ BP Solar’s model ~ Sunstore
Parameters

MSX60 SX60 model 60/12
Typical peak power (Pm) 60 W 60 W 60 W
Voltage at peak power (Vmp) 171V 168V 1764V
Current at peak power (Imp) 35A 356 A 340A
Short-circuit current (Isc) 38A 38TA 360 A
Open-circuit voltage (Voc) 201V 2.0V 2116V

Temperature coefficient of open-circuit voltage (5) - 73mV/I°C  -(80t10)mvV/°’C - 0.35V%/°C
Temperature coefficient of short-circuit current ()~ 3mA°C  (0.065£0.015)%/°C  0.05A%/°C
Approximate effect of temperature on power -0.38W°C - +(0.50.05)%/°C - 0.45W%/°C
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2.1 Toyanudnuarmalwihveamasadumsoriind Solarex-MSX-60

MSX-60 and MSX-64 ' @
Photovoltaic Modules ST L
I SOLAREX

The MSX-64 and -60 are among the most powerful of lation of bypass diodes on 18-cell strings, which can
Solarex’s Megamodule™ series, a product line which is the improve reliability and performance in systems with homi-
culmination of nearly three decades of extensive research in nal voltage 24V and above.

polycrystalline silicon photovoltaics. With over 3 amperes of
current at peak power, these modules offer the most cost-
effective package in the industry, and charge batteries effi-
ciently in virtually any climate.

These modules may be used in single-module
arrays or deployed in multiple-module arrays,
wired in series/parallel combinations as required
to meet current and voltage requirements. They
are engineered under Solarex’s IntegraSystem™
system integration concept, which ensures full
compatibility with other Solarex subsystems
and components (support hardware, regula-
tors, etc.) and easy system assembly. As single-
module arrays, they may be mounted on a vari-
ety of surfaces using optional kits or by means
of user-fabricated support hardware. Solarex
also offers hardware for supporting multiple-
module arrays.

High-Capacity Multifunction Junction Box
The size of the junction box (25 cubic inches, 411cc) and its
six-terminal connection block allow most system atray con-
nections to be made right in the J-box. The box also can
accommodate bypass or blocking diodes or
a small regulator, which can save the
expense and labor of additional boxes. The
box is raintight (IP54 rated) and accepts 1/2"
nominal or PG13.5 conduit or cable fittings.
The standard terminals accept wire as large as
AWG #10 (6mm2); an optional terminal block
accepts wire up to AWG #4 (25mm?).

Proven Materials and Construction
Megamodule materials reflect Solarex's quarter-
century of experience with solar modules and sys-
tems installed in virtually every climate on Earth.

« Polycrystalline silicon solar cells: efficient,

These modules are wellsuited for virtually all :
attractive, stable.

applications where photovoltaics are a feasible
energy source, including telecommunications
systems, pumping and irrigation, cathodic
protection, remote villages and clinics, and
aids to navigation.

* Modules are rugged and weatherproof: cell strings
are laminated between sheets of ethylene vinyl
acetate (EVA) and tempered glass with a durable
Tedlar backsheet.

* Tempered glass superstrate is highly light-
transmissive (low iron content), stable, and
impact-resistant.

» Corrosion-resistant, bronze-anodized extruded alu-
minum frame is strong, attractive, compatible with
Solarex mounting hardware and most other mount-
ing structures.

Individually Tested, Labeled and
Warranted

As part of the final inspection procedure,
every MSX module is tested in a solar simu-
lator and labeled with its actual output—volt-
age, current, and power at maximum power point
(Pax)—at Standard Test Conditions and Standard Operating,

Conditions. Furthermore, the MSX-64 and -60 are covered by Options
our industry-leading limited warranty, which guarantees: « Blocking and bypass diodes
» that no module will generate less than its guaranteed mini- « Solarstate™ charge regulator

mum P, when purchased;

+ Protective aluminum backplate

+ at least 80% of the guaranteed minimum P, for
twenty years.
Contact Solarex's Marketing Department for full terms and limi-
tations of this unparalleled warranty.

Reliable and Versatile

The Megamodule series has proved its reliability at thousands
of installations in every climate on Earth. Among the features
that contribute to its versatility:

Dual Voltage Capability
These modules consist of 36 polycrystalline silicon solar
cells electrically configured as two series strings of 18 cells
each. The strings terminate in the junction box on the
module back. Shipped in 12V configuration, modules may
casily be switched to 6V configuration in the field by mov-
ing leads in the junction box. This design also allows instal-
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Safety Approved

MSX-00 and -64 modules are listed by
Underwriter's Laboratories for electri-
cal and fire safety (Class C fire rating),
certified by TUV Rheinland as Class TT
equipment, and approved by Factory o

Mutual Research for application in NEC Class 1, Rh:iLI'Jl}gn d

Division 2, Group C & D hazardous locations.

Quality Certified
These modules are manufactured in our ISO 9001-certified
factories to demanding specifications, and comply with IEC

W) A

Typical Electrical Characteristics'

1215, IEEE 1262 and CEC 503 test requirements, including;
« repetitive cycling between 40°C and 85°C at 85%
relative humidity;
+ simulated impact of one-inch (25mm) hail at terminal velocity;
* 2700 VDC frame/cell string isolation test;

+ a "damp heat" test, consisting of 1000 hours of exposure to
85"C and 85% relative humidity;

« a "hotspot" test, which determines a module's ability to tol-
etate localized shadowing (which can cause reverse-biased
operation and localized heating);

+ simulated wind loading of 125 mph (200 kph).

Mechanical Characteristics

MSX-64 MSX-60

Maximum power (Pmax) 64W 60W
Voltage @ Pmax (Vmp) 17.5V 17.1v
Current @ Pmax (Imp) 3.66A 3.5A
Guaranteed minimum Pmax 62W 58W
Short-circuit current (Isc) 4.0A 3.8A
Open-circuit voltage (Voc) 21.3v 211V
Temperature coefficient of

open-circuit voltage ... —(80£10)mV/°C. ...
Temperature coefficient of

short-circuit current ...(0.065+0.015)%/°C . .
Temperature coefficient of power .. ... —(0.5+0.05)%/°C . . .
noct* 4742°C ...
NOTES:

(1) These modules are tested, labeled and shipped in 12V configuration. These

data represent the performance of typical 12V modules as measured at their
output terminals, and do not include the effect of such additional equip-
ment as diodes and cabling. The data are based on measurements made in
a solar simulator at Standard Test Conditions (STC), which are:

+ illumination of 1 kW/m~ (1 sun) at spectral distribution of AM 1.5;

+ cell temperature of 25°C or as otherwise specified (on curves).

Operating characteristics in sunlight may differ slightly. To determine the
characteristics of modules in 6V configuration, divide the 12V voltage char-
acteristics by 2 and multiply current characteristics by 2. Power values are
unchanged.

(2) Under most climatic conditions, the cells in a module operate hotter than

Current (A)

Current (A)

the ambient temperature. NOCT (Nominal Operating Cell Temperature) is
an indicator of this temperature differential, and is the cell temperature
under Standard Operating Conditions: ambient temperature of 20°C, solar
irradiation of 0.8 kW/m*, and wind speed of 1 m/s.

MSX-60 I-V Characteristics
40

357
301

257 T= 50°C
L T- 25°¢

15+
1.0+

5+
Nominal 12V
00 L— [ e ——
02 4 6 8 10 12 14 16 18 20 22 24
Voltage (V)

i MSX-64 |-V Characteristics
5T

4.0

35+
30t
251
2.01*
1.5

—

107

.51
Illuminil 2

” L I ' | | I | | I |

“0 2 4 6 8 10 12 14 {6 18 20 2
Voltage (V)

Download MSX-60 I-V XLS |
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Weight: 15.9 pounds (7.2 kg)
Dimensions:  Dimensions in brackets are in millimeters
Unbracketed dimensions are in inches
Overall tolerances +1/8" (3mm)
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VARIABLES AFFECTING PERFORMANCE

The performance of typical MEGA SX-64 and -60
modules is described by the I-V curves and electrical
characteristics table on the next page. Each module’s
actual, tested output characteristics are printed on
its label.

The current and power output of photovoltaic
modules are approximately proportional to illumi-
nation intensity. At a given intensity, a module’s out-
put current and operating voltage are determined by
the characteristics of the load. If that load is a battery,
the battery’s internal impedance will dictate the
module’s operating voltage. An I-V curve is simply
all of a module’s possible operating points (voltage/
current combinations) at a given cell temperature
and light intensity. Increases in cell temperature
increase current but decrease voltage.

TYPICAL ELECTRICAL CHARACTERISTICS"”

12 VOLT CONFIGURATION'?!
MSX-64 MSX-60

Typical peak power (Pp) 64W 60W
Voltage @ peak power (Vpp) 17.5V 17.1V
Current @ peak power (1pp) 3.66A 354
Guaranteed minimum peak power 62W 58W
Short-circuit current (1sc) 4.0A 3.8
Open-circuit voltage (Voc) 21.3V 211V
Temperature coefficient of

open-circuit voltage ..., —(80+10)mV/°GC... ...
Temperature coefficient of

short-circuit current ... .(0.065£0.015)%/°C
Approximate effect of

temperature on power ... —(0.5+0.05)%/C.. . ..
Nocr® AT 1 VN B
Notes:

(D) These data represent the performance of typical modules as
measured at their output terminals, and do not include the effect
of such additional equipment as diodes and cabling. The data are
based on measurements made at Standard Test Conditions (STC),
which are:

* Illumination of 1 kW/m? (1 sun) at spectral distribution of AM 1.5
* Cell temperature of 25°C or as otherwise specified (on curves).

(2) Electrical characteristics of modules wired in the nominal 6V
configuration may be found by using the 6V scales on the IV
curves. For more exact values, divide the 12V voltage characteristics
in the table by 2 and multiply the 12V current characteristics by 2.
Power values are unchanged.

(3) Under nearly all climatic conditions, the solar cells in an operating
module are hotter than the ambient temperature, a fact which
must be considered when reading module data. NOCT (Nominal
Operating Cell Temperature) is an indication of this temperature
rise, and is the cell temperature under Standard Operating
Conditions: ambient temperature of 20°C, solar irradiation of 0.8
kW/m?, and average wind speed of 1 m/s.
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MECHANICAL CHARACTERISTICS
MEGA §X-64 and -60 are mechanically identical,
differing only in electrical output.

Weight: 15.9 pounds (7.2 kg)
Dimensions: Dimensions in brackets are in millimeters
Unbracketed dimensions are in inches
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Proven Materials

and Construction

BP Solar’s quarter-century of field
experience shows in every aspect
of this module’s construction and
materials:

+ Frame strength exceeds require-
ments of certifying agencies;

+ 36 multicrystalline silicon solar
cells configured as two 18-cell
series strings;

* Cells are laminated between
sheets of ethylene vinyl acetate
(EVA) and high-transmissivity
low-iron 3mm tempered glass.

i

LY

Clear Anodized
Universal Frame

Limited Warranties
+ Power output for 25 years;
« Freedom from defects in
materials and workmanship
for 5 years
See our website or your local
representative for full terms of
these warranties.

High-Capacity Versatile

Junction Box

The junction box is raintight (IP54
rated) and accepts PG13.5 or 1/2"
nominal conduit or cable fittings. Its
volume (411cc, 25 cubic inches) and
6-terminal connection block enable
most system array connections
(putting modules in series or parallel)

to be made right in the junction box.
Options include:
* blocking and bypass diodes;

©2003 BP Solar Global Marketing

BP SX 60

60-Watt

Multicrystalline Photovoltaic Modules

BP Solar's SX series provides cost-effective photovoltaic power for
general use, operating DC loads directly or, in an inverter-equipped
system, AC loads. With 60 watts of nominal maximum power, the
BP SX 60 is well-suited to traditional applications of photovoltaics such
as telecommunications, remote villages and clinics, pumping, and land-
based aids to navigation. Its 36 series-connected cells charge batteries

efficiently in virtually any climate.

oversize terminal block which
accepts conductors up to 25mm?
(AWG #4); standard terminals
accept up to Bmm? (AWG #10);
Solarstate™ charge regulator.
Shipped in 12V configuration,
modules may easily be switched to
6V configuration by moving leads in
the junction box. Six-volt modules
are intended to support 6V loads,
and are not recommended as series
elements in higher voltage arrays.

Quality and Safety
» Manufactured in ISO 9001-
certified factories;
Listed by Underwriter's
Laboratories for electrical and fire
safety (Class C fire rating);
Certified by TUV Rheinland as
Class Il equipment for use in
systems with voltage up to
1000 VDC;
Approved by Factory Mutual
Research for application in NEC
Class 1, Division 2, Groups C &
D hazardous locations;
Compliant with the requirements
of IEC 61215, including:
= repetitive cycling between
-40°C and 85°C at 85% relative

humidity;

= simulated impact of 25mm
(one-inch) hail at terminal
velocity;

= a “"damp heat” test, consisting
of 1000 hours of exposure to
85°C and 85% relative
humidity;

°a "hot-spot” test, which deter-
mines a module's ability to
tolerate localized shadowing
(which can cause reverse-
biased operaticon and localized
heating);

= static loading, front and back,
of 2400 pascals (50 psf); front
loading (e.g. snow) of 5400
pascals (113 psf)

BP SX 60

® e B (E

01-4006-3 5/03
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Mechanical Characteristics

Weight
7.2 kg (15.9 pounds)

Dimensions
Unbracketed dimensions are in millimeters
Bracketed dimensions are in inches.

Overall tolerances +3mm (1/87)
2.8 [0.11] max. 502 [19.8]
screw head ‘ ‘
projection, typ.
[
Front View
Grounding hole,
[ 2places
— 1 04 X X 4.1(0.16] dia.
r2.4 [0.09] — / f
B = |
501.97] | o / / 1110 [43.7]
——2711.06] | (includes
. | screw head
Section X-X projections)
Back View /
g ‘ 610 [24.0]
Junction box
x |
9.5 [0.38] dia.
mtg. holes, typ.
g YP 250[9.8]
||
17.5[0.69] 467 [18.4] L 20 [0.8] typ.
SX 55, SX 60

Lo

Grounding Detail
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Electrical Characteristics'

Maximum power (Py;4x)*
Voltage at Py (Vmp)
Current at P4y (Imp)
Guaranteed minimum P,y
Short-circuit current (lg¢)
Open-circuit voltage (Vo)
Temperature coefficient of I
Temperature coefficient of Vg
Temperature coefficient of power
NOCT®

Maximum series fuse rating

Maximum system voltage

Notes

1. These data represent the performance of typical modules in 12V
configuration as measured at their output terminals, and do not
include the effect of such additional equipment as diodes or cables. 4.0
The data are based on measurements made in accordance with
ASTM E1036 corrected to SRC (Standard Reporting Conditions,
also known as STC or Standard Test Conditions), which are: 3.5
« illumination of 1 kKW/m’ (1 sun) at spectral distribution

of AM 1.5 (ASTM EB92 global spectral irradiance);

« cell temperature of 25°C.

I

approximately 3% from typical Pppay.

w

4. The power of solar cells varies in the normal course of production;
the SX 55 is assembled using cells of slightly lower power than

the SX 60.

During the stabilization process which occurs during the first
few months of deployment, module pawer may decrease

. The cells in an illuminated module operate hotter than the ambient
temperature. NOCT (Nominal Operating Cell Temperature) is an
indicator of this temperature differential, and is the cell temperature 15
under Standard Operating Conditions: ambient temperature of
20°C, solar irradiation of 0.8 KW/m?, and wind speed of Tmi/s.

BP SX 60 BP SX 55*
60W 55W
16.8V 16.5V
3.56A 3.33A
55W 50W
3.87A 3.69A
21.0v 20.6V

(0.065+0.015)%/°C
-(80£10)mV/°C
-(0.5+£0.05)%/°C

47+2°C
20A

600V (U.S. NEC rating)
1000V (TUV Rheinland rating)

BP SX 60 I-V Curves

AN

4.5
T-0°C
301 T-25°C
= T=50°C
< T=75°C
- 2.5
£
g
E
3 2.0
&)
1.0
0.5
0.0,
o 5
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5 Years warranty of quality and workmanship
20 Years warranty of power output

Local UK technical support and warehousing
with rapid response time.

nclBemeSIENY ) o\ B /B es/ \ s

Peak Power Watts-P,., (WP)

Power Output Tolerance-By.y (%)

Maximum Power Voltage-V,,, (V)
Maximum Power Current-lyg. (A)
Open Circuit Voltage-Vo(V)
Short Circuit Current-l¢ (A)
Module Efficiency n,, (%)

Registered office | 125 Findon Road, Worthing, BN14 0BQ
Registered No. 7814446 Cardiff

raaoiiad SUNSTORE 5w Sunstore 60/12

Rigorous quality control to meet highest international
factory manufacturing standards including MCS, CE and ISO

High performance under low light conditions (cloudy days,
mornings and evenings)

High Cell efficency of 17%
Tested to withstand snow loads of 200kg /sqm

Highly transparent low iron tempered glas with enhanced
stiffness and impact resistance

Unique frame design with high mechanical strength for easy
installation

Advanced encapsulation material with multiplayer sheet
lamination to provide efficient protection from the severest
environmental conditions

,‘I \N cﬁk‘i [
60 Nominal Operating Cell 46°C (£2°C)
3% Temperature (NOCT)
17.64 Temperature Coefficient of B, -0.45%j/°C
3.40 Temperature Coefficient of ¥ -0.35%/°C
2116 Temperature Coefficient of:- 0.05%/°C
3.60
12.3

Values at Standard Test Conditions STC (Air Mass AM1.5, Irradiance 1000W/m?, Cell Temperature 25°C)

XN ANY

Solar cells Monocrystalline
Cells orientation 36 cells
Module dimension 899 x 537 x 35mm
Weight 5.8kg
Glass High transperancy solar glass 3.2mm (0.13inches)
Frame Anodized aluminium alloy
J-Box IP 65 rated 125 FINDON ROAD,
. WORTHING,
Cables/Connector Photovoltaic Technology cable 4.0mm WEST SUSSEX,
340mm , MC4 Connectors BN14 0BQ
//01903 213141

1/ infomsunsiore co.uk
// www.sunstore.co.uk
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«.4 CTL DECISION SHEET DSH251E FOR INSTRUMENT ACCURACY LIMITS (DSH251E)

I EC IEC System for Conformity Testing and Certification
of Electrotechnical equipment and Components

CTL DECISION SHEET

Standard(s): Subclause(s): No. Year
Generality
DSH
Category: 251E 2014
General
Subject: Key words: Developed by Approved at
- Measuring range
- Accuracy 2015 CTL Plenary
Measurement accuracy i WG1-WG4a Meeting
- Leakage {touch) current
Instrument Accuracy Limits
Measurement values stated in a CB Test Beport shall be made with instruments with accuracies within the
limits stated below. These values apply unless more stringent raquirements are given in the relerence
standard.
Parameter Range Instrument accuracy of
Measuring Range
Voltage
- Upto 1000% upto LkHz +1,5%
1kHzupto 5 kHz + 2%
5 kHz upto 20 kHz +3%
20 kHz and above +5%
- 1000V and above deupto20kHz + 3%
20 kHz and above +5%
Current
-UptoSh deupte sl Hz +15%
above 50 Hz up to 3 kHz +2.5%
5 kHz upto 20 kHz +3,5%
20kHz and above + 5%
- Above 5 A deupto 5 kHz +2,5%
5 kHzupto 20 kHz +3.,5%
20 kHz and abowve 5%
Leakage (Touch) current L S0Hzupto 60 Hz +3,5%
preater 60 Hz upto 5 kHz + 5%
greater 5 kHz up to 100 kHz + 10%
greater 100 kHz upto 1 MHz under consideration
Power (56/60 Hz) uptod kW +3%
above 3 KW 5%
Power Factar (50/60 Hz) + 0,08
Page 10f 2
CTL-OQP 106 Ed 91 @ |EC - IECEE 2012

2012-06-27/28
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IEC System for Conformity Testing and Certification
of Electrotechnical equipment and Components

Parameter Range Instrument accuracy of
Measuring Range

Freguency upto 10kHz +0,2%
Resistance 1 m€¥upto 100 me and above 1 MQupto 1 TR +35%

above 1 TQ + 10%

for all other cases +3%
Temperature ™ -35°C to below 100° C +2°C

100° Cupto500° C +3%

Below - 35°C 396
Time 101ms up to 200 ms + 5%

200meupto s +10ms

1 zand above +1%
Linear dimensions upto 1 mm + (1,05 mm

1 mroup to 25 mm + 0,1 mm

235 mm and above + (0,5%
Mass above 10 gand upto 100 g +1%

100 gup to S kg +2%

5 kg and above +5%
Faorce for all values + 6%
Mechanical energy for all values +10%
Torgue +10%
Angles +1degree
Relative humidity 309 to 95% RH +5% RH
Baromelric air pressure + 10 kP2
Gas & fluid pressure for static measrement + 5%

1 The stated tolerances apply lo the tolal lolerance of the leakage (iouch) current circuit and metering
Instrument. Refer to CTL-OP 113 “Leakage (Touch) Current Measurement Instruments”.

Thermocouple not included in the Instrument accuracy of measuring range. Thermocouples type ‘K7, “T”
and “J”, premium grade, are recommeanded.

Swilching power supplies presenl an electrically noisy environment for lasl instrumentation. When
measuring temperalures on and within swiiching power supplies, thermocouples are in the immadiate
vicinity or in inlimale contact with component sources of the electrical noise. Type J thermocouples are
made of material that is magnetic. Type K thermocouples are made of material that is slightly magnetic.
Type T thermocouples are made of non magnetic materials. As a result Type T thermocouples are
alfected less by the high frequency magnetic lields prasent and give more accurate resulls.

2

Not for measurements related 1o relative humidity.

Page 2of 2
CTL-OP 1086 Ed 91 © IEC - IECEE 2012
2012-06-27/28
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a.1 Real-time Photovoltaic Simulator using current feedback control
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Real-time Photovoltaic Simulator using current feedback control
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Abstract— In this article, mathematical model of PV model is investigated in order to study the affection in irradiance,
temperature, parameters to the PV's ouput power. It will lead to analyse and develop the PV simulator. By which, PV
simulator Is utilized by DC converter circuit with a current feedback control. This may be useful if is possible to
implementing into a real world PV simulator. In this paper, PV simulator is modelled using MATLAB/Simulink program,
which is composed of DC converter and a proper controlscheme. From the simulation results, it can be observed that I-V

relationship of the PV simulator is quite the same as of such
a real PV simulator in commercial in a further work.

PV mathematical model. This means that, it is possible to build

Keywords— PV model, PV simulator, DC Converter, Feedback control.

1. INTRODUCTION

PV (Photo Voltaic) cell is the devices that convert
photons into electric potential in PN silicon junction or
other material [1]. PV system is a popular renewable energy
source due to their energy-friendly environment [2].
However, its high costs may cause the difficulties in
development and experiments for laboratory. Mean by that,
practical PV simulator which emulates output characteristics
of PV module through a real converter circuit can be used
in replacement of an actual PV module in laboratory scale.

2. PV MODEL

Mathematical model

The equivalent circuit of PV is a current source parallels
with a diode and reisitances as shown in Fig. 1. When PV
exposed to the sunlight, a current which is proportional to
the solar irradiance is produced [3].

N
Rs

DIC Rsh

LOAD

220

Fig. 1 Single diode PV model

The circuit of Fig 1 is described by Shottkey diode
equations incorporated with diode quality factor in account
of the recombination effects in space-charge region [3]. The
currents equations of PV cell are given by (1) to (3).

V+iRy
rr - oA GRGRINE N
P : Rsh
Lph = (Isc+ K1 (T ~Tref )). 2 2)
> ()
= ) e Sl 3
1. 7Is[Tref] e (3

Where I, is photon current, R, , Ry, are series and shunt
resistance, N is ideal diode factor, X is Boltzman constant,
q is electron charge and J; is reverse saturation current of
diode, K; is short-circuit current temperature coefficient of
PV’s cell, I is short circuit (SC) curernt of cell , A is solar

irradiance, E, is band gap energy of semiconductor and /;
is ambient temperature voltage. By consideration, The
behaviour of PV celis are described by I, N, I, R, and Ry,
In which , these parameter depend on solar irradiance (4)
and temperature (7) [1].

However PV module is a congregation of PV cells. So,
V-1 relationship of PV module ( neglecting Ry, Ryp,) is given
in (4) [1], where Where n; and n, are number of series and
shunt cells in PV module.

).

s Fill factor (FF): SC current and OC (open circuit) voltage,
which are maximum current and voltage of PV cell. By
theory, the product of these values is the maximum power
of PV cell [3]. FF is defined as the ratio of actual maximum
obtainable power, (V,.2,) to the theoretical power, (Z. V).
it is given asf3].
S Vindm

VOC '[SC‘

Crees
I =n I

" @

ph"'p

)

* Maximum efficiency (n): is the ratio of maximum output
power to the input power [4].
7= VocIsc.FF
Bin
3. SIMULATION MODEL OF PV MODULE
3.1. Mathematical model

The Solarex MSX60 PV module was chosen to do a PV
model. It provides 60 W. of norminal max. power, and it
has 36 polycrystalline silicon cells in series connecting. The
specifications are shown in Table 1 [S].

©

Table 1. Typical electrical characteristic of MSX-60

Solarex MSX60 Specifications (1kW/m*,25°C)
Characteristics SPEC
Typical peak power (Pp,) 60 W
Voltage at peak power (V) 170V
Current at peak power (I,) 35A
Short-circuit current (L) 3.8A
Open-circuit voltage (Vo) 211V
Temp. coefficient of OC voltage (B) -73mv/°C
Temp. coefficient of SC current (o) 3mA/C
Approx. power by temp. -0.38W/°C
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Fig. 2 Simulink model of PV Module

The model of the PV module was implemented using a
MATLAB/Simulink program. The medel parameters are
evaluated during execution using the equations listed on the
previous section. The program, calculate the current and
voltage, using typical electrical parameter of the module:
L=3.8A, Vo=21.1V, B=3mA/°C, o=73mV/°C N=12,
I,=100nA and the variables Irradiation (A) Temperature (T).
The PV model is implemented and shown in Figure 2.

3.1. Simulation Results of PV Cell/Module
PV Cell

- |
2850 - 2

Current[A]

T

BIE

[i¥]

|~———Um1 Onm
—==001 Ohm
o 1 Obm

] X

02

03 a
Vokage [V
Fig. 4 IV curve of PV cell correspond on Ry

Fig 4(a) shows I-V curve of PV cell for the values of R, at
1mQ, 0.01Q and1Q. It is seen that increasing R, affect on
decreasing Fill factor (FF). The shunt resistance Ry, is
inversely related with shunt leakage current to the ground.
In general, the PV efficiency is insensitive to the variation

in Ry which can be assumed to approach infinity without
leakage current[7]

25 Celeius

—e

07 5]

03 04
Voitage [V}

Fig. 5(a). IV curve of PV cell on varying T(“c)

] o
Voltage [V
Fig. 3(a). IV curve of PV cell correspond on Iy

CurrentA]

H
02

of

[E) 04
Voltage {V]

Fig. 5(b). IV curve of PV cell on varying A

From Fig. 5(a) and Fig.5(b) it found that increasing of

0z

) 04 ©s
Voltage [v]

Fig. 3(b). TV curve of PV cell correspond on N

Fig.3(a) shows -V curve of PV cell for the reverse
saturation current of diode (/) at 100nA, 1pA, and 10pA. It
is seen that increasing of /; affect on decreasing of V.

(open circuit voltage). Fig 3(b) shows I-V curve of PV cell
for the ideal factor () at 1.0, 1.5 and 2.0. It can be

observed that increasing N affects on increasing V..
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working tetperature, Isc will increases. In another ways,
increasing output current will leads to decreasing of PV
output voltage, which PV output power always decrease at
higher temperature. On the other hand, from Fig.5, the
increasing of solar irradiance, Isc of PV will be increased,
and the maximum output power may increasing. This
means that open-circuit voltage is logarithmically depend

on solar irradiance, and the short-circuit current is directly
proportional to the radiant intensity.
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PV Module

4

s

Current[A]
\

o 5 o 15 2
Votags [V]

Fig.6(a). I-V output characteristics of PV module

i
ot : A
15 ]

10
Valtage (V]

Fig.6(b). P-V output characteristics of PY module

In PV module, there is one path available for conduction
current due to PV cells that connected in series, therefore #,
= 1. The number of PV cell that connected in series in this
PV module here is 36, hence n, is 36. Therefore, the
simulation result the I-V and P-V curve of a PV module are
shown in Fig. 6(a) and Fig. 6(b) respectively.

Table 3 shows the comparison between the simulation
result of PV module model and its electrical characteristics
(MSX60). It found that the error is acceptable thresholds
and the simulation result the I-V and P-V curve of a PV
module are shown in Fig. 7

It

4. SIMULATION OF PV SIMULATOR
4.1 Simulation Model

Fig.8 Block diagram of proposed PVsimulator

A photovoltaic simulator that emulates the output
characteristics of photovoltaic modules can be used in
replacement of an actual photovoltaic modules [6]. The PV
simulator is mainly consists of a DC buck converter and a
control system which is using dsp board implementation. A
current transducer (CT) was used to detect the output PV
module’s current and then sent back to the DSP controller
board in order to calculate PWM triggering signal for
IGBT of the DC converter.

In the further works, real time hardware has to be
acomplished in order to produce external output aspect
following the I-V characteristics of such PV modules.

However, in this paper, PV simulator is modelled using
MATLAB/Simulink program. By which, PV simulator that
comsisted of a DC buck converter and a proper feedback
control scheme as shown in Fig, 9.

Povar (W]

Cunert [A]
-
T

10
Volisge [V]
Fig.7. Simulation result the I-V and P-V curve of a PV module

Table 3. Error of PV module model

MSX-60 | Simulation Error
P.(W) 60.0 60.47 0.78%
Val(V) 17.1 17.08 0.12%
1,(A) 3.5 348 0.57%

153

Fig.9. DC buck converter and a PID feedback control scheme
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4.2 Simulation Results

4 T

i
i
i
P

== =1V Buck 0.6 SUN

:
,
i

:
;
Ie

.

|

i

1 i
5 [

: * :
Yettage [V]

Fig.9 1-V curve of PV module under different solar
irradiance (T=25°C) compared PV based DC-DC Converter

Y Macute 1.0 SUN
o BY Buck 1.0 SUN
PV Hadute 0.5 SUN
== =Py Buck 05 SUN

5 o s 0 2 30
Veitage []

Fig.10 P-V curve of PV module under different solar
irradiance (T=25°C) compared PV based DC-DC Converter

The output voltage of the DC converter based PV
simulator in this paper is designed to be adjusted from 7V
to 22V. In order to test the DC converter based PV
simulator, an adjustable resistor (Rload) is used by
changing the value of resistor from 2Q to 49Q. As shown in
Fig. 9 is IV curve of PV module under different solar
irradiance 25°C compared PV based DC-DC Converter and
Fig. 10, Comparing P-V curve, the mathematical model of
the PV with the DC converter based PV simulator it show
that [-V curve of the PV simulator via DC converter is this
paper is well matching with the of MSX60 PV module
except the small part of voltage control zone of PV
experimental curve need to be adjustment to the I-V curve
with particularly in both different solar irradiance and the
temperature are same.

5. CONCLUSIONS

This paper presents a PV simulator which mainly consists
of a buck converter and digital controller controlled by a
personal computer. According to the application
requirement, the hardware of the PV simulator is designed.
Based on design in this paper the output characteristics of
PV module working under variable sunshine intensity or
temperature are simulated. The simulation results confirm
that the PV simulator designed in this paper is well
matching with the actual PV module except the small part
of voltage control zone of PV experimental curve need to
be adjustment and the work done in this paper important to
experimental foundation for the actual application of PV.
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Ansgviuariauuuudaesweasaduaefindaol  nsdeenitlagnisldisesulauseiudd  (OC
Converter)  $afAsmupumstoundunssualiily  Saduldldfmmdadiuernsiivsslenisonts
fiunslusae araduasoringdlulanusenandiuass luumaraildlsunsy MATLAB / Simulink Tu
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endiaeant annsadatedanalidn nsmanudiudssnansauauasusedllalih (v curve) an
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usgefindaddludamalsdaaly
Aman : suudiasueAauaeIng (PY model), Trasvsaatase1iing (PV simulator), WUaausaduag
(DC Converter), nysmavmunisileunay (Feedback control).

Abstract

In this article, mathematical model of PV model is investigated in order to study the
affection in irradiance, temperature, parameters to the PV’s ouput power. It will lead to analyse
and develop the PV simulator. By which, PV simulator is utilized by DC converter circuit with a
current feedback control. This may be useful if is possible to implementing into a real world PV
simulator. In this paper, PV simulator is modeled using MATLAB/Simulink program, which is
composed of DC converter and a proper control scheme. From the simulation results, it can be
observed that |-V relationship of the PV simulator is quite the same as of such PV mathematical
model. This means that, it is possible to build a real PV simulator in commercial in a further
work.

Keywords: PV model, PV simulator, DC Converter, Feedback control.
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gt 1 nunenssynliinedieei MSX-60

Solarex MSX60 (kW/m’.25°C)
Characteristics SPEC
Typical peak power (P,,) 60 W
Voltage at peak power (V) 171V
Current at peak power (I,,) 35A
Short-cireuit curent (L) 3.8A
Open-cireuit voltage (Vo) 211V
Temp. cocfficient of OC voltage () ~T3mV/eC
Temp. coefficient of SC current () SmAC
Approx. power by temp. -0.38W/°C
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maaﬂma‘[‘iﬂ'anmiﬁisqﬁauwﬁ'lﬁ MATLAB /
Simulink tduTUsunsudivInAINT s Laway
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= 38A, Voc = 21.1Y, B = 3mArC o = -
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guﬁ 3 (2) IV Curve samswasusm N

gﬂﬁ 3 (n) uams KV Curve 1891988
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MSX-60 | Simulation Error
P.(W) 60.0 60.47 0.78%
VaulV) 17.1 17.08 0.12%
In (AY 3.5 348 0.57%
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Typical Electrical Characteristics of Photovoltaic Modules Solarex model MSX60

Electrical Characteristics Specification
Masdrmum power (Prnas) 60 W

Voltage @ Prmax (Vmp} 17.1¥

Current @ Prnax (Irmgp} 358
Guarartead minimurn Prnax 58W
Short-circuit current (Isc} 2,88
Open-circuit voltage (Voc) 211V
Temperature coefficient of open-circut veltage —(B0=£10IMV/°C
Temperature coefficient of short-circuit current (0.065+0.015180/°C
Temperature coefficient of power ~{0.5£0.05)%/°C
NOCT (Norninal Cperating Cell Ternperature} 47+2"C
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MSX-60 |-V Characteristics
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MSX60 Simulations Deviation Target
Praix (W) 60.0 51.% 3.5% 5%
Vmax (V) 211 200 5.2% + 5%
Imax (A) 38 355 13% + 5%
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