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ABSTRACT

Abstract — This thesis proposes the implementation of a single-phase grid-connected
photovoltaic (PV) system using a single stage converter with active power filter
functionality (APFF) and maximum power point tracking of photovoltaic modules. The
proposed system offers multi-functionality namely excessive power transfer from the
nonlinear load to the grid, simultaneously acting as an active power filter to compensate
for reactive power and to mitigate harmonics of the grid current resulting in nearly unity
grid power factor, capability of reactive power control and maximum power point
tracking of the photovoltaic modules. The system is controlled by a low cost
TMS320F28335 microcontroller in order to control the inverter current using a hysteresis
current control technique giving good advantages in terms of simplicity and fast
response. Simple synchronization with the grid employs a zero crossing technique
instead of phase locked loop (PLL). In addition, simulation using MATLAB/Simulink is
given in order to verify the correctness. The implemented system is tested under various
conditions such as power transfer with varying current command throughout maximum
power point transfer at different insolation, a step change in nonlinear load level, and
reactive power control supplied to the grid, etc. Simulation and experimental results are
in accordance showing the correctness of the proposed technique, algorithm and the

designed circuit.
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[1-4] HgTensmvaunTzuaresBuliesinesiagldndnnisnisaiuAunsELaALUUTUEY (Line
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2.1 nyufuaznannisvadlnlalianian

Wlslan18n (Photovoltaic; PV) w3eflSendndeniiein waduaseniing (Solar cells)
\Yugunsalnsuainigedmauas (Photoelectric Transducers) fiansiuasundanuuadlsidu
n¥sulaiilaelitaglnasietan lhuasdasdauaniilunissuuasiifinnueniaduiidunds
AUE1IAAWELSY (Threshold Wavelength) m%aﬂ’am?ia;m%'mﬂﬁau (Threshold Frequency)
vosTaglanasiu YanazUdosdiinasoueenuioldfunasainegiadivime Usngnisaitia
138n91 Photoelectric Effect Gefumnulng Meinrich Hertz lu@l o, 1887 fetjusedaldinead
waseindiunsiuaRaesuuulisnu (Active Transducer)

dlofinrsanlassaiwoaduaiofingsUssnoulusearsisdathedai - Bu 7
Usznauiudusesse anstidenldiieadiasenfindlnevizilazduaisdineu (Silicon : S wde
a1svailen (Selenium : Se) Fellvosdmiulsiuamyaniiuld (Transparent Adhesive) uag
gunsalestunisasvioussalasazegiuunlusme isnuasziganeniids (Back Contact)
Wieldnu waduasefindezvhauldineeduaunnnssnuuuiveusaduaoringaz il
\RAawdsa1uuas (Photo Energy) Suidlossnananautfvesianlinas axvilvididnasoudaudu
wnedalngluduansisinhsiasusazlsalutuasishedafindeuiivenanuim
sogsavlinmzdrudosiivsnasesredaiudndusssuliinduiidanetiaoweyad
uase1ing JeihlnAnduinasansussnuliinnssuanse

2
g 150 -
&
E 100 L Selenium - Human Eye
& ~ @&— Silicon Cell
A 50 N
Y
e
N
0 ! | a1 x1,000 Aungtrom

4 5 6 7 § 9 10

'
a0

5UN 2.1 nsneuauesiildeuaesmsildinwaduaseniing



10

dmiunanisnevausssuaiinannsEnuan s livisaduasening duluans
Fanouaregluyie 3,500 feuszunas 10,000 Seanseu wazdnduasddidevazeglugig 2,500
feuszanm 7,500 Ssansen dadurrsenugunduiansnayudueaiiu fuandugui 2.1 uas
Tngunfwaduasoniindnilawadaiunsandnussiulnialduszana 0.25 - 0.6 Taad uaz
nszualwilianunsalualdda 50 Saduend Tusgfunnuduvesuas dmindeanisliiuad
wasorfinganunsodnenszualniiuazusaduliinldgeaunndy asfoninvaduasenfinguise
vnudleifiurnszualiihuasingaduasenfindundoounsuiiofiurussiulni gy

2.2 Aadneazvadlnlalianidn

nfinanudsduessdiuldinnszualiiildaneaduasonfindiinanndsauwadly
vhlwaduasenfindaiisussgnvgdasdlilarinlvaniinesgiludndrulasasaiuanuiduuas
finnnsgnuuusessia P-N Junction dsazidsunnudiolalonuasunasdnenssud fauiadou
aunisuansAuanvauzninsehaliiinazusedulifinvewwaduasorfindegluguvas
flaridusnlmundea (exponential equation) Feaun1sdi 2.1

das” [T 1Y equ(V+IRS)—1 AN (2.1)
NxKxT Ry,

Wafmual
L, e nszualiiiiannwaanuues dmbedu A

Ao nszualudadumdounduvailalon dmiodu A

a <

Ao Uszadannsaudlaivinnu 1.602x10™° C

9

Ao Ideal factor

9 AAsTived Boltzman flAwihiu 1.3806504x10-23 J/Kevin

'
I 1

angiifisessovasyhureuraduate1fing Tnuiedu Kevin

Db

?

o]

v

Ao usssunanaseulalen dutlendu v

Py

3

Al AAUATUMUBYNTNTENEas dviielu Q

g < 2 R z =2 -~
o))}

R,, A0 AIANUAMUMUTLIUTRLTAs dvihedu Q
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A1 Ideal factor tuazduegiumalulaglun1sndnlassasiswaasadiaifindanusonansanla
NAN5T 2.1 wazanaunisi (2.1) ansadeudvisasiieuninvesaduasenfindlifuans
Tugun 2.2

A15197 2.1 uaneen Ideal factor [1]

Technology N Technology N
Si-mono 1.2 a — Si:H triple 5
Si-poly 1.3 CdTe 1.5
a-SiH 1.8 CIS 15
a — Si:H tendem 33 AsGa 1.3

Rs 1
M - o
+
© Iph ! D g Rsh Vv
°

SUN 2.2 2951 7iBUVINTRYAALATRIINg

f91519103UN 2.2 91099580y adv0Yad katanfind azwiulddndulsiiinase
nszualiiuazussnulvimamuenaresgaduateinddduau 5 Aus Usenausie 1,

N Wunaveslalon I, \Wunaveduaafinnnszny uay Ry, R, WuA1anuiunuivinliiianis

a A

goydeniwaduasering

]

2.2.1 naNIENUIINTEAUANATULES nszualninfiasi@uaneaduwaseniing (1,) {u

nszualniingnasraruanmslidseavanudunasiuniswasuguna sy deainsewalniig
asavuilazdudndiulnensaiussdiuanuiduuas (Radiation Intensity) uazgamgll @1u1sn
Fewmduaunis 1, ledsaunsn (2.2)

I, = |Ie+K,(T-T,)]x2 (2.2)
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WamAua i

€

[

I, AD NITLARANIISVRLAALEID RN 25 °C Humhedu A

K, Ao dulszdvdgaumgiveenssuadniees Sndiedu A2C
T, Ao saumglisnsBaveusaduatoriing Inuiedu Kevin

Ao sEAuAMUTLLEY Ty kw/m?

2.2.2 wansznuvasgaunadl ok munlvsziuanuiduuadaiaed anaunsi (2.2)
vilvigumgiidwansenuseidalnihmesnuedwavousaduaseniing osannszuadniees
fanuduitustutugumnd Snilgunaddsdnansenudenseualudadusdounduredislondi
i3un31 Reverse saturation current of diode (1, ) #eaunI37 (2.3)

3
T g4 E
Is(t) = I {—} exp (——1] - (2.3)
Tref Tref Nx‘/t

WeofvualiA
E, A9 Band gap energy of semiconductor

V, 79 Thermal voltage at room temperature

2.2.3 M3dpiwaanae1ing lIuNTwaduaIeIiindandenuyeynsufiefinse Ry
wsesuli limangauduidansein nSendlunagaduasenfinduuuluga (PV Module)
dmunisdenvuruiuazidunisiinnszualii Tnsussdulniiuagaszualifiiveswad
waseindbazuusiunudauysluannisi (2.1) mnlifanavesrnudiuniu R uas R, 954

AUNTVDILNILYAARAIRIANTAIAUNISA (2.4)

I =n,x1I,, —n,xI.| ex L—l (2.49)
pX Lpy p X1y pN><K><T><nS .

Wafnua b

ca 1

n, A9 INWIUTARTRDIUY

n, fie IIUTAGTIFROUNTH

S
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2.2.4 AUANYUNTIUE-UTIAUVDUTAAUAID1NE AauTRnisliiliveswad
waveniindanunsauansldlaglinsmgadnvaznssua-usadiu (v Curve) ddlddmiunsiaaey
fdslnlihgeanveawaduaseniing mngamgivesaduazUSunamnudunadiannssnuuna
waduaseAinddArasiannsadounsmnudnvaenssua-useiu Wi 2.3 Gedigaivinli
\AnfndslingegniSonin Maximum Power Point (MPP %38 Pray)

10 — 250
\\ 200
< 6 / \'\ 150
E ] | -
(] ] ()]
2 4 A —: 100
O | o
2 : 50
/ :
0/ :

0
0 5 10 16 20 25 30V, 35 Voe 45
Voltage [V]

JUN 2.3 N9 MANANYUYNTUA-LIWUYDLIATUAID1TINE

a

31n3U% 2.3 TunsiasaIRuanBuENTERALAZ LI IR UTRLIAaLAIRIng el

o A

W fiwmesidinaineateslseneumeissulniivaugidna9as (Open circuit Voltage ; Vi),

<

Y o w

AseualnivLana9as (Short circuit current ; L), ma&lWﬁﬂ@ﬂ&j@ (Maximum Power Point ;
P, nszualilngsan (Maximum power current ; 1,) wagksdiulniingegn (Maximum power

Voltage ; V,)

2.3 \wanuae1ing luneuun

Tunisujuanisuneaduasenindluldnuazdosiiansandsladendnrarausznis
Usznause NasuaammﬁwmuﬁﬁwmﬁaaymmLLazﬁumu AUEYLEEAN 9 floraiintuann
sssumAnliamsanuauld sansEmuIINALITILAIINANIeAINgANNTENY WazenmTDs
Suudrilusulsddgyiivhldnsiuraduaeiindluldnutidu Tnsasnanluseasdon
Fastoluil
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2.3.1 wansEnuiiioanuduniuisuudas WefinsangAnssuveavaduasering
TumaUFua aznuifesdusznauresnnudumiuiiuig 2 fusenaudie R uag R, e
ounsuuazvuufusgnsluwaduatofing faguil 2.2 aziiuldiniledrniuduniy
Wasuwlasneldannzanuiduuaiinnnsenuiwaduaseniindfidian 1 misuasfigumgiilu
an1azunf (25 ) Ydumnszualwilazaussfuliiinvouwaduasorindfid1nailsl
Wasuudas usgnuiinsvinszuauasisadiu (v Curve) findmduanas fsguil 2.4 vinlaken
masluihdranasdimadsseansamlunisilamasuvesssuy

Low Resistance High Resistance
I sc ISC
= 2
=] -
£ 5
E &
0 / 5
High Resistance Low Resistance \\
Voltage [V] Voe Voltage [V] Voe
(M) NsiURsuwUasAIALAMUNILBUNTY (¥) M3FguwlaAIAUMUMUIWIY

3UN 2.4 sansznuilennumumuaUNTULAzYINUIA LR ULUS

A2 wanszwmﬁaqmwgﬁLﬂ?iaumJaa miLﬂgﬂuLLUaamaqqmmﬁluaﬂnzLL’mé’amﬁ
vinliguugligeitusziinasentsininussduliiiivensaduasoring dmivludiuvos
nszudlnihezhifinadensiasuiuawssguvgil SsnuantAveusadiatorindilogungd
asulaeiadonng 1 esansadea asviliussiulnifsudaldanasszam 0.5 % uag
pumpiifwaduaseniindunsgruiliimundseansnmlnomlufigumgfiunfvindu 25 saen
wadva ansnsafisanladsg Ui 25

2.3.3 nansenuidioanudanasuasunlas anuduvenaeinaefiadiinnnssnu
asULLRLTadwaseTindasdiaulUsiulaenssiunssudanseualniinveasaduaseriing Tufe
ienuuvenanaeiingiuin nszuadirdaldnaduasonfindAavannguaiuly
¢e Tuvasfinsesiulniiesudsiumuanuduvesuasnauludeguiu Ssnanldinaiany
Wunasdlanuduitusediannfunszuadinnidals Tnearanuduvswasifauuiulanluanin



15

21NNARINTALT AN ULVULAWNINU 1,000 W/m? Fa@iniu Air Mass; AM 1.5 @11150uana
Ansuafsuulatlafsgui 2.6

0°C
25°C

\ 50°C

Current [A]

Voltage [V]

5UT 2.5 nansenuilogaumpilivaguias

/_ 1000 W/m?2 Maximum Power Point
Voltage Versus Irradiance 800 W/m?2
= o 2
- 2z <
g % g 600 W/m?
5 & |2 /) ~
o} -
>
S}
2:
A Current Versus Irradiance f 4pm
N\ i . - \\
0 200 400 600 800 1000

Solar Irradiance [w/mZ]

(M) current and Voltage Versus Irradiance

Voltage [V]

(9) Voltage and Current Solar Irradiance

UM 2.6 wansznuiilonnuitasdsuilag

2.4 NBYUATNENNITVBBULIBINDT

naasundsnilwihanmdanuliihnssuanssliidundanuliiinssuaadunieEon
Snogranieindunesines dsduszuuduneimesniififaidsgauindiulnginldaeas
Aounefnesiiieateniidugunsaiaing lnslideulvivsdewiongiuunasireliinssuaadu
paeanaT llesannisilazihlioadensugathnssua (line-commutated inverter) Suagdasld
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faaa v

wssiulwihnszuaadulunsteunssiulusanduliiuieatens luvasidunefinesiiiftaids
maudsiidnidsunanssinfeldgunsaiaindidaianisoauaunisiiuagvgatnseua
¥11n# (Gate-controlled turn-off devices) lelnsgunsaifananififivuldusznauludaeg
naudamesings seamanarloddf dsgunsalmandaginnuiienuiaindas lneasas
auL?@%mefﬁménﬁ%”l%lmﬂﬁﬂmwa@mmé’zyzywmmmn%waaﬁaﬁ (Pulse width
modulation; PWM) Famaianisairsussiulwihiannsausuamauazanuiimeinuede
voslifhnszuaaduvosdunosinesls lasvnluisuiluuszgndlifunsmuguanunimeines
(Variable speed AC motor drives; VSD) 101a3131 50 umilent (induction heating) wnadgng
IW#1d15989 (Uninterruptible ac power supply; UPS) kagszuuasdngniaslniinszuansa
LLiﬂmuaﬁ (ngh voltage DC transmission system)

flugrurenasduneimedlasiiluamisauiseontfifudunefnesundsdonseua
(Current source inverter; CSI) WagdULIBTLADIUNAITNULTIAU (VOltage source inverter; VSI)
Sunefineundidnonssuanisinudunmazinasioinsziauasfimvieaivosynsuet vie
Bondnoesiuviasinenazud (Current source) liidufiuaudauimilyniiidoounsuiias
Fldumdstnenssuaiinseuabuluasassaiion vldnstdoutamssualiansawdounas
Iggnaviugl lurazfeatunszuanisviueidnaeduiesnesuraidngnssiazgnaiunulag
ussdudunanseuanseiiteudidunotnes Unfuddunesinosunaiinenssuatianldiunis
muRawmeslWinssuaad UTITiARA &g

dniuBuliesinesunasdiewsaau (VSh nesudunnvzgndeudlgusadulii
NITLARSINININRT BBz ualae i IAvUsE v U uileanst sanAduYe susfulyivin
(Ripple Voltage) lusadiuiitoudrdunesinasiidinsi faguil 2.4 Tunisgauniunasdng
ussuuaznssialasu (AC Main Supply) LLazLLiaéTumﬂm'au‘lwamﬁu%éfaqﬁé’wmzLﬂuiﬂﬂﬁu
lodadulnandadusaguil 2.6 @) uslumiafianse mumsLLﬂaqmaqiw%m‘Lmﬂﬂau
nIzLaoung (i) mqmmmamEJIWﬂszLLaaa‘u (ac mains) uuwmwauiﬂmngﬂﬂauim 99910
navesnIsnroaIndBiannseindinds fUil 2.4 () Gsorananiliinesrounesimesivani
wlulvandilaiiBadu

Vs s A Vi, 1
@+ & [| T[] 4 ®
A 1T | 3
ac mains rectifer dc link inverter load

(N) 29AIBUNBS LMD WIAILTIFY (VSI) 9 il ’JLﬂUUiuﬁmaﬁJmuLUuiniﬂLszjaafllm
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Alc mains ;Kg load side A .

I'¢
A S
Vs Vab

(v) JUPAULITIFULAZNTTLAN I UBUNALAELD AN A L UEALAR

(P) JUATULSIRUKAENTTUAVIUBUNALALE AR N UR TR

Ul 2.7 19a5Buniesinesuvasinausiu (VSl) aaadmiuduinaeussinesimierianua
a ¢ g o
2.5 ULIDILADIVIYLIINUNULNE

n1sas1agUaauussiulninssuaadunisinuednmuosduesineslneiiluagld
wallansueglanaunitsvesitad (Pulse width modulation) ieususnsuedindusunliia
g1fuoiinidudugs Fadenffe aunsnUiuussfulayanuivsueinaliuagasmniens
Mdausediusnsueiineisasnsssensueiin (Harmonic Filter) vuiadn dsdunesinesang
wssuviaatiasouvseentdidy

2.5.1 Bunesineiisuseiuzuaienau (Half wave inverter) SuniefinosuuuiiFen
Snegrmilaindunesinesuiianuiladis (One-les inverter) Fudunisadrsdygutuaing
didnnseindidsmendnnisliulnansaiag (Bipolar PWM) Tiuiaasduniesinesdnausiugy
ASIAAY lAgNITUOAEAFYYIUAIUNTINVBINAE wioi3undneg1amiladn Sinusoidal pulse
width modulation (SPWM) siagiandayaaiguaauley (veno) AUFIaIAGUNIY (Carrier
signal) vi3ai3enBnegnamilyindnya aAEN (Viange) olensueiinvesussiulufafidfu
g1sueiindudiugs annsofimnsanudnnsldanngui 2.8
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m sin(a)t)

V!ri

5UN 2.8 n1suegLandayanadumendnnisiulwaisaing (Bipolar PWM)

Comparator

[y

#9130013U% 2.8 wann13vene Ay IunsiUTsuisussnindyaaguaaulediu

Toyanaundumnid avivuadudeulosdl
4310 Veontrol > Variangle A2l 51 Wnswua
4310 Veontrol < Viringte 95V Sz Wnseud
mndeuladinanasdulihaindfsaesnsdoninssualindontumsgazsliinng
dansasuazaiannuidemeliiuaees uaggUaduussiumsiuendwaiildaingud 2.9 dle
finrsunlurae 1 munatvesnsaindaznuiussiuednnfinnasoninaniladussiusindy
Vae 48Y ~Vee Hao38nBnoganilednisaindusiuasstivdelulnans (Bipolar voltage
switching) Melu 1 ATUNan FeanunsaasUaniugnsvnnuvessindliussdunuululnanslalu
P37 2.2

P o a 2/ Y s
AT 2.2 ANIUTN1TVNUU IR LIS WULLUUIUI‘WG’Ii

a 4 o/ 14 g
N19HINY S1 Sz IINUNATULDIANG
A0 0 1 —Vac

#19150019N3UT 2.8 NITAATIERTNTUYRINITNORLA AT YA 1VTRAUNITUSIAULB AN
Y998UIBIINBTITNTUINNANNIAUATIBIFURA LTy sanumBexlugu 2.9 avla

A

vtrian le = M(I) Lﬁla 0 < t < T/4 (25)
TooT/4 '

TevauEiag =1 0 Ve = Ve S0Zllouvuatiuaunish 2.5 gl



A

_ ‘/triangle (tl)

vcunrrul - T /4 (26)
A v ' N
control < ‘i M Vi
i il jiii
.—"j =)
----------------- "
— T% A =Y /Vcontral
fo
N "
0 : h h 4 § t
H T :
e
S] i
_| | DI | l DI
0 <t
21 l D2 |
0 < I > &
< Vy =Dy =Dy Ve
Ve /
] — — — — — — — — — — — — ————— ——— — — — — -
0 7
*Vdc
d' 2 b4 [ U a L4 L3
;S‘U‘VI 2.9 AanN13839 ﬁJwﬁJu"IﬂJ‘UUﬁ'JWULLUU‘LUIW'sﬂi
MatuTal £, zdAnvinnu
V‘(Jﬂ 10, ’Z—;
n = f—tl[—J (2.7)
‘/triangle 4

Tugasansiinssuavesadng S, 9NFUN 2.9 dewviiu
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T,
t, = 2t +Z‘ (2.8)

Wanwuald 7, Asvi9a1 1 aueenisalnduasiinualidnsndiuvesginialunis

nseuavesaIntfe Duty ratio (D) dAiiu

. t
Duty ratio = =
T

11 7, Tuaunsi 2.7 unuAnashugunisi 2.8 agla

~
|

4 = 2 ‘icuntrol (L]-FL
‘/mangle 4 2
= vcomml (£j+£
‘}triang[e 2 2

L .
- EA[I_*_ ‘icontwl ] (29)

triangle

WaYIIANITUINTEUAVOIEINT Si MNENNITN 2.8 Homsdau Duty ratio ; D1 Wiy

Dl = ?n :l{l_‘_ ")\comml] (210)

2

s triangle

Tu 1 Munadnsd@unITINITUATOEING S way S; Hens1dau Duty ratio saulaitAy 100 %
agle

Dl+D2=1 (2.11)
UATNNIAINITUINTZUATDIEING S, Hons1dIu Duty ratio ; D2 Wiy

D2=1-D1 (2.12)
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Wenmsaing S uay S; Winadwsveassiuemnaiinassiuuinkaraunslunisaiuna
wanslugui 2.6 dsduusssiueamaadely 1 aunan awnsamuinlianaunis

v, = [(DDOW,0]+[(D2)(-V,)]

(oD, )]-[(D2)V,)]

(D1-D2)V,. (2.13)
wazlounudn Duty ratio ; D2 aanasnsit 2.12 asluaunis? 2.13 agldaunistndifu
V. = (D1-(1-DW)V,,
= (2D1-1V,,

WuA1 Duty ratio ; D1 97n@un1s59 2.10 aeldrussiumeielu 1 muiainieunssiunaudyg
FIU ANANNNT

1%
| control
Vo= | |1 H22200 e

triangle

V.
- Acontro/ Vdc ( 2 1 4)

triangle

control

A o s V ) ) 7 $ = o I |
dodmualy - Juilsritunagiandtyeyias Modulation index (m,) Fsfiieglugas 0-1

triangle

AUNTOIINTUTUBLIALTIIUDIANG (v, ) HAINNIINMITUTUILINVBILTIFUTIAIUAN

( Vegror ) HAZUTUANAVDILTIRULDIANALAAINAIINAVDT v, Al uiY AaUEALNITLI Y

control

IAnAveINIsHeganJUARud Yy 1Tl uululna$aIngs (Bipolar voltage switching)
d11311995 Half-bridge inverter azfiAvinny

v, = (m,)V,.) (2.15)

lnenmnualidviinisueganiliwssiuerdnnegludindaduiaviaiu 0(m, (1 @m0
farsanlanagui 2.10
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LLaxmﬂgﬂﬁ 2.10 uamnanNIsNagandy1aAUnIeiad (PWM) dyeyrauduaing
S1 way S, uazgUndussuenaluvilsaunave LTI dwefinLRtagIy Tnegundy
LsadueAnmd o usasnsesnmiudaglfidusuaduled v, uazidetgundunsesy
wrdnailiuiinisiaseidseynsuizefarnuiinguensueinseudas (Sideband
harmonic) TAnt uiuiatufiunaseun driuanudiidlunisaing viewifuauives
AAUNTY FegUTl 2.11 Faduanniusifuednvesussdutendnaiiinsaindfendnnis
lulwans Tnefwualviduinisueguandianiifiu 0.8 waziingy Sideband harmonic Aatuf my
2my, 3my Fudvauludusinuh Teeden my 5ﬂwé’miwd’mmiua@mmmm5 HAAu

m, = % (2.16)
1

Wafmunli
fow PB ANUAUBIATUNIN (Carrier frequency)

fi AR ANUAYAT UV TIAULBIANADUIBSINDS

2 Veontrol Viriangle

A AAA LA
RUATRRI AT

<

~Y

~Y

)
[l
=2

2.10 sUdygaunsainduazussiuednnveduesinesiulnans



> 09r . -
VO?I —08
08 g Ma=Y

07
0.6
05
04

03
Nt
0“ e T T T T -f_\_-_______J_ é — -

me W 2m A 3
(my +2) " M 5m+2)
Harmonic number

-

(2my +1)

JUN 2.11 sUdtyenaesuelindiunisaindvestuiesinesiulnas
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91501970307 2.1 awdfiuldinusesiu PWM mediutersnavesdunesinesiiniug
18§14 (Fundamental frequency (f1) ) ‘1'7iL‘?;JummﬁLﬁmf’ﬁ’uﬁ’umm?i%mmﬁumqu%a
LIIFUEI9BY (Veonpat ) Baslensuatinseutadlunguusniididuensueiin my wazivunausafugs
niwtnaussfueiaiauiyagu Inefnuaannduiusyesensueinseutnaldsaunisd

(2.17) waz (2.18)

Womnualinudgsuetin (Harmonic frequency) AU

S = (Gm,tk)f, (2.17)
LAy

f "

L = n=jm,tk (2.18)

fl f

LaEAAUALA
n fe a1nuensuen
j  fe ﬁ‘]’mauwhsuaamiua@Lammmﬁ mr
Ao g15uefingaudne (Sideband harmonic)

Anduduaud (1, 3, 5,.) navesdduansuein k azlandudiwaug (2, 4,6 ,.)

Anludnuaug (2, 4, 6,.) navasdiuansueiln k azdandudwaud (1, 3,5 ,.)

Tnedi

i
Tmef j 4
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2.5.2 Buriefinesitsusifuguifiuniu (Fullwave inverter) Bunesinosuuuiizon
Snegnvindunesinesviinansis (H-Bridge inverter) nMsuegiandyaatuainddidnnselind
fdwesdunesinesudaunawuuiens full-bridge inverter ﬁqgﬂﬁ 2.12 nsthiedayaadudile
MnnsIouitsudyyalusui 2.10 induaing S way S Tusudl 2.12 way S, thundu
Fyraduaind S, uaz Ss nafiliannisadindiu ililaussueranaduwuululnans ued
yunvoalsIFue Ny 2V Falvunaussiudy 2 wiwenaasdunesinesuuu half-bridge
LaranunsadsuaINIuTTueNaRnNDYas A MU UNe e f LI UNA AU
nsadndeemaialulians fail

L (min )(ZVdL) (2.19)

v
sl v A a

nmsainduuululnaritdilmelianisuegiandygatuadntuuugilnais lnons
Amualitednd S;uag S; MesgiumarunswiuuInveunasdigliinnssuansdiianuz
vosnseindiiu 4 anuz Tnsannsadouaniugnishauldfansed 2.3 lefiedng S; uas
Se faanusdinssdruiu S, uaz S ietlesfunisdnasfiuvasaiglninnsyuanssmeidunn
Yonsdunoines dwanisaindreanaiingiinatid axlvinseiuiodnafianasoulnand
WissgueduussuluBnuanuezgudmelu 1 amunamsaindsegun 2.14

JUN 2.12 Bunpdweslulnarsuuueussiuguiunau

A13190 2.3 dnugn1svinuvesaiatuuululnansadaduuuineussiuguiuaau

N363nY Si Ss WIIRUNNATULDIANT
GNP 0 0 0
dnnus 0 1 - 2Vdc
01U 1 0 2Vdc
anue 1 1 0
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v o [

nann1sasesdyyraduadindilodyyiuusiuniuny 2 dygyrananusenaunig

Veontrol HAZAEYI —Veontrol TILLWANTIVIUAU AU @DIF Y Y U TNIVIIATIUTB U UAY

a

o dl ¢ = Y ) ] ° a _« 2w |
dysrunduniidednu lagh Dy Wusnsrdiunisiinszuavesadng S; way D, iudnsdu
n1sdnszuavesaind S; luniln1uiaiven1saing wazangui 2.10 awnsalguaunis
wsewedmaedsly 1 arunaldiduy

v, =V, = (D1=D2)2V,, (2.20)

o

Tnef
D, = 1-Dl

Wounu D, aslugunisn 2.20 agla

v, = (D10—-DD))2V,,

= (2p1-1)2v,, (2.21)
wazilownu D, 21naunisit 2.10 adluaunis 2.21 azle

1%

V,) : Awntrvl zvdc
Vtriang/e
%30
v, = (m,)V,) e 0(m, {1 (2.22)

LAZINANNTS 2.19 Lazannsil 2.22 Fuduatnisussiuendnniianuiyagiuveanis
anduuvlulnansuazgilnansmudiu uagnuindArvuinvesussiuiordnavinfuidvinng
uengianiniu Tnenavosussiuendinnluguil 2.13 azifiuldiussiuerdwalunianiune
voensaIntfldTifissusauuInuazusasuaud dumneanuiusduededlFaduiends
\Huilunweanisien glilwans fagudl 2.14 uazanudveaussiuedweandu 2 winwesnud
Tunisaind Fefuannduvesenfuedinuseiuiléiadinguenineinsoutis (sideband
harmonics) agjﬁ 2 Wihed my Badidwiniu 2my, dmy, AUy oﬁ’wﬁmﬂugﬂﬁ 2.15 uaviile
mMuupaNudiuveInguensueiingaudne (sideband harmonics) Mnaunsn = (jm, k)
Fensainduuugiinansduiian my lusiuon 2 wih dumneanudilen j aemediuueg
(2, 4, 6,.) fefunavesddusnivedin k axdidndudnud (1, 3,5 )



Veontrol L ‘(V,,.,»
l ~
1 »
0 ' | t
i ~Veontrol
""""""""""""""""""""""""" L/ Viri
Veontrol
\ P4
/ \
0 't e t
i n
5 ol iy ND
bt > /4 “Veontrol
S H
—I D1 [ DI
0 1
S3 D2 D2
0 1
2y V, =V =(D1-D2)2V,,
_1__+__ﬁ__"__"__"__¢_41__
2 -~ [ ——————» t

5UN 2.13 msasedyanaduaintuuugilnas

] ’ L _
L\vrriungk\ Veontrol= Vi SINGX Veantrol= Vin SINGX —7)

AT AAAKAA -
NSATRTE A STATRS K
53 p
Iﬁninﬂﬂﬂmmr?
B

Tt

5UM 2.14 sundudygnauduaing uazussiueansvesdunesinesuuugilnasaing

=2V 4
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08 m, =0.8
0.7
0.6"
0.5
0.4
0.3

0.2,

N ‘ ‘ | 11 |
0 .. _-_______-_I I I_-__

s

2m s~ 1) (2mf + ]) Harmomc number

[

5UN 2.15 supaudayanaannsuaniuatinvesnsainidunesinasuuugillnansaing

wayluwuy ﬁﬁﬂ’]iUiU ma 11NN 1 {NSU‘V] 2.16 LL'ﬁ\‘iﬂuLE]’W]W@Wﬂ??ﬂﬂma%’lu‘ﬂ%ﬁﬁ’]
LW&J‘UU@SW\{LNLUUL%QL umuamﬂuiﬂw 2.18 wammumﬁ]mﬂmﬂmaﬁuauﬂmmuwm UUG?’]

1%
a =

(it 3,5, 7,.) LﬂWU“LJSLﬂaﬂ‘ULLiﬂﬂu%ﬂ’J’mmﬂag’mmLLﬁmG]”lﬂJE“U‘Vl 217 ailun13U$u ma 7

1.4 (luvaueU3u ma 91 0.8 Nauenuelinso Ut SIFULIANAAZIAATINGY 2mf = 20)

AARA
YV

Ciry, 25

1 P g \\\.~
WA NAS
ok
WUV A
05 J
- V{\‘-\ » 4

_,-l-l:r
S

~
"

2

,,,,,,,,,,, ""-v-. g

sS4 1%
ﬂ [0,
!

S3T i |
I |_ "
t

T Output voltage

Ul 2.16 sUAAULTIT U WALEleAnToeNBRIaTY (Over modulation)
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Von 14
Vie 12, a— 116

=t
£
=
£
<
1 5 10 15 20 25 30 35 40 45 50
Harmonic number
sUN 2.17 awnasussueiinussiuednniilaialariesuegady
A7
L PU 5 Cd AP LTS
T

@ Linear modulation
0<m, <1

@ Over modulation

@ Square-wave

I
|
!
|
|
|
I
!
|
|
I
|
|
|
|

|
|
|
|
|
|
|
|
|
|
1 —»:4-—-— @—>«Q@~>

|

1

|
|
} } =
0 1 2 3.24  Modulation index

3UM 2.18 anuduiusseviuswiuednananudyaguiumsusudvinisuenian

2.6 NMIUYLANANUNTINVBINATYTAATUANNTEUALAUTALNDTTTAAN

(Fixed hysteresis current control PWM)

figuuandy (Pwm) Aldwdnnisauaunszuaduidoulddmiviunefineslunis
Uszgndldann 19a3nseaidshau faweidaaiou nsdeuselnsaiieidanuvas
waaunauny nsdulrdeunemesiilesaniteienisaiianaznevausudy Faindnnisi
aunsneduelasadl
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191501910307 2.19 (1) wadanisaruaunisuegandyaaduaindvinaiuny
nszuadamesida JWudddglunismvgunszualaefinisuiuunsazaivaulaednluds
meldveundamesivalaunisnsradunseuadswnlisuiisuiunseualeldnsds innsawnan
U 2.19 (v) Wenszuasiuiuveuumdamesidantivualy G1 azvgminszualuvaisi G2 9y
thnszualunaliussiuendwaaouan +vd Wu -vd uagnszuaisuanasmisuieveuinn
Faesivadauazzsimsiasunisaindlas G1 szthnszuauas G2 ngminszua daazluy
nsasUTEUNSAIRT warlugaeil G1 waw G2 BuApunisaindiuasdinns Lock-out time il
Ll 61 uaz 62 virsundenfudadunisdesfuliliiinn1sdasaslufafeaiu (shoot
through) Fulursaslunnedudsunisaing dwsugud 2.20 uansudenlnerinsuvonisaing
nsuAunsEuardauauBamefITansdl d1usuil 2.21 wanuaudamesidaususnuaiy
nhaveagunduleigede [30]

e i
af f : \
7 \ A
Hysteresis e D G2
comparator
(1) UEDNNAIAIVANLAT DI (V) NTLATIIAAANUNTELUAD1DY

neluveundawmassva

JUT 2.19 wmallANIAIUANNITUBIANAYYINTUAING

Comparison and Lock-Out Time
Hysteresis Band

}—————p— UpperIGBT Base

:: t L
Reference
Sine Wave

————>— Lower IGBTBase

Phase Current

U 2.20 Block Diagram 984N15AIUANNNTHARAAANUNTIVRIHAGUAUBaINSITARIT
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Upper band
References signal

e

Lower band

Magnetude (p.u.)
[=]

0.00 0.02
Time (Sec.)

JUT 2.21 YaUlRLaUBaNDSITAUTUAT

I1NI1UABYAVDIMIANNITVINTTAIUANN T A HALOUBANDTITaNNa1IN U9k
WdeagldeSuruadiagideasialuluumi 3

2.7 ngensasnienaslniisnindlasairaliiauasasasudasiunigs [31]

duneswassusassuulasavrelnia 1 wa azvinntinndeiuindsannwuasane L
nszuansinlowdn19958uiesivnes 1 waludssuulasanglnia 1 wa leeduuisesauys
wazinaweslaesunsuvasnsdwumaalni ladagun 2.22

5

2o

(@) waweslazunsulaging U () waweslnozunsululunnduesia
oI TARUMAIWH Feruszneumaadunils

JUN 2.22 nsdsmeidsinihsenindlasenglng
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Nnasauyaluguin 2.22 (n) Ansuilaglinguingussiureanssveinaiuisadeu
AUNT5HIIAUVD AT N AN e RaaNNI1TA (2.23) wazwsseulndinnasoudntieltisening
Tassinelinnazpouasmeslasaaunisi (2.24)

v.\' = vmnv + vL.\' (223)
dis_

v, =L — (2.24)
dt

(9

LLazmﬂLLmumwLWaL%aﬂﬂasz'ﬁu’LugUﬁ 2.22 (@) aursaeuduannisiasail
V cosO=wLl cosO=V  sind (2.25)
Y sin 0 = oLl sin 0 = V.-V cos O (2.26)

convl

WarINgUR 2.22 (n) nsdsiumasiniaswasmadiiadounnaeuiesinesluds
yuulasarneluiln 1 wd @aunsananesdluaunisy (2.27) wag (2.28)

2
P=V5131COSG:V—S[Msin6J (2.27)
(DLs s
2
Q=V]I, sin®= Vo |- Yot o535 (2.28)
Q)LS ‘/S

wazanIadBuaINIIANIZLANAINDYag Y (Fundamental Current) ladsaunisi (2.29)

V-V
I —_s conyl (229)

JjoL

s

Wannuala

1, fa nssuananudyaguvesszuulasaglnih

L, fe Aenumtisniszninszuulassnslniuazaounesines
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waranusaildeuguadunseiulnilaseng (v) uagnszualasedne (i) dmsursasudasiuiig

Mululnuaisvenssuanardunosinosiunsailanseiu (In-phase) WagAIIA UL
(Out-of phase) Tuanmzlaiiinsdwinemdnaiiou wanlanagun 2.23 uay 2.24 suddy

[~ — W
— -0z H \\f A
B

sUN 2.23 ussiutaznszualasiisidensuiesinesvnaniluluuanisviausesnssua

(rectification mode) ile 6 = 0°

JUT 2.24 ussrunaznssialasinedlonaunesinefvhailulnundunesines

(inversion mode) 1o 0 = 180° aenAdasiumlaweslnosunsugui 2.22

a - Y 1 9 A Ay oy A = P

#3150019103UN 2.25 L Tudiedednwuzsunduilaainnisnageuiiliedinisdanne
mdalnianunasdneliiinssuanssiursunesimesiingssvulassgliimianaway
awnesusnsuetinvenseuaiinnuraiieus iy 11.99 % fegui 2.26



33

B

Vs = 100V/div, is = 5A/div, Time = 5SmS/div

SUN 2.25 LsanumaznIewalassnelwin

u

THD; = 11.99 % ]

Source current (A)

- B S p— =l Bl Sl W |
5 10 15 20 25 30 35 40 45 50

Harmonic order

g'ﬂ‘ﬁ 2.26 AUNPSUTISUBNNYBINTLALATIUNE
2.8 Wanlildaduntana

anliluduniavalaeinluindugunsaididnnseindinds wu adndunined
Funane yaduindeunomosliiiinszuanss yaduindeunomeiliiinszuaadu wivedy
willeni Sanaidinnsedind Wudu gunsalvantavadranszuassuoiniidinasoszuulih
Faduiyminarhiosnisvesquassuulassdisliii WesaniliAnnisay deifuduly
nffoutadlnliuaziaiestnanalulihdamaliussavsainnisvhaureseiosinanawariianas
waziinaufeugionasiiuvosgunsallni InanldiBadusmneeufiunesdilfevie
wamn drusnnaglimdnnnsvesisasiGenszuaiiunau 1 wanuulalondadulsesifesnseua
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Funthwesaindamnesinnanedeuinanfifuundsine idsdsitugunsainielusiie wn
thandeldauiussuulidii 3 wia 4 ane luensiiegendensedtinnusinneliisuanseny
fuszuuliihireuimesidoudeedld 1y nmsthaeufiames 1 wa uveldauluszuuludi
Tngsofuszuulilin 3 wla 4 ane fagudl 2.27 azneliiAanszualnadouluaeimia naves
g1sueinfiintuiiAnanTnanlidadumaiiorlussuy 3 wa 4 a1e vildiniseanuuussuy
iw%ai’wLﬁuﬁaﬂaaﬂLLuwmmaam&Jﬁ’m%’aﬁﬁmmmimy'mnsﬁu

L1

=7 = =; = ~
Computor Computor Computor
Phase A Phase B Phase C

sUl 2.27 nstheeyfiomes 1 wialdnuluszuuldh 3 wa ¢ ane

TunnsufoRasnuindrunivesadntan e sdnnaigaziluiasiseinssuaausanans

e3UM 2.28 wazfizundunszua dewandlugun 2.29 daldarnnisiansyualnanuluanindu

Y

ADUNILADS

JUN 2.28 193i5eanseuaviinlalonyau3ad (diode full bridge rectifier)
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Vs = 100 V/div, is = 1 A/div, Time = 5 mS/div

JUN 2.29 usenulasainaliih (v) wasnszuailvasuneuiunes )

yIndinanauatisdumnguadunssuadunaliiluguley (Non-sinusoidal periodic) 7
Antuluszuulpseunalni avlangufeunsundesosuenuanuyney Jwenandselull

datmuslireidunluaiulag anunsanszaelieglugunasouvesilaiduninadan
Aanudnee Wuilsiduaulae@ouunuse £ (7) feaunisi 2.30

f@®. = .aj+ Zj:l [a, cos(nwyt)+ b, sin(na,t)] (2.30)
dlarmuali
1 T
a == jzz f(t)dt (2.31)
2 L
a, = ?'[sz(t) cos (nw,t) dt (2.32)
2

T
b = % FZ F @) sin (na,t) dt (2.33)
2
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AN (2.31) - (2.33) e g, i ARdevessunauled a, uaz b, Ao A1
#uUsyansvetesnusenauletuazlaley aua1au Wewaun1sh 2.32 waraunisi 2.33 1153y
AUNNSNAINFansaLle

f@®) = ay+ Zil [Cn cos(nayt) +6’n] (2.34)

INAUNISA 2.34 ianmnualn

_ 2 2
c, = ,/an +b;

ly = tan_l(_b”]
an

dmsunszualuleasyun 2.28 uagguadunseualugy 2.29 nszuaaiuisaldevagly
aunsuses dsaunsin 2.35

R - z C,sin n(wt — ¢,) (2.35)
B=18,.]
Wl C, fie AvenaNanUaiatAUsENausNseinguiun n
¢ o yusevinussrulasseliiuaynseuayaguvadlvan

(Fundamental Load Current)

wazdiasannseia i nldldguniauled deduiruseneuainuiiaiiiey (Distortion

factor) [32] aldmeaunsi 2.36

DF = =L — sl (2.36)
1521+ lezn

m=1,2,3,...

Wiarvuali
1, Ao mmié‘maasummsu,azgag’m (rms value of fundamental current)
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A §
I, A9 NIELERISLONLOE

115U @1Usgnaun1suda (DPF, displacement power factor) ienulalang DPF Ao

[

gnsdruveiatlniatuaiivdonannueddi rms (root mean square) YBIWTIRULATNTL LA
yagu awnsadeuuaumslansaunisi 2.37

Y

B _ V. 1,cos¢
‘/SIA‘I ‘/‘\‘I‘\‘l

DPF =

~ cos¢ (2.37)

dusuiUszneaunaealassinglnin (PF, power factor) e dns1diuvesnaelnii
39afufaNaRMUBIAT rms (root mean square) VotkIRUInNTuaznswalnih

A
R0 D A
=188,

V. 1, cosp (2.38)

vs\/m S
n=1,2.3,..

1=

= DF xDPF

[y ]

We391n3U2935 2.28 dnudrdguindmsuinsadddinihludiuinendowaznis

o

'
[

Uszgnaldnululssnugnamnssudanidsunatosnin 10 kW nmsiinsgivesnisnsziilon
nszuaaINMsImszinanmidsliidanudndu deunsaldidnnsedindmdsliansueings
wwiliiavsznaufdameinulassdiglaiindarsas uenanifuszneuiiddaastuag v
muaamvxlamamsmauﬂagm (Fundamental Current) 91nussiulassingluii £18ad0uma
undsna DPF A1as lgunsuiusuavuulydawmesvesinanduindouteinesdinarinliim
Usenourndwhasmuaunns (2.38) eglsimuuinugunimidsiimedanusateldan
\w3eaile T & (Power analyzer)

uiiuldinannannisfl 2,36 aansadiuniesgimesduseneveniueinuesdyni
sUAAunszRaduNANIiLurasiisresiasad e il Tuanuidedlidldsds FeT fidly
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MATLAB/Simulink uldlun1sdmsizsiiansuednlaegiinisiiulnddeyasiniinea
poadalaalavluzulng AsCl 91ndutirdeyaluldlu MATLAB/SImulink wazaunsanden
awnasussueiinvesnszualuanlii@audu (Aeufiumes) d1uau 50 Sufu Faaziiuldiddiu
grfuedniduand (1,3,5,..) uazogdifumduanslusud 2.30 dadlarufaifiousay (THDI)
Winfiu 78.5 %

0.6 —

=3

THD; =78.5 %

0.3

Load current (A)

[

Harmonic order

Uil 2.30 alnasuensuetinvosnszuadivauaouiaines
2.9 299303939 (Active filter) [31]

nvteiiuin Inanliidaduneliifinnszuasnielinuasdmasiannnmidsiognse
3711 (PCC, point of common coupling) vastnanau fefunisiiszaamounsomdnslusodd
2993050981518 TALUUIIETN (passive) MUTEnoumefmilsitihuagiifulszaidonsusiu
g15uodnMvyidn 1ty nanliBadulussuvansmaszidondidnansueiniisndu Tuddud 5
wagdsul 7 Judussduszneusniueinuuings uaslussuunilunaszidentidnensuedind
Judeuit 3 wazdraudi 5 wiednldeesnsesensueinlisu (Active power filter) azauise
fdannduildviessluuunan (Hybrid) Adamianuazasasnoshianu nsliaaasnses
LUUNETNT 5 1A1gnazdeadnITinefuosssu Uiz ludeilendnidesnisiia
isTouund WeanuivesszuuwirfuiininudvessrsueiinagyinlmAnnisversveausasulni
waznseualiihfisnueindifutu damarlfgunsallwihidemenionsld drunssnsedhay
wl¥dunedfnesdainmunsarliymifeatunmsifaslsuund fndueansaduitaids
eTaesevuuiindlulnglisndudesimslimesvasssuuitozhlusefin #9151an9ngui
2.31 uanslaozunsuvtifivessesnsetheu nszuafigniteludsinanlildaduuszneudie
aqﬁﬂizﬂaummﬁgagw i, wazesiUszneviiniouniossusiin i sorton NIEHAWMANLYN
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'
a

nsafunaznsouielilidny o 1Ml udnd1univ i g N181HN15AUANNT LAV

o

ABUNBSNOTAINGINNA AT ¥ 10 (switch-mode-dc-to-ac converter) TVENTERE iy gyongon PUE

a a

Tasetaglnii dedulunsdigauainszuasnfueiinvedlasstisazgnirdaly Tudauli
nITuANTIvRIAB U fe fip N TFAuUTE g RTA M Igam s I ssfulinssiasousiy
Uszazgnauauinuiliinadilnensunesinesinisdidioidenisanlassglniilusae
MIFYALAENITAN iy 2993038500 WIGYNARB T LAY tagtiutinnsldgunsaiaingy

nuMatlaeas aiinsiiarsanegreasedslugduuuna (Hybrid filter topologied) Aslugun 2.32
JULUUT9as IudmT UL R sus ke nseualnihwanslugui 2.32

Nonlinear

loads

T lc :lh & ll,loss

_IWY\_ﬂ }‘Zc

Switch mode

dc-to-acconverter

sUN 2.31 laezunsulatinyl (one-line diagram) v¥843933n5030191U

A i f;nr p‘Cf f;‘.:af
Grid ._'Cb/l T * Load

j
L 4pF

+ - v
| - A,

VSAPF

L

> L' pec Uoat
Grid () 9 * Load

CSAPF
29950599 RANULTINULNAN 29950599V RAINBNT LA LT

JUN 2.32 ULUUYRINAT U TAL VAT gL IR UL NTELE



lLim’ i[[]ad
Grid () fv—>—¢>3—{ A& Load
A apF
) l

-

W

Shunt AF

%

EShum

Passive filter

ine Varr ioud
>

Series AF

JUN 2.33 SULUURANYBI99 STy 1997 hnu

* Load

+
i
AGE
+
VS% ‘/(lr:
Vsé Nonlinear G2 o G4 4
T loads r,
N\
b Y vd('
a )
Harmonic Gz ’ G? Gl 5 G4
Dectector
g~
cos(at)
Zero Crossing
A\
11
Hysteresis Comparator
Digital Signal
\_ Controller

U 2.34 2sashunilanaiiaenndesiuguin 2.31

—g Shunt

Passive filter

40

dmiufegnnsasnsadhinuntaaauisauandlingun 2.34 aslinsligelasiudlagly
4 P d a ) o Y A A Y]
Zero crossing wnun1slnladenguiigunissnwiussauliiinszuansdlving ddiunisnsiadu
gsuelinuasnisarununssualaelduaudamna e
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2.10 dUIBSMDSAMS U UsBLYakasa1ing nulasIu1e Wi

Sunesmeiiidoudeulaseglniiasiminidimasnuainwaduasoriingdidng
Tasstngluld nehlvazusafunisiunaransdudaguil 2.35 uag 2.36 mudidiy Ui 2.37
uay 2.38 wnanIszUUMUANTTsaIhdidestu 1esiiddunsniatuunasaduaseiinday
muaunsAnmugaidsliiigean Tneazfnvisziunssiuliiinszuansadenlosiifiosnisuna
ganinAgen (Peak Voltage) voduasilassaslnin [31) Winsft lnsrruesnaasidstud 2 Ao
Sunefmesiegintulaserglninh dnslivladenguamividasludivussiulassielin
n1sAIuAuduLeSnesatld PWM glilnans aiuaun1sdsindudnglasstreluiiainead
wasendind agdlsfimuszuvivszAvinnvesszuus wilifoRfearldusadulniinszuanss
WoulosgslurasAitaandunasios fi5ufl 2.39 usnainaziimsdnmugaridsgeaauaznises
fefidsliihessdslinmsmunuirdaaiioundeliiulasaieliinsuegie

PV
Array

PV
Array

JUN 2.36 2asiaeBunesinesWendawaduate1indiulaseielniuuuas sty



Switch mode

dc-to

-dc converter

Switch mode

dc-to-ac convert,e£ -

PV
Array

¢,

b

—

b
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lS

(|

Vdcl

PPT]

t

.
-

1

dcl

<
a
o
NU

Boost Converter

Vdc 2

|

Control

N13ANMNINVINNUENERUD TR NS

UM 2.37 vdenlaozunsunisAivalNsweNdalsaskaIafingiulasavglniuuuassdy

L Ve L
=N > DC/AC  f—rrc
{ [ci Viny
PV ¢, Co.
Array A
| |
i v
Vae =y I a
W
Tov Vov D
[ 220 %1 Current
Controller Controller [€
DC Vo;tnge Iref Iref
._* R
Vref Controller sinﬂ

JUN 2.38 vdonlaozunsunsmiuAunsleusowaduasenindiulasaneli
wuuldrounesineiastulagldrasyndmsun1sineuqavineugsn

YDIPAAKEIDNNNEY

Boost (optional)

PV Panels W
PWMs | PWM: 7 1
o Vdc > < iy Oy Vem [
p* Inverter L 12,0,0F Grid Detection
EIE . Controller | & Synchronization
Vpv ey qw‘_'a' yn
-

Control system

JUN 239 szuuweusaaLasnindiiniulasseliihidinnsaiuay
nsAauAdgegawazAIuANiaalninswasiaiion
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Turnuideiaglinnsaounsinestuieriivvinildvaisediendndedislou
AdsluiihdruAuaninanliBadudrglasewiglii suzidorfuimididuisasnses
fdshauflesnwsiduaiiounazannousisuainveansrualasegliindawavilie
Usgnoufdutilndwils anunsomuaunisitiduaiioudnglasselniiwasfnnugaiids

QQ?j@‘U@QL%ﬁLLﬂQBWﬁG}é

2.11 nannswlsdangy

Tnssasiiugiuveanadengy (Phase-Locked Loop ; PLL) aunsauanal@inaguil 2.40
(n) wae (v) BaUsenaumeiiugIu 3 dIunume

‘ v
e & ’
* LR Epi ool I Voltage v
> »| Controlled >
Detector Filter Oscillator
(n)
o) LF \Yele}
v f3 v ' o v’
pd ¥
oot f ) o9 7
wﬂ
()

U7 2.40 laezunsulailinen (one-line diagram) vednedongy

dauil 1 daunsradudayaynilet] (Phase Detector ;PD) tneludruilazadie
dayaraerdnadudadiuiuamunaniie sy aledssnindygiadune (v) sazdygyiu
flastulngooataiamoinislureamadongy (PLL) (v) Tasesdusznautean1sngiadu
”zyﬁymisuﬁwﬁmmﬁqqLLazs?’TuaquﬁummLLmﬂﬁhwaaé’fyiym

dudl 2 gUn1snsas (loop filter ;LF) Tudruiiazuansdnwaugnianseaninufs
(low-pass) LileaaneussdUsznouAIAgsIINMIFLeAWAvesIRTIRdudyaailed (PD)
Tneunfudrdruiinsgnaiatulpesinsesnnuidniiuiaaueu Pl
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'
1 =

dufl 3 duaruauuserulnili (voltage-controlled oscillator ;VCO) dwfudiutiay

£ [

asesdyaadliadu (AC Signal) penandianuddusiusiuaudndmun (@, ) Fadudiuves

g

msnseasadulihfidesnunainnsnsesauden (LF)
ﬂmimf\mgﬂﬁ 2.30 Werhumualdyanalsd (v) fedsaunisa (2.39) tud
v =Vsin(@) =V sin(wt + @) (2.39)
wazdnyanuitadlagmsmuauussiulii (veo) dawvindy
v =cos(8") = cos(w't + ¢") (2.40)
awladyaaiianainvesnisesaadudyarale (PD) Inadeuaunistvaladu

€ pg = Vk g sin(@t + §) cos(@'t + ¢')

Vk
;ﬂmmw—dy+@—¢»+mmw+an+@+¢m] (2.41)




unil 3
NANNIIAIVANYBISTUUTUNEUD

a o o (Y [

unilfidetiauenann1snIvANTessEUUaALase iIndieusalasselndin 1 wia 7l

Handunisnsesmdthnukaznsinauiiddnfirgaan nsauunseuasisuelin (i,) e

U luldlun1sTiaseininssuadned (0, ) IUNuUNaTINgenIzuayagIuYeInuInsinesy

%4

f94N15 NTELaIkanTYl warnsewaniIdnssuailn uanantdeiinisaSulrenanniIsAamIy

o w

Maslfingegalaglddanadfia Perturb and observe (P&O) tiieAruANNISLTIUUS 0aAUTHI

nszvuarnda (i ) AUNUVUIANTEUAEBAY AU (Fundamental peak current) U84

command
AouUBsWesTIne InudeumasiunisUssananadaudieflaidu Math Model Tulusunsu
MATLAB/Simulink aslulasnaulnsaiaes DSP-TMS320F28335 midlsngavtdenniseluil

Inverter +Vs

<+
Y
I (7 | A 1
£3
L 1y

Discrete Time
Integrator

Sum

>= lcommand C2000 Microcontroller
Threshold DSP-TMS320F28335

JUN 3.1 szuuwaauasenindweusolassielnin 1 wa nfandunisnsesidaliau
wagnsinnumaslniihgege
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3.1 RANNITUINTLUED19D

dusunismnseuasisuedn (i) wWelddunszuadidslunisimininduleasnses

[ =] al' [

Adavuwanfviearelidulnanlu@wdu azlgndnnismiansssulningrvusnianway
sUsnadusudyanaled Tnganunsalouaunisianaunisi (3.1)

U U

ve(@) =V, sin(ar) (3.1)
Ir 3 { 1 e oL
I} Discrete Time Ix lcs I}‘ef
Vs | e Reteens Integrator X
/-
lcommand —

JUN 3.2 1pazinsunismnsenadnsds

wazaInFuN 3.2 Wefiarsanainlasrunsunisninsruasnddagldndnnismis
adinenansnendengueunsunliies annsaleuaunsifiomainseuavedlantuaniigliduy
Wadulafsaunsn 3.2

MOCNES ZIn sin(nwt + 6,) (3.2)

n=1

Warivuely n Wudiaufivedsnsuafin wazanaunisy 3.2 Wey1uina1sufieds
Fast Fourier Transform (FFT) Tughuenudyagiudusueduleinduaisueiin azld

i,(t) = I sin(or+6,)+> 1, sin(not+06,) (3.3)

n=2

Wenuualidyraletssdadianmindunilaniag (per unit) Fadliwansaiuiulseu
Tasenglnin awnsadeuaunisiadu
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i (1) = sin (wr) (3.4)

waza1ngud 3.1 drmualidygraleididdauimdu 2 win uasiiansaiuiu
laseinglin (v, () Aaufunssuassanilvan (i, () wla

p, (1) = 2sin wtz [, sin(nor+9,) (3.5)

n=1

NNaNN1TN 3.5 wiaun1seuiusiievnAeisvesasini azld

1 ¢T
pave ?J‘OPL (t) dt

1 poT . 1 por_ | .
— | (21, sin”* wtcos 0,) dot + —I (2sin ot cos ot sin 0,) dot
ol 7o T %0

1 por .
+ Zco_T'[O (2sinwt I, sin (not +0,) dot
n=2

=JILXBS 4 (3.6)

NaunIsn 3.6 Adsliiedentadaniitu 1,cos 6, Fuduinssuaganvedlasig

i wasileRansanangui 3.1 Faaeduldan i, dawindu

. T . )
1, = ?J‘O lL(t)Xlr(t)dt

1 I, cos 6, (3.7)
2

M915019N3U7 3.1 drunszuassavedivaniiianudyagulauiainnisausening i,

=

fu i (r) Feenunsadouannisiaidu

i (=i xi(t)
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= %Il cos 0, xsin (w?) (3.8)

WaNa15019naun1s7 (3.3) wag (3.8) ausafulnaInsekaasuain T
i) = i ()i (t) (3.9)

fatuazle

i, (1) = Z [, sin(not+06,)— %Il cosd, sin(wt) (3.10)

n=1

& ] o A ' Y a 4 v
NAUNITN 3.10 LUDUNHNITIUAUNBAIATINTSLLADIIDS (lref)"_\]g‘lﬂ

S — 1 : !
Lo (1) Z I, sin(not+6,)— 511 cos@,sin(wt)+1i,,,. . sin ot (3.11)

b

1 . : ~F.Vi 4 .
- I, cos @, sin (wt) + 1, sin 6, cos ot + z I, sin(not+6)+i, . sinot
n=2

{% I,cos6 +i.,0m Sl a)t} +[1,5in 6, cos ot |+ {Z I, sin(not+0, )} (3.12)

n=2

PNEUNISA 3.1 (o) Lﬂuﬂ%mmmzLLaqaqmﬁﬁmumﬁﬂﬁﬂauna%ma%ﬁiw LAZAINAUNNT
7 3.12 sviuldanlumennsnfudiuvenseuaunuidsiniinasiineunesinesdielitulnan
wazlasagneliin waslumeuiaeududrunetnszuasuaniivl (Reactive Current) d1ususng
fdalwiadoufivaweliiulnanwaslumeuiianundudinvesnseuassuedindiias e liiv
Tnanldidadu Tnsarursaloudu Flowchart diagram wieniainszuadiedelu
lulaslusisaimes TMS320F28335 mszna C2000 Iifaguil 3.3



Start

A

Initial Port
- Analog Input
- Digital Output

A

- read_adc(sine_Ir)
- read_adc(Ic)
- read_adc(IL)

Integration
Ix=IL*sin_Ir

A

Icommand = sine_Ir * Imppt

A

iCS = Ix(t) . Sin_Ir

A

iCR = IL(t) - ICS(})

A

iRef = iCR(t) + Icommand

A

A

Hysteresis control
iRef - Ic

A
Return

5U# 3.3 mamenseuasnaddlululasluswaies TMS320F28335 asena C2000
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3.2 AIAIUANNITUALUUAANINYIUAT NI Ta

DC Link

A1 |
AR

Gi, G2

INVERTER

iref
” =I

Hysteresis Band
Discrete Time
Integrator

Tcommand

UM 3.4 N13ATUANNTERARUURARMINYBULLNBALARSI T

f91501905UT 3.4 M3MIUANNTTRARUVARMLT URYBIBane$3Ta Tnevhluasld
wdnmansEsaddnftefiinaiuninsfuassveuinvesBanedsTannsinuuuiienis
UINAMINN TNV DITAMDTITANUUTUIUNTZLADNDY LAZAT VD ULIATALADTITAAIUA1FIBAT
thuTnaunsziaddaaumnunitsesdanesiva fagui 3.5 Taodmuadeulsliuiinunssua
gedadudyaragdlel wdrnuliins sl wlSsuie uiureuwndame s3danuan
windeiniy USununseuasiiaaulndanesiganiuals) dygrmauaun1saind Gl uay
G2 avdsuanuzasindu 1 (ON) winfiarldwinfuazyinisseuiieutsunansyuadsetu
VOULURBALADIITAATUUY HIMINTAUIITY (USUIUNITZUAIINIVULIATALNDTITAAUUY)
Fun1uaind Gl wa G2 azidsuaniuzasdndu 0 (OFF) minlduason 2 Jouly (hszua
Wsegluveundaneiive) Iasanusdygneind 61 wag 62 1¥ 91nnszuaunisiaiing

wdsuagladayann PWM ieilualuay IGBT 73 4 63 Asgun 3.6
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Hysteresis Upper band

HB
band Lower band
2HB He
Sine -~ Actual
reference current
wave
7
NN
0 61 7 ol
G2
+V d
0 ot
-V

L) G3
G4

Voltage wave

5U# 3.5 wannisaupunszuadaauneliveundanessva

13137041310 3U 3.5 nENAIIAIVANNTEUALUURARINYDULYAYBIT AN T3 TalY
a 6 4 = U % a’lJ
BUNBTWBS 1 Wd einranns Al

Wevsunmunseuaaisivadiuiinienh lnedmualidu i, Suduaindumied 11U
JaR1 U7 2 USUIUNTERASI9LLARBUNAINNVBULIAAIUANSLUSIUB UINAUUY dINariNtA
AMUTUVDIUSUIUN TLLADS WNUTUINAILNUIN 2 TUFIinUIN 3 FIUSU1UNTEWETIRE
WAABUTNIINVBULYARIUUULNSIVOULIANIUAN FINA MAAINUTUTBIUSUIUNSELATIIANAT LAY

ansadeuaunisiiatulugasnm ¢ wag ¢, 109 IGBT vinisaindlausall

14 10

L
Pulse, G1G2 : On t
CaG4: OFf
1 GlG2 1 Off
5 G3G4i0n
>
3=
Ve A L
r
+Vy
2
- ' > >
tl L
. Y
Va
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Tuan1edl G1,G2 Winszua (turn on) wazan1iz G3,64 Lidnszud (turn off) Aivian ¢,

ANUNSTIUALNT LARIANNISA 3.17

-V, +V,+vg =0
VL = Vdc _VS
d. +
L2 NS\ Ly (3.12)
dt

luaniz G3,G4 thnsgld (turn on) Wag G1,G6 Linszua (tun off) Man ¢, azld
aunsilu
di;”
dt

L

S~ it (3.13)

AMNANAITN 3.12 WazaunIsy 3.13 wathaun1sisassunsiunuazlaannislyidu

qy ) &3
B N, iy

- 0 (3.14)
dt dt

a a -

wazillonfiaseguil 3.5 Man ¢ 1o 9 Armaudunesnseuadeds (i, ) asdiddesuin
wiwlsdnfiandlndgudlliewseuifisuiuanuduvesnszuaiinadiudimiead (i,) Gl
ANNTUNINAD

setullaundnnisniadisaiansiaslinguivewnsinauliftielunisinsiziainnse
Beuaunisaingun 3.5 iy

dl—Ltl—dlL t, = 2HB (3.15)
dt dt
di, , _di o _ _opp (3.16)

dt > dt
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tL+t, =T,=— (3.17)

9INAUNIN 3.17 Woe 1, uaz ¢, Wursailunsaindues IGBT waz f.1.dunnnudlu

ASEINTTI MaUEIRINENNNST 3.18 kAL 3.19 UNSIWTURANUAILUENNISA 3.20 azla
Jir* di,”
Wt L (1 +1,) =@ (3.18)

t_
V&t Wy -O%. NS4

LT SN, Vol gy (3.19)

LazilouaunIsi 3.20 avauni1si 3.21 aglaaunisinaiduy

-t - tz)dj; — 4HB (3.20)

NAUNISN 3.19 wnuasluaunisy 3.25 azle

25,2 QUi
dt dt
1 d- + d. *
4HB = — 2L (r, Z1,)CL (3.21)
fo dt dr
dlethaunisit 3.19 unuadluaunisi 3.26 azld
di,
(t,—1,) = —dt. " (3.22)
f di,
C

dt



wazdnaun1si 3.19 wnuashuaunsn 3.27 azle

.+ dl.
agp = L |4

fe| dt dt,”
dt

INAUNISA 3.18 wnuasluaunisn 2.28 azle

N
(a’iL J
7 dr
4B 2 | Vel

A o v dt a ' Y} Y a
Lllaﬂ']‘ﬁu@lﬁ m = d_L A8 ANAITUYUVDINTELLED NS
t

(3.23)

(3.24)

54
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_025(V, —vy)[,__m' L’ (3.25)
= (HB)L (Ve =vg) |

fe

f9150191nauN"59 3.29 uansliifiuitdannudsawe s39adaogluilaiduveanis
ueARANATIA WazanaNnsT 330 uandlifiuiussiuliinvazanasenfisufulszgasiien
Aasil Kaduagiiuldinanuilumsdindlsgeanaziuegfuruevesiamisniuasanuning
YupULnBamesITa uilumsujiRlasialuayliaunsaldfumieniuasanunaveulun
awnosiTanildnferls mszavilianuilunsaindgaiuiidnvesaunsal Saduanmgivh
Tgunsalnisaindideme uiluvugiRerfuirdmualidimideiuazanunitweuiun
Sawoiidalidnnn awhlinaneuaussanmsadeUimunsedldszernanannty fauhiluns
fvusvuinfmisninazauninweviunsamesisassfeudenlfinuvaunaszly
yupferfunrmidaindde £ falusgifuAanututesnseuasnads (m) fe mnudainday
mw%‘aﬁaas?Tuagiﬁuaammqlﬂﬂwaqé’miymﬂ'ﬁzLLﬂé’N@qLLﬁzé’@ymmumﬁu’LWﬂ’] wazidle
f91511NANN97 330 @11130TATIERNIAUDaTnTgean e wr =0,z nyd

9

i, =1 "sin ot WFaunsf 3.31
d 2
m’ = [z I, sin a)t} =S ()i (l +cos 2 a)t) (3.26)
1

waziilomuuel v, =V, sinor wagyilbit v, =0 azld £, oaunnsn 3.32

~0.25(v,,) — o’ m’ I’

femx = (3.27)
‘ (HB)L V.)
27 2 52
Y o v @ M Yo ~
wazdmvuald —2—— (( 1 @usam f.,.. vldasaunisi 3.33
dc
0.25(V
meax = ( dC) (328)

(HB)L
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a a a ° = T
WaZINNAUNITN 3.34 ﬂ"lﬂﬂiﬂﬁ’]ﬂ’l’]ﬂﬂﬂ’)ﬁ]ﬁﬁﬁ"lﬁm e wf = E,

0.25(V,, —vy)

= .29
S mx (HB)L (3.29)

Wenmuateulvlmilagli v, =V, siner wagviild v, =V, azld ... Taddeaunisin 3.35

— 025(Vdc e Vm)

mein

Tnemuunli
Sem AB ANUAFTINYVIGIERN

femn P8 ANUREINDTIAER

3INNNETINITIAULUNITAUANN T AL UURAR NV ULUR TN as STl (fix band)

£
= 1

MNABINITRNRUUINANURTINTGIEA fo e I¥TUBETUNBANTEV U S WTUINAIN SELARSS

N ~ =

(V,.) fuussiuilassngliily (vg) Falidnanniiann o =0, 7 wagmnudaindsinan fe,., 3%

N

a6 b T 372' = ° ) au v P A VW
fAenani or Y= Tuntlsanuan dnsulusddetldnavdawesdawinnu 0.25 A

3.3 nsaslasluduwuudne

o

Wesannisdslastudlaeldiadenguimunzd msudyaranianuddsuulasegng

av

sn$s eglsimudanesuariaududou feiulumAfeilsiiauendnnisddasiudotis
felagldnsnsradusinugud (zero crossing) Famungdmuanudlaseingluiiiivuasundas
nUndlinn ndnnisidiausuandlugud 3.7 Buduainnislddnsadunsedulni
nsvuaaduainlasangliiasmeulmludygrausiudiawdiivesnidn (offset) Whdu
Fyarauinegraisniiolimunzauudrdeudilulasneulnsaaesaniulusanesiuves
lulnsnoulnsamedavavoendniielhluduyraiiiindnuinuasinauresdyaanss uaadu
wéfimdmsaduinuguitadugaiBudureamng avvesedulvtiududrgduiinsinesined
AnudB ey s mualiviiduaudideueslassgliindalugunng nsgudyyin
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(sampling) TusniAfeiiagldinarlunisduiniu 100 lulasiuit agldendmmdusundsanie
Ty unseduiuguignasamudn Jemuneimilinuaziianissidndignisairendugy
lytdsoudely sumbsuilddasilulilunsasslsiddefiaunsndoumaldduilulddy
wavesnszuadneda drilwlansstuuswiulii peunesimesazrhutifilduinsdemnseug &
Usgnaumdairiniunils Tasstnelnihazsremdalrinesadigresiioanssua fulavedls
gnedansetnuiulasengluin rewnesinesazitnululuunduiesis (inverting mode) Aagsi
Tri&sliiihgnadsnnisaduasenfindiunreunesinesglassislifidiusyneuidaviiunils
i’ﬁLWaﬁuaﬂisuﬂé’Nﬁqﬁwmﬁwﬁgﬂﬁwé’ﬁw%ﬁqLLasﬁwé’qiﬂx\IﬁﬂLaﬁau%gﬂﬁqmm%’wdimqsdmlvhﬂﬁ

~ I
vS
+ + 2]
‘IQV_ L ﬂbL ~ ’(5 Y\ J, %
+ 27 fs—b £l
Integrator
oﬁ‘set oﬁ’se[
Digital Signal
N Controller o/

JUN 3.7 nanmstdlastudedisinelaglinisnsiaduniugue (zero crossing)

3.4 psAannuiasinilgegalaglddanadnia Perturb and observe

nsAnenuiasliingsaavessaduatenfindfideihunldiiogiedunanvatesuuuy
Feluudagsuuuuindnnindousaneifiauandrsiueenly wilunuifedldudnnsfinny
fdslnihgeanlaeldndnnisves Perturb and observe (PRO) Faifuisnnsannsgunay desld
fupgraunivians Savdnnsiiarldisnmslnedananinudsuutausadulniwagnssudlnii
vosaduasondiielilunisinnniidsinihgsga fonsusuunnainunite (Amplitude)
vosdnygadnddunsuegian slindnmsthaussiulihuas nszudlnliinmmanfdslin
Tngldiladdunisgauiielildamdsinifieduludisnaniu (Real-Time) uagyiinismidd
nagsraIn AR AusEI AR lusunaniusu Al iuAsusUadly
Pasaneunth Tnenadnsaldaziauinnimietdesnitdunuinaud wdnihdeulvues
nadnsAldlyiunsoanvuInanuni1svesnseuasnd ienisAnauidslnigegaiivad
waverindanmnsnareirdsininnduAudngszvuiouiinunnuitiuaniansiuasundadld
wazdausatasnisiialenesueganasssuulasangliiild lnewewdu Flow Chart
Diagram lﬁﬁﬂgﬂﬁ 3.8



Start

Initial_Port
- Analog Input

A

read_adc
Vpv(k) , Ipv(k)

A

Calculation
Ppv(k) = Vpv(k) * Ipv(k)

delta_Ppv
Ppv(k) = Ppv(k-1)

delta_Vpv
dV(k) = Vpv(k) - Vpv(k-1)

dV(k) <0 dV(k) >0
A A
lcommand(k-1)-1 Ilcommand(k-1)+1
4
P Calculation Imppt

4
Return

5Ufl 3.8 Flow Chart masifiun13ues Perturb and observe (P&O)
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unil 4

N1390NKUULATEHII9INTIAIUANLALINTITNNAS

Tuuninanndednvaslaseaduasn1500NLUUI9AIAIVAYN 2995189709
Suneiineiniaauuvyaviadiiedelnandudunaridudadusniuszuulasmineg
il Teeiauannmseonuuuszuudtendsnuliiveuvaduateniing uazoenuuuies
AUAN 1993f18svesBueines deszneulude dufuuszquaduliiinssuanse
fumieaidmiunseanszua 299513 07luga 1asduinm 2sasUsEINRAN 29939 59dY
Fuaunseud 29930595 Ud e aws IRy wasmslsurddlunisussaanadayy e
#Heddu Math Model a1n1Usunsy MATLAB/SImulink aslululasaeulnsaiass
FseaziBunseluil

4.1 N1599NLUVIZUUNITTNAINUINTANadLEI ing

nfinanuualluuni 2 iaduatonfing (Solar cells) ugunsainsiuaniges
MM9ua (Photoelectric Transducers) ivinasiUasundsuiastmdunasnulih Juwad
waseindildlunuidenl dIdelaldvesus¥m Chaori Solar Energy 913U 6 wid Ineditoya

[

FUNZYDINNIARLAIDNNE AT

A13197 4.1 YaUAdnNYEIUNISVBUYAUAIDTIAY

Module Type Unit
Normal Power 275 W
Voltage Maximum; Viax 44.7 v
Current Maximum; lyax 772 A
Open Circuit voltage; Voc 44.7 v
Short Circuit current; Isc 8.82 A

dmiunmsdowaduase1ind e liinuaEN 1 IHoRUUBLUNTUVINUATIUIU 6 LK WARS
loReun 4.1 Faiuseiuliiviniu 268 Tiaduazmasliihsumsvuawingu 1,974 304
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UM 4.1 Shuaignssialgaduadending

4.2 N1399ALUUNITATUANUALINITNIAIYRIBULIDIADS

Tukadedasndninisesnuuvlunmsanimue IneezEuaInnseenkuuIas
AIUAL Fausgnoude 2993nsedudyaunszualniuas@Inad Uy sl
Tulasaaulnsalaesd 1995058741987 LAZANTEENKULIIATAIE09B DSBS T
Uszneudie difvuszaussiuliiiinssuanss Mmieahdmiunsesnseua 19aslo3

luga uaraavsduing Faenanluseasdeaniseaniuuniuafudadelil

4.2.1 29930 TIVTUAYYIUNTTUE 19950 TITUA Yy 1unseuanladlaidon Current
Transducer (LEM LA25-NP) &slgnann1snsi9dudayeyiainsesianieusingnisal Hall Effect

Sudggranszua laeiaeasdusuusuruin (Amplitude modulation) Lag2995unTEAU
yeralvieglugruilminzaundidaiudidlulasaeulnsaimes ivesudygiunsewans

D We

IS Y o 1 al a 1
"?Jﬂ‘U’JﬂLL@S"?JﬂﬂUI‘ViLUUﬁiIQJ}iLJ}’]iUlWU’Jﬂ’e)EJ'NL(ﬂFJ’J I@EJﬁ’]iJ'ﬁﬂLﬂJEJ‘Llﬁllﬂ’]iLLﬁ(ﬂﬂﬂ’]i%’]ﬂ’]ﬂ’ﬂNVb

v v IS

Y94N1595399UAY Y Uasllouiasnsuiuruiauasensyaudyyiunsewa niounisede
Tgauase lanegun 4.2 (n) wag ()
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Vv -1 pRsenseRZ 1 SV
= e 2,
” ~ 71000 R, @.1)
\% R
Sensitivity = —2 = —Sewe 2 Volt | Am
YT T T 1000 xR, b @.2)

p

LEM25-NP

[y

(9) 29951 TUTIVBIRINTITUA Yy r1eunszua (LEM LA25-NP)

JUT 4.2 29asamiadudayaanszualiih

4.2.2 29IINTIVTURYEYIURIIAY 2199595293 Ud Yy aunsanuilalataontsy Power

Transducer Isolator amplifier (150124-NP) &aifufn 299Uy i 599 uaIna9a g

=

1AEEyINITHENNIIUAG YR IMeBNAINNTIIUALLINRTMd R TaeiusasAIuAullliAn
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AMNLEIEBIAANTaN935TUIRTIAS wagihsasusuralaz9RsEnIEAUR M 1ne

insenseaudyginguaduleduazySuvruadygralugrunmvuivanuaidamudig

Y
[

lulasAaulnTalans WiaSUA U IULSIPUNITNUINWALTNAY tAgEILNTOIBUALNISHEAINTS

A

v o IS

1AM N 1IVIN1TATINTUR Y8l LazlTBuIsINITUSUTUIALAZENTEAUS YL TR Y
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Y

V, = ﬂx Ry + 1.5V (4.3)
R +R, .
Gain = ~= = R | K (4.4)
s Rl + RZ R3

Vs
1SO124

>
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1unsenulninsswaadu 1SO124-NP)

2 R4
ISO124 2 R3 .
b - o v,
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v v

(A) 29951TNUITWBIRINTIITUA YN SzuansRulWTnSE leaau (1ISO124-NP)
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U 4.3 299597293 udaynumsanulaii
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al

4.2.3 lulasaaulnsatass DSP TMS320F28335 d1115UN15U v aNad ey 18d9
1A5U91719950 1299 VA Y UNTELALAzITIAY Azdenldautannululasaoulnsaaes
M3¥NR C2000 LUBs TMS320F28335 ve3U3uEw Texas Instrument mmaauamlé’ﬁﬁﬂﬁ 4.4
wmsmmﬂiﬂw 4.4 ﬁ]umu"lmwLUuluIﬂiﬂauImaLaasiuiwwiwwamaLWﬂIuT,aamuﬂa
Fuoa (CMOS) Saradrlunisuszaranafiniiud 150 MHz LLaummaﬂwmuwmmawwm
mmaaammmmazLaamaqamaaﬂauwmw 32 Un wazlulaspaulnsaaasnsza C2000
s]“ﬂﬁmmimmduﬁéaaﬂqummsﬂL%uﬁﬂé’ﬂuﬂWiﬂizuaawaﬁmmﬂmﬁaaﬁﬂﬁ%’u Math
Model 21alUsuasy MATLAB/Simulink Tagluinpadgulusunsuussanananign1w1duasea
ausafivnfouddacululnsroulnsaaeslilaonse sis1vaziBonlasadiauay

antnenssuveslulasnoulnsaiass TMS320F28335 ﬁ]%LﬂUﬁQEUﬁ 4.5

Ui 4.4 lulasmeulnsalaesnszga C2000 wos TMS320F28335
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EQEP2E 2 B N i E;g gg 5 ggg =
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cume |35 1) Jlf Jaﬁfgigiﬁisﬁ i E1H
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Ui 4.5 Tassadsanndnenssuveshilasneulnsaiaes
nseNa C2000 Luas TMS320F28335

flansuanguil 4.5 auauiAveslulasasulnsalaesnszna C2000 lwos
TMS320F28335 dnutTananingasdunuavasiusenoulisid

1. lulasreulnsaweslddiigmemaluladnsenaduea (CMOS)

- arwdlunnsussnarawintu 150 MHz (ansidaseudsyanana

6.67 UMW)

- RIRUTRY 1.9-V/1.8-V, uswiunaindunmuiasiendanalviniu 3.3 1aad
2. WgUseAnSamas vue 32 In (TMS320C28xxx)

- UMM39IU IEEE-754

- Usznanassuu MAC 9uin 16 x 16 WAy 32 x 32

- 16 x 16 Dual MAC

- Harvard Bus Architecture

- Unified Memory Programming Model

- Code-Efficient (in C/C++ and Assembly)
3. Six-Channel DMA Controller (For ADC, McBSP, ePWM, XINTF and SARAM)
4. 16-Bit or 32-Bit External Interface (XINTF)

- Over 2Mx16 Address Reach
5. On-Chip Memory
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- F28335, F28235 : 256x16 Flash, 34kx16 SARAM
- F28334, F28235 : 128x16 Flash, 3d4kx16 SARAM
- F28332, F28232 : 64x16 Flash, 26Kx16 SARAM
- 1Kx16 OTP ROM
6. Boot ROM (8Kx16)
- Software Boost Modes (via SCl, SPI, CAN, 12C, McBPS, XINTX and
Parallel I/O)
- Standard Math Tables
7. Clock and System Control
- Dynamic PLL Ratio Changes Supported
- Watch Dog Time Module
8. GPIOO to GPIO63 pins Can Be Connectors
9. Peripheral Interrupt Expansion (PIE) Block That Supports all 58 Peripheral
10. 128-Bit Security Key/Lock
- Protects Flash/OTP/RAM Block
- Prevents Firmware Reverse Engineering
11. Enhanced Control Peripherals
- Upto 18 PWM Output
- Up to 6 HRPWM Output With 150 ps MEP Resolution
- Up to 6 Even Capture Inputs
- Up to 2 Quadrature Encoder Interfaces
- Upto 8 32-Bit Timers (6 for eCAPs and 2 for eQEPs)
- Upto 9 16-Bit Times ( 6 for ePWMs and 3XINTCRs)
12. Three 32-Bit CPU Timers
13. Serial Port Peripherals
- Up to 2 CAN Modules
- Up to 3 SCI (UART) Module
- Up to 2 McBSP Module (Configurable as SPI)
- One SPI Module
- One Inter-Integrated-Circuit (12C) Bus
14. 12-Bit ADC, 16 Channels
- 80 ns Conversion Rate

- 2x8 Channel Input Multiplexer
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- Two Sample and Hold
- Single/Simultaneous Conversions
- Internal or External Reference
15. Up to 88 Individually Programmable, GPIO pins With Input Filtering
16. JTAG Boundary Scan Support
17. Advanced Emulation Functions
- Analyze and Breakpoint Functions
- Real-Time Debug via Hardware
18. Deployment Support Includes
- ANSI C/C++ Compiler /Assembler /Linker
- Code Composer Studio™ IDE
-~ DSP/BIOS™

- Digital Motor Control and Digital Power Software Libraries

4.2.4 2935U527917a1 (Dead time) W3130419703UN 4.6 19ndNN150893935 RC
Resonance TunsAwasmAusssiunuUssuazaeUssauasdiunuysey a1u1samlaain

AUNSN 4.5

t

Vypw = 5xe¥C (4.5)

Low

Tne?l v, 9 UuA LI uYeaaIuzaadn 0 91NNN3AEUITERUeIRIfLiulseq Lite

Wnndeudigasin NOT Gate vealod 7404 191 13108NLUUATINIRTLIAAIFUN 4.6

PWM > oy > PWM

- (1

Do P

- 2

3UN 4.6 1935UsE30m
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4.2.5 aanuuszaussaulniinszuanse duivuszqussiulniinseuansady
gunsalfildlunisshwssiuussrulniinessnudunavesdunesnesilieinusingnisainis

Wasuwlawesszduussiuanasiavuy nfeuisimiflazaundenuiiiosnodig

duneiines
dmfudunesnesiliazidudunesinesvialulnarisroussiulinliiulvan

Sauffulassdglalin fafurunmvasiaufusradstuegidseduussduliihuasidsnd

dwsulunuideildvenuuuduiulszeildazfesaunsasesiussauussiulilalides

131 350 Taadl aanudsldimiiuyszguuin 5400 LLF/450V

4.2.6 fwileainsesnszua funieninsenssualuiegsduneiines it
nsessTaRNARUAIAgITiAn I NgUNTaidintvesBueines FaasiTliuTinunssuavaie
fidrwoanandunesmeifirmsulayauysalinndedy

dvsumaiianisaintaiuaunszuauuuianesitatsiinauiaindilinediduen
fmilenhnsesnszuanzdanalnenssiennuiaindgugndmsunismununssiedanosida
Srduannnnuiinansudaluund 3 aunsameirwiaietamnnnaudiiustes

et lensaun1si 4.6

025V,

fC,max ke L(HB) (46)

a

\lesanledTflugaidvesuivningdd tued PM25RSB120 (Intelligent Power

Y

Module : IPM) 2g¥iaruluguaiufaindsliasgail 20 kHz Tuannddeidsinuaainud
aintliasann 18 kHz lnefivouiwndanassdawiniu 0.4 wazussnulninfidunulseyey
58179 250 - 350 Taad Asduaunsadamdwinieiinseanseuanaun1si 4.6 lo

AIR15199 4.2

A5199 4.2 AnuduNusksssulniLazauleInsa NI LA

usenulnAnTZLanSS fandleniinsanseud
(DC-Link Voltage) (mH)
250 8.688
300 10.410
350 12.152




68

#191500131m15199 4.2 aglemuduiusvesduviisnirdmiunseanseianiiiu
8.688 mH - 12.152 mH Fauualildiunieinsenseuanivungegamiiiu 12.152 mH

4.2.7 293513 diluga farsananguil 4.7 axiilassaiunisluleddilugaidy
Sunofmesviinauia vhuihhinszuasoniside-Ua lnsthnszuatasvgathnssuadio
nemasledtinielureduga lunsaindfirnuigaiorniliAneudemeourlodtiluga
¢ 1osnnnisthnszuauazmgminseuailiduiudiu Sadndusdeshaassyisnan (Dead
time) fafilenananludnediu

(M TassasanieuenvedlodTiluga

: s fsif B.ff agd

SUT Weo

&

—¢—4-{@iDGND

(@) lassaanigluveslediiluga

Ul 4.7 103571luga PM25RSB120

3150013910 5U7N 4.7 uideiifenldledTilugavesusen dngdd svagu
PM25RSB120 fivunafinawsasubnd1mndy 1,200 Tadwaznsewabldlganumingu
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25 uent TnelassainaneluvesleTiiluga Usznouseleddiidiuiu 7 f Fagnesnuuuls
annsaldrmuiudunedinednianavdeamnald wazagludisznoulumensasnsadu
FryayrnuAuAansaassy Uy (Fault Sensor) Ssavdednyanadianiuzasin 0 eonunidlolin
nsdmsasiietlesiuledtilugaiinnrundeme

dmFumseenuuunasmsldiuledtilugaliliududunefimesniavlaiiedne
ansiuiulassielni lunisivualiinssuasazventinseuavesleddnlugassdes
odsasiuing Faazldinanlumdesolud

4.2.8 199359UNA N1T90ALUUNATTULNAAEenlTuledusnnsafiues
150124-NP Tassasrenieluldudnnisiunasainueadhniglunuy Optocoupler - Isolator
Fadududdyiuonsruunindrensasmasesnainisasauauvinliaiunsadesiunis
Anaadeneflaziiniulsasaiuauilesainn1sdnieasluss uuieasiidld ain
BATIBIATINITFTUINA ANHNTALARINITENIUVIASIARITUR 4.8

+5V +1 E'V
TLPZ50
Enable/Disable Re
SIZ AANA——cIGate_G1
1900 1
PWM_G1 =_:D=“v“v‘
TLP250
R
» ANA——IGate G2
4900 1
PUM G2 e ] A
TLPZ50
Ra
AN——CIGate_G3
1900 1
PUM 63 ] P—AA
TLPZ50
Re
o] ———wWr——Gate Gt

4900
PWM_Ga |=,__D—W— 1
JUN 4.8 nseanwuuRstunaleidiluga

#1501 3UN 4.8 2995tuinaiilaeanuuulieasaiuaudeudyyiadunnly

anuzaeIn 1 uazlldyaranednmegluaniuzasin 1 Jouddrasidsdyaiundesn

sxgnleuiinvinavesleddnluga Inevihmihimnuanisiinssuauasngminssuaniely
loddnluga dwsuuswiunldleudnnuinavesleddilugasgluaniugasin 0 wazanue
2930 1 Faanunsauansszaulaninigei 4.3
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M19197 4.3 anuzasdnuaziidnaaienying

STAUABAN LsInUNVLNA (V)
0 0
1 +15

INTYaLPLATIAULNEINUNTEBALUUIATTUINRAIYLe% Optocoupler— Isolator
wes TLP250 danesnuwuuaiaieldiuasalanagud 4.9

UM 4.9 21astuinnledtiiluga

4.3 wadan1sanamAInIaelvilg e

sltwaduwasoNndiduunandsnunaniunistaudndduasmasdsiivosnaly

Y
1%

Feavosmdslilinfianunsadendsnuldianizdrsnarsiumintdu uagludnwaznnsldau
ANSITUYIREEUTINNITIMAIAAININTTINVIRAA TNV U8 AN A NN15T8
frdaluindrgdunefinosanamuludie usuidedisdoenuuugnddsnisinn
Maslifngsanveswadunateniing Arumalan1sAnaILuy P&O method taan1sin
Anuduiusyosiidsliil Aunanuagusenitausaduliiiuaznszualwiveuvad
waseinduniiouiisuiufiuusenedsiimasliingsdegeanilelilaadUszneunis
mandeuLii lgusmiunsualedddsuiunsaindvodunesinesuuudanesiva
Feenunsauansnszurumsvhaulifagun 4.10



Start

Initial_Port
- Analog Input

read_adc
Vpv(K) , Ipv(k)

4

Calculation
Ppv(k) = Vpv(k) * Ipv(k)

delta_Ppv

Ppv(k) = Ppv(k-1)

delta_Vpv
dV(k) = Vpv(k) - Vpv(k-1)

Imppt - Incr(1.0) Imppt + Incr(1.0)

Calculation and Update

Imppt

4
Return

JUN 4.10 UNUAMLEAINTEUIUNTARA LAl 9En
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3UN 5.2 danesiiuwaduatoning

5.1.1 @M siinuvesszuuauadlagldlusunsa MATLAB/Simulink

n153918893935A3UAN LAY U sWA T MATLAB/Simulink @185y
vhonlassunsuisasiiauuazdane3fiudmsunismIvaNn 15919 uYB W aswe iR UN
5.3 Wag3uil 5.4 awdsiu Wein1sdnaessruvaglaksanuliianlasetreludia (vy)

nszualnihilassagliih (i) uazussiuliihaounedines (v.) fgud 5.5 (n) (1) waz (A)
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Fundamental (50Hz) = 5.584Arms , THDis= 7.44%
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3.198Arms , THDis= 18.48%
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Fundamental (50Hz) = 4.877Arms , THDis = 11.74%
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6.1 AIUNSNAFIUSTUUWAAKEIDINgLaURaAaULIDSMasIuNULASIYNe
I laisinsAnaundelnigegalaeldundedneusenuni
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6.1.1 NAFAUSLUUIAYTYUNAII18LSIAUAINLYDUADABULIDSEADI TIUNUTATIVE
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Fundamental (50Hz) = 1.381Arms , THDis = 34.80%
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Fundamental (50Hz) = 5.628Arms , THDis = 9.79%

T
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5UN 6.3 MINAFDUNIIAIUANTEUAANED (i)
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o |

N5U1INTUN 6.3 (N) LilefvuANTEUARIENENan (Peak) ISUAILA 2 A 4 A, 6 A,

8 A uaz 10 A ziiuldinnszuailnadingszuulasainglwinosdadununszuadd
(igymans) S5UENBAEINA R s3URA Ul INazvILAIE 180 a3mAULIsTUlWTATatouaz
Fefinnsananmiuafuedinnszua i aznuinnszuayag iy (Fundamental Current) e
Windududndrununszuasds Cieommand) wazAmuiaisuesesueiniavia (Total
Harmonic Distortion;THD) a¢iiAanasaenadosiunanisdtasdluund 5 iefiansund
nszuaddaiAILInNnd1 8 A uay 10 A azwuusingnisalleniesuegian (Over modulate)
\esanuoundgavesnszuadneds (i, ) unninszuareunesines (i,) Mdlunisuegan
inligsasgavesnseualussuulassglniuianislenesuegandwmaliindiniy
Anufisuvesnsuasniuaiindesud 6.3 ()



LineFilt:= NULL:= YOROGAWA 4
FregqFilt:= CF:3

Normal Mode Ugver:m m m  gcalin
Iover:m = m Average:

PAGE Element1
Element1 Element2, Element3 Y U1l 300v
voltage |' J00v 3007 |' 300V i 11 104
Current 10A 10A 10A
urms [v 1 276.49 162.62 728.57 é Element2
Irms [a 1 0.8716 0.000 1.024 uz 300v
P w 1 0.2405k 0.0000k -0.1883k é 12 10A
s [va 1 0.2410k 0.0000k 0.2341k
a Lvarl 0.0149k 0.0000k 0.1392k a Element3,
A [ 1 0.9981 Error -0.8040 u3  300v
+ 1 G3.54 Error 6143.51 E 13 104
fu [Hz 1 -
f1 [Hz ] 155.53  ———————— 806.27 6 Element 1 : DC Source
urms [v 1 276.49 162.62 228. 57 ?
umn v 1 306.96 162.31 229.00 Element 2 : Load
ude v 1 276.36 -0.19 0.32 hd
urmn [y 1 276.36 146.13 206.17 .
vac [v 1 8.25 162.62 228.57 Element 3 : Grid Connected
U+pk [v 1 285.03 237.16 321.41
U-pk [v 1 268.58 -238.57 -321.37 Integ:Reset.
cfiu [ 1 1.031 1.467 1.406 Time
Update 410100msec) 2017-06-10 16:39:36

(n) AMdslninazusyansamlusevu Wei,, = 2 A

LineFilt:= NULL:= YOKOGAWA 4
FregFilt:= CF:3

Normal Mode Uover = = =
Iover:m = m

PAGE Element1
Element1 Element2 Element3 [ u1  300v
voltage |' 300V 300w |' 3007 1 1 108
Ccurrent 104 104 104
Urms [y 1 777.70 162.12 72987 § Element?
Irms [n 1 1.6364 0.000 1.797 uz 300v
P w1 0.4456k 0.0000k -0.3867k g 12 10a
s [va 1 0.4463k 0.0000k 0.4130k
o [varl 0.0250k 0.0000k 0. 1450k a_ Element3
Ao Ao al 0.9984 Error -0.9363 U3 300v
] 1 G3.21 Efror G159.44 5 13 10a
fu [Hz 1 P
i1 [Hz 1 782.49 277.21 Bl Element 1 : DC Source
Urms [y 1 272.70 162.12 729.87 7
Umn [y 1 302.76 162.04 230.45 1| Element 2 : Load
vde [y 1 272.58 -0.32 -0.03 d
Urmn [y 1 272.58 145.89 207.48 =
vac [v 1 8.2 162.12 229.87 Element 3 : Grid Connected
u+pk [y 1 289.15 236.02 322.40
U-pk [y 1 260.13 -243.68 -322.73 Integ:Reset
cfn [ 1 1.060 1.503 1.404 Time
Update 410100msec) 2017/06-10 16:47:54

() Maslnituazuszdnsamlussuu Winis,, = 4 A

LineFilt:= NULL:= YOKOGAWA 4
FregFilt:= CF:3

Normal Mode Uover := = =
Iover: = = =

PAGE Element1
Elementi Element2 Element3 ] U1l 300v
voltage ( 3nnv"| ( :mnv"l ( 3nnv"| 1 11 10a
Current 108 104 104
Urms [v 1 264.29 163.94 229.39 é Element2
Irms [& 1 2.9255 0.000 3.076 uz  300v
P w 1 0.7721k 0.0000k ~0.6909k é 12 104
s [va 1 0.7732k 0.0000k 0.7055k
[ Lvarl 0.0416k 0.0000k 0.1427k a Element3
A 0.9985 Error -0.9793 U3 300v
+ 1 G3.09 Error G168.33 5 13 10a
fu [Hz 1
f1 [Hz 1 413.11 —— 172.71 é Element 1 : DC Source
urms [v 1 264.29 163.94 229.39 =
umn [y 1 293.41 164.07 230.06 7| Element 2 : Load
ude [v 1 264.17 -0.23 -0.20 ]
Urmn [v 1 264.17 147.71 207.13 .
vac v 1 7.97 163.94 229.39 Element 3 : Grid Connected
U+pk [v 1 277.03 234.74 321.08
u-pk [v 1 251.60 -236.95 -320.84 Integ:Reset
cfu [ 1 1.048 1.445 1.400 Time
Update 610100msec) 2017/06-10 16:44:04

o

() Masiwazussansnnlusyuu Wei,, =6 A
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Normal Mode

Uover = = =
Iover:m = m

Scaling:® LineFilt:m NULL:=

Average'™ FregFilt:m

Elementi Element2 Element3
voltage 300V 300w 300
Current 104 104 104

Urms [v 258.63 171.26 229.08
Irms [a 1 4.1103 0.o000 4.242
P w 1 1.0613k 0.0000k —0.9637k
s [va 1 1.0630k 0.0000k 0.9750k
Q [varl 0.0571k 0.0000k 0.1485k
A L 1 0.9986 Error —-0.9883
L] [ | G3.08 Error 6171.24
fu [Hz 1
fI [Hz 1 193.%53  —————— 138.69
Urms [v 1 258.63 171.26 229.088
Umn [y 1 287.14 171.77 230.68
Ude [v 1 258.51 -0.14 0.28
Urmn [v 1 258.51 154 .65 207.68
Uac [v 1 7.68 171.26 229.88
U+pk [v 1 272.69 240.30 320.96
U-pk [v 1 243.29 —240.39 -320.17
cfu [ 1 1.054 1.404 1.396
Update 116 C100msec)

CF:

)

KIEN =) 1L4:01F NI S IS

3

E

YOKOGAWA 4

Element1
utl  300v
11 104a

Element2
uz  300v
12 104

Element3

u3  300v
13 104

Element 1 : DC Source
Element 2 : Load

Element 3 : Grid Connected

Integ:Reset
Time

2017-06-10 16:46:32

(©) Maslniuazuszdnsamluseuu Wei,, =8 A

Normal Mode

Voltage
Current

uUrms
Irms

=S EoWNT

-c

Urms
Umn
Ude
uUrmn
Uac
U+pk
U-pk
cfu

[v 1
a1
w1
[va 1
Lvarl
1
L
[Hz
[Hz

—

[y
[v
[v
[v
[v
[y
[y
L

[ -

Update

Uover:=m = m
Ioyer:m = =

Scaling:® LineFilt:im NULL:m

Average:= FregqFilt:=

Element1 Element2 Element3
300v 300v 300
108 108 104
249.32 171.71 230.34
6.5698 0.000 6.490
1.6358k —0.0000k —1.4899k
1.6380k 0.0000k 1.4950k
0.0849k 0.0000k 0.1228k
0.9987 Error —0.9966
G2.97 Error G175.29
L70-0F N Am A AR 120.69
249.32 171.71 230.34
276.79 172.50 231.44
249.20 0.27 -0.23
249.20 155.30 208.37
7.85 171.71 230.34
266.33 239.47 319.60
235.63 —238.38 -319.75
1.068 1.395 1.388
520(100msec)

CF:

P,

3

[EIENIE) 141 IR I

E

YOKOGAWA 4

Element1
ul  300v
11 104

Element?
uz  300v
12 10a

Element3

u3  300v
13 10A

Element 1 : DC Source
Element 2 : Load

Element 3 : Grid Connected

Integ:Reset
Time

201770610 16:46:08

(2) Masininazuszansnanluszuu Wei,,,,,= 10 A

sUN 6.4 MsneaoUUTUUSIUNTEUARA (i)

104

31n5UN 6.4 TUNISNAAOUYTUNSBUARTEY (ig,,...) #8EYIINTTRAIAIRNHN

WaedneuLsasuAs (DC Source) saufuidslninluszuulasesngladin (Grid Connected)

WanIUSEANSAINVBIAB U MBS IUTE N9 Ul agwUnuan1s oy 3 dau

(Element) N5NAEBUANNNSAUUTNNIUTINTEWEATEIN 2 A, 4 A, 6 A 8 A hag 10 A azlana

1Y

mgﬂﬁ 6.4 (n) (@) (A) (3) uaz (3) wAgmI19 6.1
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AN5199 6.1 NANTSNAFDUUTEANSNINVDIADULIBDSLADS

LCommand DC Source Grid Connected

(Apeak) \% (\/dc) 1 (Adc) P (k\/\/) \% (\/rms) 1 (Arms) P (k\/\/)

PF 17 (%)

2A 276.49 0.817 0.2405 228.57 1.024 -0.1883 0.8040 | 78.295%

4 A 272.70 1.636 0.4456 229.87 1.797 -0.3867 0.9363 | 86.781%

6 A 264.29 2.925 0.7721 229.39 3.076 -0.6909 0.9793 | 89.483%

8 A 258.63 4.110 1.0615 229.88 4.242 -0.9637 0.9883 | 90.786%

10 A 249.32 6.569 1.6358 230.34 6.490 -1.4899 0.9966 | 91.080%

NP3 6.1 aziuldirszuvansameleuiidlilihduiivionnnisinelnan
lidadudglassneliildmunsaruaunssuadduazluvaziieafuszuudsannsari
wihfidueesnsasidshauiiesawe fduaiiousasul 6.4 uazaaneusisuainuos
nszualassineliiingsguil 6.3 (@) dsnarilsisusznauidadilndwils waganunsaideu

AN LEAAIAINUFTUNUTVDINTL AR ( ) Tudanguusesausenauniaa (Power

a

Factor) laRe3uN 6.5 wagnsanuansnuduiusveslssansainnowlasnasluilidy

Maalnirlarasun 6.6

Y

lC ommand

1.05

w 10.9966 (i o mmand= 10 A)

1 L=~ T AT 1 B THAA e @ - - epmman

=8A)

0.95F - — =

pol- — - Ko Ay P e e (5

Power Factor; PF

0.85( ——=— -

0.8F=- -~

,,,,, TCO_I’HIHB

Icommand vs. PF

T
I
1
=
I
I
. |
0.8040 (1, nd=2A)
T
I
I
I
|

PF Curve

I I

I I

| I

1 1

2 4 6 8 10 12
Icommmand (A)

0.75
0

JUN 6.5 NTMLEAAIANUFUTUSVDINTEUARAT (i) MTIATUTIUTENB UG I
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A Tuan12eiilvanlidadudasiu

Tun1snaaaun15v19Uln 8 lTua 19718k LA OUABABULIBT NS TINNY
Tl luannziilnanli@adudadin (19955589N52halUUNARULAE A DA WA 1)
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A95UN 6.7

Y

91501910307 6.7 ziiulsimantmeaeulne danszuailnaniiulnasluszuy
Tasatglnihusngimanismaaeuilaiinalndidssiudnuas suaauanmsdiaoduund 5
Fenszuaiilvarnilvan () flensuefinddud 3, 5, 7 uay 9 fuouwAgngelu Feilv
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Fundamental (50Hz) = 2.559Arms , THDIL = 81.09%

= 450.0 W 45 T T T
| | | | | | | | | |
| | | | | | | | | |
R e e e e e B B A
A I S S S B S S
| | | | | | | | | |
| | | | | | | | | |
m2.5**r* L e e At Bt i i Bl
| | | | | | | | | |
g ol g Qg1 _1__ 4 _ 4 _ 4 _d__1__ |
| | | | | | | | | |
| | | | | | | | | |
15-FfFr——7T- T AT AT AT AT T
B | ‘
I I I I I I I I I
I I I I I I I I I
0.5 T~ A A e E e E e e A
s - Y < ios eer 5 o [ 1 I b
Vs = 100 V/div, is = 10 A/div, Time = 5 mS/div gy, T
'y} . U [ a .
(M) LIAU vs LazNId ip (2) @dnasuansuaUNNILLd iL
Normal Mode Uover:m = m  Scaling'® LineFilti=m HNULL'=  YOKOGAWA 4

Iover:=m = =  jyerage:= FreqFilt:= CF:3

PAGE Element1
Element1 Element2 Element3 [«] |u1 300v
VYoltage ’7 Joov 300w 300v i 11 5A
Current 54 104 94
Urms [v 1 301.80 228.38 226.18 § Element2
Irms [a 1 0.0000 1.3300 1.3334 uz 300v
P Lw 1 0.0000k -0.2303k 0.2383k § 12 10A
5 [va 1 0.0000k 0.3018k 0.3016k
Q [varl 0.0000k 0.1888k 0.1848k Z Element3
A L 1 Error 0.7900 0.7903 u3  300v
¢ r174a Error G37.79 G37.79 S 13 5A
fu [Hz 1
fI [Hz 1 EFfor R 57 49.981 é Element 1 : DC Source
Urms [v 1 0.00 0.00 226.18 ?
Umn [v 1 0.00 0.00 226.65 .
ude [v 1 0.00 -0.01 0.35 hd Elggont £ Loged
Urmn [v 1 0.00 0.00 204.06
vac [v 1 0.00 0.00 226.18 Element 3 : Grid Connected
U+pk [v 1 0.39 0.35 320.18
U-pk [v 1 -0.41 —-0.38 -320.34
cfu [ 1 Error Error 1.416
Update 460100msec) 2017706710 14:28:20

(A) MastniwazUszansamluszuu

JUN 6.7 NsnndeUsTULEaALase TR ausanaulIesnesTauiulasseliin
Tuannelnanlaigaduy

6.1.3 nagdaussuulagldunasanenssnunIilioufanauLlasnassunulAsIung
A Tuan1eilnanliadusasiulnelinisvawensetaansuaiin

A1sVAdUNITIuTesszuUTneldurasdnousunsilidouronauiedines
saiulaseglniluannziilvanlidaduresiulaeiinisyawenseudasuein Aa15a0
nanuduiusseniussiu i funsyualniilasegneladin Tnetmuansyuads
(i) AWNIAU 2 A, 4 A, 6 A, 8 A uaz 10 A aNaI6U a]ziéfﬂmué’uﬁuéﬁqguﬁ 6.8
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Harmonic order
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Fundamental (50Hz) = 4.321Arms , THDis = 17.61%
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Vs = 100V/div, Is = 10A/div, Time = SmS/div Harmonic order
[y . | " [ 4 a .
(M) WIINU Vs WRENILWE s LB, ., Peak = 8 A (1) @UNATUBITUDUNNTELE s
Fundamental (50Hz) = 4.801Arms , THDis = 17.55%
=3 450. 0.0 T T T T T T T T T T
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Vs = 100V/div, Is = 10A/div, Time = SmS/div

() WINAY vs haYNTEUd is Wi, . Peak = 10 A

Harmonic order

() @UneSuUBSUALNNTLLE i

U1 6.8 nameunshatluanMeivaalidiudulasiinsvaenszuasniuedn

Normal Mode

voltage
Current

urms
Irms

=2 >0WNT

-e

Urms
Umn
Ude
Urmn
Uac
U+pk
uU-pk
cfu

Ly

Update

Uover:= = m Scaling LineFilt:= HNULL:= YOKOGAWA 4
Iover:=s = m Average FreqFilt:= CF:3
PAGE Elementi
Element1 Element2 Element3 [ u1  300v
( 300v 300v ( 300v "I T 1 104
10A 10A 10a
280.15 160.15 225.97 E Element2
0.754 1.039 0.867 uz 300v
0.2109k 0.0928k —0.0580k é 12 1048
0.2113k 0.1663k 0-1958k
0.0136k 0.1380k 0.1870k Z Element3
0.9979 0.5581 0-8363 u3 300v
G3.68 D56 . D107.23 S I3 10A
Error s e =
Error  ——————— —————————
6| Element 1 : DC Source
280.15 160.15 225.97 ?
311.17 160.40 226.89
280.15 -0.59 ~0.90 | Element2 : Load
280.15 144.41 204.27
0.00 160.15 225.97 . 0
29076 290,52 319,60 Element 3 : Grid Connected
270.10 —220-01 -319.74 Integ:Reset
1.038 1.439 1.415 Time
16C100msec) 2017-07-19 16:12:28

() NILWARIFS (g0 ) PeEK = 2 A



Normal Mode Uover:m m m  gscaling LineFilt:m NULL:= YOKOGAWA #
Iover:= - Average:= FregFilt:= CF:3
PAGE Element1
Element1 Element2 Element3 [ U1l 300v
voltage ( 300v ( 300v ( 300v "I 1 11 104
Current 104 108 104 |1
Urms [v 1 272.75 162.55 226.85 2 Element2
Irms [A 1 1.829 1.047 1.727 = uz2  300v
P w 1 0.4980k 0.0917k —0.3386k 3 12 1048
s [va 1 0.4988k 0.1702k 0.3917k P
Q [var]l 0.0275k —0.1433k 0. 1969k 4 Element3
A L 1 0.9985 0.5389 -0.8644 1 u3 300v
+ [ | G3.16 D57.39 G149.82 5 I3 1048
fu  [Hz 1 Error - —=
1 hz 1 Error 5 Element 1 : DC Source
Urms [v 1 272.75 162.55 226.85 ?
Umn [v 1 302.94 162.92 727.9% 1f] Element?2 : Load
Ude [v 1 272.75 -0.43 —0.46 [
Urmn [v 1 272.75 146.68 205.20
vac v 1 0.00 162.55 226.85 Element 3 : Grid Connected
U+pk [v 1 283.75 223.38 319.13
U-pk [v 1 256.67 —222.30 -319.04 Inteqg:Reset
cfu [ 1 1.040 1.374 1.407 Time
Upiate 101C100msec) 201707719 16:12:53
"y o QIJ y
(@) nzwaAds (i, ) Peak = 4 A
Mormal Mode Uover:m = m  Scaling LineFilt:®™ MNULL:= YOKOGAWL 4
Tover:= = =  jyerage FreqFilt:= CF:3
PAGE Element1
Element1 Element2 Element3 [« [u1 300v
voltage ’7 Jooy 300w 300y i 11 10a
Current 104 104 104
Urms [v 1 266.00 164.13 227.15 § Element2
Irms [ 1 3.094 1.129 2.946 Uz 300v
P w1 0.8219k 0.0970k -0.6364k é 12 1A
5 [va 1 0.8230k 0. 1853k 0.6691k
] [varl 0.0436k —0.1579k 0.2066k Z‘ Element3
A L 1 0.9986 0.5235 -0.9511 u3  300v
L 1 G3.04 D58.43 G162.01 S 13 10a
fu [Hz 1 Error - "
[Hz 1 [
bk B B Element 1 : DC Source
Urms [v 1 266.00 164.13 227 .15 ?
Umn  [v 1 295.45 164.72 228.34 If| Element 2 : Load
Ude [v 1 266.00 —0.18 -0.20 hd
Urmn [v 1 266.00 148.30 205.58 >
Uac [v 1 0.00 164.13 227.15 Element 3 : Grid Connected
U+pk [v 1 278.45 223.38 317.95
U-pk [v 1 296.51 -223.11 -319.04 Intey:Reset
cfu [ 1 1.047 1.361 1.405

(@) NSEUarIds (iy,,.q) Peak = 6 A

Scaling:® LineFilt:m NULL:=  yOKOGAWA 4
Average'= FregFilt'= CF:3

Normal Mode

PAGE Element1
Element1 Element2, Element3 [«] u1l  300v
voltage 300v 300v 300v 1 11 104
Current 104 104 10A
Urms [v 1 260.683 164.97 226.92 i Element2
Irms [A 1 3.999 1.094 3.804 uz  300v
P W 1 1.0415k 0.0948k —0.8382k é 12 104
s [va 1 1.0430k 0.1804k 0.8631k P
[e] [varl D.0543k —0.1535k 0.2060k 4 Element3
A L 1 0.9986 0.5255 -0.9711 1 u3 300v
L g [ | GZ2.98 D58.30 G166.19 5 13 10A
fu [Hz 1 Error -
i1 [Hz 1 E =
* reor 5| Element 1 : DC Source
Urms [v 1 260.83 164.97 226.92 ?
Umn [v 1 289.70 165.68 228.27 .
ude [y 1 260.82 “0.08 0.05 v Element2 : Load
Urmn [v 1 260.82 149.16 205.52
Uac [v 1 1.59 164.97 226.92 . T
u+pk v 1 276.64 223.31 316.91 Element 3 : Grid Connected
U-pk [v 1 249.94 —223.95 -316.57 Integ:Reset,
cfu [ 1 1.061 1.358 1.397 Time
Upidate 802C100msec) 20170719 16:14:23

(9) nsziaAdy (i, ) Peak = 8 A

110
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Normal Mode Uover:= = = Scaling:® LineFilt:= HNULL:™  YOKOGAWL 4
Iover:m m m  Average'™ FregFilt:= CF:3
PAGE Element1
Element1 Element2, Element3 [a] U1 300v
voltage " 300v I' 300V I' 300v —I ﬁ 11 10a
Current 104 108 1048
urms [v 1 757.25 166.28 227.34 E Element2
Irms [a 1 4.945 1.069 4.671 uz 300V
P w 1 1.2704k 0.0930k -1.0429Kk é 12 10a
s [va 1 1.2721k 0.1777k 1.0619k
Q Lvarl 0.0651k 0.1515k 0.1999k Z Element3
A [ 1 0.9987 0.5231 -0.9821 U3 300v
*® [ | 62.93 G58.46 6169.15 5 13 10a
fu  [Hz 1 Erfror ~ ————— ——————— P
fr thz 98.604 5 Element 1 : DC Source
urms [v 1 257.25 166.28 227.34 7
umn [y 1 285.73 167.11 228.76 .
ude v 1 257.25 -0.01 0.21 d Element 2 : Load
urmn [y 1 257.25 150.45 205.95
Uac v 1 1.89 166.28 227.34 Element 3 : Grid Connected
upk [v 1 266.26 228.05 319.00
u-pk [v 1 245.24 -225.80 -317.14 IntegiReset,
cfu [ 1 1.043 1.371 1.403 Time
Update 1000(100msec) 2017/07/19 16:14:57

(@) ASELARAS ( ) Peak = 10 A

l Command

¢ o

UM 6.9 nanmsvegevanesesaindmiunsliasieimddlniy (Power Analyze)

AN519% 6.2 wansveasuluanzaslnanlilidadulagiin1syswensewasnsuaiin

DC Source Grid Connected

LCommand

(Aveak) | V(Ve) | 1AL | PW) | VVis) | T(Ams) | P kW)

PF 17 (%)

2A 280.15 | 0.754 | 0.2109 | 22597 | 0.867 | -0.0580 | 0.8363 | 27.50

4A 27275 1.829 | 0.4988 | 226.85 | 1.727 | -0.3386 | 0.8644 | 67.88

6A 266.00 | 3.094 | 0.8219 | 227.15 | 2946 | -0.6364 | 09511 | 77.43

8A 260.83 | 3.999 | 1.0415 | 226.92 | 3.804 |-0.8382 | 09711 | 80.48

10 A 25725 | 4945 | 1.2704 | 22734 | 4.671 |-1.0429 | 09821 | 82.09

nan1snadeudteia sl luannzilnanlidadusesiulussuulaeiinisvaie
nszuasnsueiin Wlefmuanszuands (i, ) anudeu éﬁ’agﬂ‘?‘i 6.8 (n) azwiuladnsyuu
aunsafIuINnszuaensueiin (i) Wediesiudunssualetisnds (i ) wlvnsvuad
szuulasadolaiin (iy) TndiAssguaduled uasilannsuensueiinnssua i, (THDIs) anaq
FaguT 6.8 (1) aemndosriunanisdnaeduund 5 uazanguil 6.9 eviinisdnelnanlsiids
Wulpedinisvawwenszuagnsualinnuinszuvanusaasloumasluiaiunuainlvan g
duidnglassineludiuazdaimimduisasnsesidshnuievawedduaiounay
annaussueiinvesnseualasangliihdmarilddusenovidudlndniadananis
naaeuinandlunisnad 6.2 uazainansnei 6.2 anansadeunsnuansainuduiiusves
) luilsAtuvesiiusznaumida (Power Factor) fa3uUfl 6.10 waznsavl

L Command

NTTUAANES (
wanpNduiusvessEavEammsunefineluilanduiadaluiladegun 6.11
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{ {
0981 — — — — 1 : ,,,,, i ,,,,,,,,,,,,,,, ‘ ,0;9§2,1 i (lcommand= 10A)
| | g
0061 - - — __ [ A % Ugommang= 8 A)
o S L /09511 %0 ni=6A) |
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£ ossl - - - -+ I S I I——
| | . | |
ossl - S 08644 % Uggppng=4A) |
: | | | |
vl L N S S S
0.8363 % (i =2A) |
082 — — — e N F---[ @ IomwPF T
| | | Power Factor Curve
0.8 | | | I
0 2 4 6 8 10 12
Icommand (A)
¢=' U LY 6 o OIJ
JUN 6.10 NTILEAIANANNUSUDINTIUAATET (g0 )

Tudangumaslninlussuulasaene

& ‘ ; ; ; ;
I | | | ! 1 _
| | | T 82.09 % (lcommand7 10 A)
80t N 7 N Shat-taa” ~a B ¥ FY ot = —
| | @ I C nd_ 8A)
| | | i A
| | | 7743 % chommzmd_\ 6A)
O Al o | (S L a0 \Nf * TN e el
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JUT 6.11 nevlanuduiusvesseansnnaeuniesineslufleidumdalni

6.1.4 NAFUsUULN8 TH AT 18T IAUAITLTDUADABULIDI ARSI INNUIATIVIY
I luanziinanlilBadusiasiulasiinisvavenszuaansuaiinlunsalauaunszud

ANSNAFBUNITVINIUVBITEUULAL T AAI9N 8 WSIAUAINLYDUABADUNIDSLADS
saunulasaveliiluannenaelnanlu@adulaeinisyawensewaansuainidarinnis
PIUALNTEUAAIAT (ir,,,0) Peak InBNTUTUUSINUNSTRATLATLAIN 4 A WinTulu 8 A 9z

Iornuduiusaagui 6.12 waggui 6.13
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Leom = S8A

& & »

< L »
& 2017/05/25 1417:47 H Normal Edge CH1 £ 0 V

review 1 H 625kS/s Auto

K 200 Vv '@ kz> 5.00 Axiv8 |5 5.00 AdivP'E, [@ 5.00 Asiv '

800 v Majin =125 k 20ms/ div

800V

Vs

20 00 R

[20.00-A

%
|
S
S~
e’
4

20.00 A

1

A8

I
i

Vs = 100V/div, is = 5A/div, ic = 5A/div, , i, =

20.00-A H
61:80ms H 138.2ms
Rms(C1 25290 V Freq(C1 50.06007 Hz
Rms(C2. 4.61625 A Frea(G2, 50.06007 Hz
Rms(C3, 5.25129 A Frea(G3, 50.50505 Hz
Rms(C4; 1.01205 A Freq(C4 ok

5A/div, Time = 20mS/div

‘Uﬁ 6.12 Nﬁﬂ’]iV]ﬂﬁ@Uﬂimﬂ'JUﬁNﬂi”LLEI@@‘LJL’JE]?LG]EJi

0=
I3

=0, 0
; Io00cA

L -I0000R
—450, 07V

Vs = 100V/div, is = 10A/div, Time =

(n) nszanda (i, ) Peak = 4 A

€4 1002 tp-p3 3>

SmS/div

0
I3

I3

50, 000ns

0.000s -

450,04
T0.000A

© IO
-450.0°Y

S << 1002 cpmpd 3

S0, 000ns

Vs = 100V/div, is = 10A/div, Time =

SmS/div

() NILWARIFT (ig,,,0g) Peak = 8 A

(N) W399 vs taznIzua i Wousuasui,,
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Fundamental (50Hz) = 2.199Arms , THDis = 34.67% Fundamental (50Hz) = 4.755Arms , THDis = 16.22%
T T T T T T T T T T T T T T T T T T T T
L= e e e e e e i S e 8-+t -——t+t - -4 - —dA- - A—- -~ —l-——I-——F——F——1
| | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | |
L4 T e e E e E e e F I e e e e R R R R
| | | | | | | | | | | | | | | | | | | |
B+ ——+F——+—— -+ -4 ——H—— 4 ——4——+4——~ 6+ -+ - -4 - —d-—-d—-——l-— - ——l-——F - — - —
| | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | |
] s i M Hty Bty St I R A H e R R R R
| | | | | | | | | | | | | | | | | | | |
§4—#——#77+77+77+774774774774774777 §4—+——+——4——4——4———\———\———\———%——#———
| | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | |
37 e e e S i H et B Sttt e e ity
| | | | | | | | | | | | | | | | | | | |
2 i 1 2 S Ly iy i S
| | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | |
T T T T T T T T T Lt e Bt et ettt Sl il ity
| 1 | | | | | | | | | | | | | | | | | |
ol I — T TS - ol imnal sem.saleteetnsls nlen ot enenn sl .
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Harmonic order Harmonic order
' '
(n) nszuards (i ) Peak = 4 A (@) NTEWAANET (igypns) POk = 8 A
Command Command
Sugnsueil 74\ LAl
19
(@) @UNAIUBITUDUNNTEUS is bUTTUULATIVIBLINNY
Normal Mode Uover:m = =  Gcaling:¥ LineFiltim NULL:=  YOKOGAWA 4 Normal Mode Uover:m = =  Gcaling:® LineFiltim NULL:=  YOKOGAWA 4
lover'm m m  jyerage:® Fregfilt:= CF:3 Tover'm m m  jyerage:® Fregfilt:® CF:3
PAGE Element1 PAGE Element1
Element1 Element2 Element3 & [u1 300v Element1 Element2 Element3 [ [u1 300v
Voltage 300v 300v 300v H M 10a Voltage 300v 300v 300v H M 10a
Current 104 104 104 Current 104 104 104
Urms [y 1 269.24 164.67 224.30 E Element2, Urms [y 1 257.34 167.36 224.30 E Element2.
Irms [& ] 1.991 1.162 1.840 u2 300V Irms [& ] 4.242 1.139 3.975 2 300v
p w1 0.5349k 0.1054k -0.3632k 12 104 p w1 1.0892k 0. 1086k ~0.8713k 12 104
S [va 1 0.5361k 0.1913k 0.4126k S [va 1 1.0916k 0.1905k 0.8915k
Q Lvar]l 0.0363k -0.1597k 0. 1959k Element3 Q Lvar] 0.0728k ~0. 1566k 0. 1888k Element],
A I B 0.9977 0.5507 -0.8801 u3  300v A Iy &l 0.9978 0.5700 =-0.9773 U3 300v
[ o1 63.88 D36.58 6151.66 I3 10a (] o 63.82 D35.25 G167.77 13 108
fu  [Hz 1 Edjor e Dkl fu IHz 1 L e
fI IHz 1 Erfor e fr Ihz 1 NN T T O
urms [y ] 269.24 164.67 224.30 Urms [y 1 257. 34 167.36 224.30
U';m {V } gzg-g: 1ﬁg-g§ 223-3; Element 1 : DC Source U';m {V } gz;gg 158-:5 Zzg-zg Element 1 : DC Source
ude [v . -0. -0. ude  [v i -0. -0.
Urmn [y 1 269.24 148.93 202.95 Urmn [y 1 257. 14 151.63 203.26
uac Iy 1 0.00 164.67 224.30  Element2 : Load uac v 1 1.56 167.36 724.30  Element 2 : Load
U+pk [y 1 284.96 229.91 315.08 Uspk [y 1 270.98 231.93 313.10
U-pk v 1 268.256  =225.07  -314.9  Flement3 : Grid Connected ~ Upk [v 1 M5.77  -227.50  -313.26  Flement 3 : Grid Connected
cfu [ 1 1.038 1.396 1.405 cfu [ 1 1.033 1.386 1.397
Update 3096(100msec) 2017,07422 14:111:26 Update  290(100msec) 2017,07422 14:12:24

() NaNSNAERUANNIATRIHDIRd M UNTIAIIEYMadNH (Power Analyze)

5UM 6.13 miwesluszuulasaingillodeunuainseuamd (ig,,,... )

A151991 6.3 HANIIAIUANNTEUANTEUARAD (i) Peak Taen1sUTuUTINUNTTLAL LYY

L Command DC Source Grid Connected

(Apeak) V (Vdc) 1 (Adc) P (kW) V(\/rms) I (Arms) P (k\N)

PF THDis

4A 269.24 | 1991 | 0.5349 | 22430 | 1.840 | -0.3632 | 0.8801 | 34.67

8A 25734 | 4.242 | 1.0892 | 224.30 | 3.975 | -0.8713 | 09773 | 16.22

#154191NJUN 6.12 wag3UN 6.13 man1snaaauwssiulnivessyuulasaieli
y), nsesainluszuulassnglnia @), nsenalndrmsunesines (i) waznsewalvian (ip)

WavinnsusuUasunseLacad ( ) Peak 910 4 A 1uTudu 8 A agredunauaziiiule

lCommand

THanIImaaeusEuvaInTadelasiudlaglindnnisnsiadudiuaud (Zero Crossing) 1ile
AILANNIELATIRRUNBsInasingldmaliaAn TAUANNSELaTaN oS TalinanaUALDIREN
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51057 viliszuulasaglnihienssuansueiindngseuutiovasdmalinszualniives
szuulassteladla ) Jvuinanas waziilofarsannsswalnanasnulindainaiilosain

1anAIN AIR15197 6.3 TuvzRgIN YIS NUINTTUUAINNTadI8 A8l LU ds5suU

Ce

=

TassnglnidleUSulasunseuwamduiudutazyinlisusenaunasbiindaniududwa
1% THDIs anaq

6.1.5 nagaussuulae ldunasdnenssnuAIilioufanauLIasnassunulAsIung
WA Tuan1rzilnanlil@adudasulaeiinisuawensswdansuainlunsalusulasu

nIzualvan
Load = 300 W I Load = 600 W

< P >
YOKOGAWA 4 2017/05/25 13:34:35 I Normal Edge CHi £ 0 V

Preview 1 | 625kS/s Auto T

D 200 Vodiv W18 = 5.00 Aun a8 [3> 5.00 Adid'® | 5.00 AsivlE |

800 v Main :; 125 k. 20ms/ div.
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Fgo0-v
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il
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i
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}20.00 A
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il

1
i
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A
.
de

177 6ms 22.40ms!

2 76914 A Frea(C4. 2966230 Hz

Vs = 100V/div, Is = 5A/div, ic = 5A/div, , i, = 5A/div, Time = 20mS/div

5UN 6.14 Haannisnageunsaiiinnisiuisuwladvan

5] T as0.0.u B 3 B B % B ] AT
s 0,00 A 13 0. 00A

13 I -zo.o0iA : . . . : : 1z -30. 00 A
Uz I o-as0.0w : : : : : : uz Do—4S0. 00y : : :
0. 000s <4 1002 ¢p—pd > S0. 000n= 0. 000 << 1002 <P-P3 37 S0.0006s

Vs = 100V/div, is = 10A/div, Time = 5mS/div Vs = 100V/div, is = 10A/div, Time = 5mS/div
(M) Load = 300 W (V) Load = 600 W
(N) WS99 vs waznseud is WousSuilasulian
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Fundamental (50Hz) = 2.101Arms , THDis = 25.89% Fundamental (50Hz) = 1.813Arms , THDis = 32.72%
4.5 T T T T T T T T T 4.5 T T T T T T T T T
| | | | | | | | I | | I I | | | | | I |
7 e O B 7y
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| | | | | | | | I | | I I | | | | | | !
B o e e B T e e e
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i e el el et e et Bt Rt i iy i Hi et e Bt et el et ity
| | | | | | | | I | | I I | | | | | I |
15 —F——F——F— -k~ — - — -~~~ - — ] S
| | | | | | | | I | | I I | | | | | I |
D T e I E ) AN AN IR D T L O B B A AN B B
I I I I | | | | | | I I I I | | | | | |
I I I I | | | | | | I I I I | | | | | |
05t —r——r -~~~ T T T T T T T o5 —T—-— -1 -~ -~ -~ — |-~~~ |-~~~ -~~~ —
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ol MNamm mnnnn_snniilns Bolal _sn-nl sgen Ble.u| ol (N R IR I A e
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Harmonic order Harmonic order
(N) Load =300 W () Load = 600 W
7 6 a ’ 1
(v) awnnsugnsuetnnssua i Tuszuulassielni
Normal Mode Uover:m m m  Scaling:® LineFilt:™ NULL:®  YOKOGAWL 4 Mormal Mode Uover:m m m  Scaling:® LineFilt:™ NULL:®  YOKOGAWA 4
Iover'm m m  jAyerage:® Fregfilt:= CF:3 Iover:=m = = jAyerage'= FreqFilt:= CF:3
PAGE Element1 PAGE Element]
Element1 Element2 Element3 & {u1 300v Element1 Element2, Element3, & [u1 300v
Voltage 300v 300v 3o0v ﬁ 1 10a Voltage 300v 300v 300v H 1 104
Current 108 108 108 Current 108 104 108
Urms Ty 1 265.94 164.21 223.66 [2 Element2 Urms Iy 1 266.30 163.93 224.60 [ﬁ Element2
Trms [a ] 2.381 1.625 2.101 U2 300v Irms [A 1 2.407 2.817 1.957 uz 300
pooIw 0.6317k 0.1635k  -0.4051k 12 108 PoIn 1 0.6397k 0.3042k  -0.2610k 12 10
s  Ival 0.6332k 0. 2668k 0. 4700k s Il 0.6411k 0.4615k 0.4396k
a Ivarl 0.0433k 0.2109 0.2382k Elementd, o [Ivarl 0.0431k  —0.3470k 0.3537k Elsment3
AL 0.9977 0.6126 -0.8620 U3 300v L ™y 0.9977 0.6592 -0.5937 U3 300v
[N I¥ B 63.92 652.22 6149.54 13108 ¢ [ 63.86 D48.76 6126.42 13 108
fu  I[Hz 1 T i | fu IHz 1 (B —— e, gl ™Y
1 [Hz 1 Erfor - —————— o4 fI  IHz 1 VY GG E o T war -
ums Iv 1 26590 164.21  223.65  Llement]: DCSource ums v 1 266.30 16383  2z4.60  Element1: DC Source
umn Iy 1 295.39 165.10 224.81 um Ly ] 295.70 165.20 225.98
ude Iy 1 265.94 0.03 0.27  FElement 2 : Load ude Iy 1 266.30 -0.64 -0.69  Element2 : Load
Urmn Iy 1 265.94 148.64 202.40 Urmn [y ] 266.30 148.73 203.46
vae Iy 1 0.00 164.21 223.66 ’ vac Iy 1 0.00 163.43 224.60 .
Wk Iy 1 280.62 225.92 12.76 ~ Element 3 : Grid Connected  ywk v 1 276.90 122.57 312.94  Element 3 : Grid Connected
U-pk Ty 1 259.08 -222.04 -312.72 st ¥ U-pk Iv 1 256.55 -219.39 -312.69 g e
cfu [ 1 1.055 1.376 1.398 cfu [ 1 1.040 1.359 1.393
Update  278(100msec) 2017/07/22 14:14:53 Update  83(100msec) 2017/07/22 14:15:48

(@) nani1svadavanAsesiia Tnd nsunTIAsIginadnin (Power Analyze)

UM 6.15 mydiwesluszuulaswiadiowdsuutalvan

A15199 6.4 nanisiasunyalnanann 300 Tadiutudu 600 Yns

Load Photovoltaic Grid
(W) V (Vdc) I (Adc) P (kW) V(\/rms) I (Arms) P (k\/\/)

PF THD:is

300 26594 | 2381 | 0.6317 | 223.66 | 2.101 | -0.4051 | 0.8620 | 25.89

600 266.38 | 2.487 | 0.6397 | 224.60 | 1.957 | -0.2610 | 0.5937 | 32.72

nsneaeuszuulnsldunasdioussiunsiiioudonounesnassiuiulaseig i
Tuannelnanliidaduiefinsvawenszuassuednuaziinisiuasuwdaduanain 300
fadifutudu 600 Tnsoerafundy \lonadouAndNYUENNTTINIUTDITEUY Tananis
naaeuazidufeguil 6.14 uaz3ud 6.15 wuirszuusiminiduisasnsesiidshauiie
Yaen1aLdliaulazannous1sainueansrualasrglndvinlissuvausanislou
Mdslrlihdrudvanivanlidadudiglasengluii famsei 6.4 luvagiFortuaingy
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6.14 (n) () filvian 300 mdiiaz 600 el Wofiansannszualuiinluszuulassine (i) a
nuirdaruiadieuluansuaduleddelnandfiuuiniu Wesainszuulaseglui
Sududesironszuasiueinliiulnandsualirdusznaufdanasuagan THDs Wity
ananisdrassuazmveaeuiinadenndesiunandliiiufisnugniesemadaiitaue

6.1.6 nagauszuUlagldunasdneusanuaiyansianauiasnassauiulasetie
Ininlpesinsyavenssuaansustinlunsalnruaunseualassingliiiniussaulnnag
Tassdneduyu 30 aen

mMsnedeUNsTuTessrUUlngldunasinus R enronouasines
Sunulassglifinuasiinisvawenseuassueinlunsalauaunsswalnililviyudini
wsanulaiwindy 30 a9 Taeinuabisyuulaseineliigneusulninvinnu 226.809
Ve, WAEATEUATTATI G 2.1836 Ay Lﬁawmaau@mé’ﬂwm:ﬁmﬁﬁwmmmawu oR
nansvaaeuaidufssuil 6.16 ()
ﬂmmwmﬂgﬂﬁ 6.16 (¥) ag (A) Lﬁaﬁﬂmsmaaumsﬂ%’uLﬂgﬂugmimmé’wﬁuﬁa
muAunIzuaszuulassg Ll (Reading) ussulniinmiiu 30 asrn wanis
maau%LﬁuiéfdfmimaﬁﬁhaL%wﬁizuuiﬂiwwiw%ﬁmwhﬁ’u 2.175 Aps baZUAN
adnnsuasueinnszua i sruulasewrg il (THDIs) My 14.83 % wansliiiiugn
YUIANTLUAYAFIN (Fundamental Current) azdaranasinlvianasuaisuelinnszua is
SdUA 3,5, 7 war 9 anad vaiziRenfuszuvagsiviiifiaruaunisdteiidaaiiouidng
Tasarnglaiavililnanniglusyuulaseiiglniigiunsaldaulasgedi@fosnm

sin(awt + 30)

YOKOGAWA ¢ 2017/06/15 14:53:01 ' Normal Edge GH1 2 ¥
Preview 16 T, 1.25MS/s Auto
KD 100 Vv BTE [=> 5.00 Ayl

Vs

Main = 1125 K 10ms/div

: 1
S Vs =100 Vidiv, Is = 5 A/div, Time = 5 mS/div

RmsE(H; 226.809 Y Frqu(H; 50.04204 Hz
Rms(G2; 2.18363 A Freq(C2 50.34030 Hz

(n) AupunIzualniiliyuhniussiulniwindu 30 aeen
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Fundamental (50Hz) = 2.175Arms , THDis = 14.83%

4.5 T T T T T T T T T
I I I I I I I I I I
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1.5 e R
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0.5 i el e B e e e Al e
A N

5 10 15 20 25 30 35 40 45 50

Harmonic order

() aunaTuaNsUatNNIYNE i

Normal Mode Uover's m m  Scaling:® LineFilt:® NULL:= YOKOGAWA 4
Tover:=m = m  Average:® FreqFilt:= CF:3
PAGE Element1
Elementl Element? Element3 =| [u1 300v
voltage 300v 300v 300v 7 11 10a
Current 1048 104 104
urms [y 1 266.79 159. 16 228.60 é Element2
Irms [a 1 0.326 0.000 1.336 Uz 300V
P w1 —0.0868k 0.0001k 0.2115k é 12 10A
s v 1 0.0870k 00000k 0.3054k
Q [varl —0.0053k 0.0000k 0.2149k Z Element3
A ] -0.9978 Error 0.6927 U3 300V
) 1= ] D176.23 Error G46.16 5 13 10A
fu [Hz 1 Blory 4 71 81777 & %
fI [Hz 1 ErnomWl a1 — Al e é
Urms [v 1 266.79 159.16 228.60 =
Umn [w 1 296.19 159.07 229.02 7| Element 1 : DC Source
ude [v 1 266.67 0.09 -0.03 I~
Urmn [y 1 266.67 143.21 206.19
Uac [v 1 7.97 159.16 228.60 Element 2 : Load
u+pk [y 1 283.52 232.53 325.34
U-pk [v 1 255.08 -232.39 -325.33
Lo L — L L2050 G ) Element 3 : Grid Connected
uUpdate  325(100msec) 2017-08-02 17:17:53

(A) Wisiwestuszuulassieamuaunsekalinnius sl

JUN 6.16 nansvinaaupuAunIzia sl flassaedusy 30 agen

6.1.7 nagauszuulasldunasdisussnuasiiivaudanauiasinasiiuiulasdiy
I luanrziivanlidadusesiulasiinisyaivenszuagisuatinlunsdinuaunssud
Tasstgliihwduseduliaiilassireduyy 30 asen

AsNAdaUAITIIuTessruUlasldunasTsLsiTunfiiieudanauIodines
safulasevglddrlugnzilvanld@adunesiulneinisvawenseuaaisuainlungel
muaunszialasstgliimiussfulniiilassedugu 30 s Tngdmualiszuy
Tasa91e Wi 1ous Ul AU 225.639 Ve WAYNSTUETIATIVIBNGTY 2.135 Ame.
L‘ﬁawmaau@mé’ﬂwmzmiﬁwmuﬁuaﬂisw e?fmamiwmaamslﬂuﬁqgﬂﬁ 6.17 (n) () waz (M)
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sin(at + 30)
—>: —

1
1
YOKOGAWA 4 2017/06/15 15:30:51 Hi Normal Edgo CHI £2 v
Preview gl 1.25MS/s Auto
K> 100 Vi B8 [2> 5.00 Auivi@ | 11
(I} Main : 125 K 10ms/div
1
[}
1
Vs o
1
1
(]
[}
[}
il
1
1
s
= |
14
(]
Lfi
1
1
1
1
(]
LV
11
1
AL
L]
gmsgmg 225,639 ¥ rrqumg 50.03002 Hz
ms(C2 2.13551 A Froq(C2; 1990817 Hz

Vs = 100 V/div, is = 5 A/div, Time = 5 mS/div
(n) AsuAnseua i lvyuihniussaulndiwiniu 30 aeem

Fundamental (50Hz) = 2.103Arms , THDis = 12.65%

BT T T T T T T T T
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Lt S 7 W Uy Al liidr G B NY 7 peekiddabal —
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T R g o1 A A" AR T gl 1 X1 Tl Kd o, W
| | | | | | | ! | |
| | | | | | | | | |
3T T N AT SN A BT TYTOY (OO R =
| | | | | | | | ! |
a5 (WMo Y p METTeTRTEAM . R o L JTN Y W
g | | | | | | | | | |
| | | | | | | | | |
2l N At R T SRR A AT TR A |
| | | | | | | | | |
Lo It o T HE 3 4 i BG4 s 1 Y|
| | | | | | | | | |
O R RN T SRR A V.S SIS N i P
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05 - Tl sl ol R AT T e 1
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0 i . o o L el B, L " L
o 5 10 15 20 25 30 35 40 45 50
Harmonic order
1y '3 a .
(V) FUNATUBITUBUNNTEW I
Normal Mode Uover:= = =  Scaling: LineFilt:® NULL:= TOKOGAWA 4
Iover: = = m Averag FreqFilt:m CF:3
PAGE Element1
Element1 Element2 Element3 ] u1 300v
voltage 300v 300w 300v ﬁ 11 104
Current 10A 10A 10A
Urms [v 1 Z68.71 150.96 773.96 E Element2
Irms [a 1 0.370 2.184 2.509 uz  300v
P w1 —0.0992k 0.2131k 0.4730k E 12 1o0a
s [va 1 0.0993k 0.3298k 0.5619k
Q [varl —0.0045k 0.2516k 0.3026k H_ Element3
A L1 —-0.9990 0.6462 0.8418 u3  300v
¢ [ 1 D177 .39 G49.74 G32.67 B 13 104
fu [Hz 1 Error  ————————— —————————
fI [Hz 1 Error  —————————  ————————— B
urms [v 1 268.71 150.96 223.96 ﬁ
umn  [v 1 298.46 151.70 224.68 .
ude [v 1 268.71 —-0.00 —0.08 = Element 1 : DC Source
Urmn [v 1 268.71 136.57 202.29
vac v 1 0.00 150.96 223.96
u+pk [v 1 284.79 211.09 317-15 Element 2 : Load
u—pk [v 1 257 .87 —207 .48 -317.20
cfu [ 1 1.060 1.398 1.416 .
Element 3 : Grid Connected
update  322(100msec) 2017-08-02 17:39:00

(A) Wsfiweslussuullemuaunssualasaig it ssaulng
JUN 6.17 nansvadeumuaunszialasaglihutusiulniaflasaeduyg 30 o
Tuannsiilnanliwsdusiesiulaeinisvasensswagsuaiin
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#9150139n3U 6.17 (A) Kan1snaaeuN1sinwesszuUluanziiivan liduduse
sulasfimsvaenssuasiuednlunsdmuaunszualiinliinihussiuliihilasae
Dy 30 eaen ziiulsinszuafidnadgsruulassinglnindaindu 2.509 A, uay
Prefdaliinasiousiaviniu 0.3026 kW uaziflofinnsmiaingud 6.17 @) Aaunn3y
g1sueiinnszua is lussuulassrgluin (THDs) agdavinfiy 12.65 % uazdanuitssuy
a1u1samvannsTeiddniialioudiglaseisliiwazanneusisueiinveinsrua
Tnsstneliindswasiliiadsznouidadnlnduia

6.2 NAFIUNITYINIUVDITSUULTAARENDINAE ludN1IzNiN1sANAIUN1AI NN
deanvandanauIasinassauiulasedglnii

dmiumsnaaaunhauvesszUuwaduaseindluannizfifimsaamuiidsliii
geaniBeudensunesinessiuiulaseglmin fAidvazvhasmeseuluanyEuinisfinny
Addluihasgn mmagevluanneAinmsamutaziAnUsng MsaiLasanainusTNvIA
NAdOUNIYNUYRIsEUUIAduasenind TN sAnawidsliingsgaidonsionsunesines
srufulasstelafiluan1aglifivan naasunsinnuvesszuuwaduasenfindiiinig
Annuiaslnihaandousensunesinesiudulassglniluaninsnanliidadunasd
MsvAENsEuABNSLeTn NAdeUNIYNNUYesEUUIAR LA TIRdTINsAam &l
asaadensonsunesinesiuiulasiiglinluannzinaalidadulaeinsvnivenssua
grsuailinlunsdnuAunTEia NAdoUNITINIIUYBITEUUAR LAY ARSI TN sRnANL
M&alnfigeaaieusionsuesinessmdvlassngniluannzinaalitadulaeinng
ynnrenszuasivednlunsdisuiuAsunszualnanagedundy duazndnseluil
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Inverter ~Vs
) yo T aw
_I Piﬂﬁa E G}Jd}m G:‘JG i
BEE < | <~
BEE -

Discrete Time
Integrator

Sum ] ] ) \
== command C2000 Microcontroller

Threshold DSP-TMS320F28335

U 6.18 srUUNIINAGRUARULBSINBS BB TARLaIENIngTINAUTEUULATIU 8T
Tngdinsianiuridaliihgen

6.2.1 nsnagauluaniizzuinisfnnuiadlniigean

nsnaasuluaniizsuinisieniuiiaslniigean lnegidelaldwad
WAIDINEYBIUTEN Chaori Solar Energy 31UIU 6 LHI LazdTayadlinizvoiunigad

Waee1Ing AIM13NET 6.5 UAENIINANENYULYRUTAAUADITINGTUR 6.19

M13199 6.5 VOUATNNZVDUYAAUADINNE

Module Type Unit
Normal Power 275 W
Voltage Maximum; Viax 44.7 v
Current Maximum; Iyax 172 A
Open Circuit voltage; Voc 44.7 v
Short Circuit current; Isc 8.82 A




122

1800 T T T T T 10 T T T T T
200W/m? | ! ! ! o 200W/m? | ! ! !
H [ [ H - = === R e B
1600 400W/m? || | | 400w/m? | | | |
2 L 2 |- ________ ____
14001 600W/m : 77777 o ] 8H 600W/m2 |l I - -
800W/m? ‘ oow/m? | ‘ o
P s I B _>
S 1200( 1000W/m2 |- — — — -4~ — — _ - ey - ——— < 1000W/m?2 |, |
B = ; |
= E eF-——== —_—
T o] PN N B S | P g I I |
& 3 §L____ [ o I R
o o I I |
e .
2 % I I I
3 A [ [t (it Bl
[ T | | |
] i T T
I I I
2F —— - — --==- - - -=- |- ——— ===
;
L S [P - [JS———— I
I I I
0 I I I
0 50 100 150 200 250 300
Phowotaic Voltage (V) Phovotaic Voltage (V)
sl luilandunssnuln I TuieAduns iUl
U
(M) MagtWbunant Lk Ul () nsghalnlunany ks ulnni
1800 T {_[__‘_7—_—. 1
200W/m? | | | & | | | b 200W/m? : : : : :
160011 400W/m? T””\”"’\”\”T’ = 16003 B I e R T
600W/m? | | | N, ! | ! 600W/m? | | | | |
1400 H B T T - - - | 1400H meoo L e e -
—— 800W/m? T 7‘ 4‘ : :\ : ‘r | soowim? [ | | | |
£ 1200 T 1000Wim® = o - s ﬁ\*\\* = A S 1200 1000W/m? 7:7 = 7:7 - 7:7 R 7:7 - 7:7 -
3 | o t B W A 5 | ] | | | | |
§ 100=" - + -+ - 1 — == - -\ ~= 2 1000 — — e oS- - N - - - — -
8 1 s | i | | | I
° [ | EY P PN I % | | | ! \ | |
SOy — g — S L R R 1 oy o S W e SRR, W SR
5 £ i
3 | | | | | | | | | \! Il S | | i | | | |
& = g B \
o 600 ! XY ‘ 1 & ol — "Ry - Nl T~ S WOl T
! 1 ! i | I |
400 D B R\ S
400 | e e RS S S
| \ | < I I } % \ I
boo il — © — ¥ __ [P, YA, el Wy T o a3 BE\__ |
) S0 AR U ] |
o || B, ittty . | I } ‘A
160 70 18QF 190 RRLO" ,ZI0¥.220 2:!2 —240— 2-—50-2-6-9 —272 4 230 235 240 245 250 255 260 265 270

Phowtaic Voltage (V) Phowtaic Voltage (V)

(A) NIINAMTNYULYD LTI UTAIITVDUTAALADINAGNTEAUAI AT IR

UM 6.19 nsviRanvaisvasaaamaianfingltluauie

WalSUNAABUATITTNNIUVBITEU UL AR UEND 1 TIndiTaudanauLasne $3IufY
lassglihluanglvanli@sdulaefinsfinauiidelnigegn waglun1sidelaving
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lC ommand
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YAAZAUNGI91U (DC Link) Liiou1uAwamsasidiuveanidslniinenisiuasunuasen
wsanulnineAwImmAnssuanidlunisauaunsewanas (i, ) wlananisveaey

samalull



123

YOKOGAWA ¢ 2017/08/01 12:27:30 Normal Edge CH1 F1.0 ¥
_Stopped 4 6253/s Auto
o 376 Vawnd® o 1.00 Aad' @ Fo 3.5 AavdiE | EECHIXCHZ ]
NN ! ! 1 Main : 1125 Kk T 1 "o0s/dv
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r 1
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=H80.00 s } ) 120.0 <)
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i 4
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L 4
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High m; 736 ¥ RmsE(H} 215.491 v
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Normal Mode Uover:m m =  Scaling:® LineFilt:® NULL:=  YOKOGAWA 4 Normal Mode Uover:=m m m  Scaling:® LineFilt:® NULL:=  YOWOGAMWA 4
Tover:=m = =  Average's FreqFilt'= CF:3 Tover:m = =  Average:® FregFilti= CF:3
PAGE Element1 PAGE Element1
Elementi_ _Element2_ _Element3. & [u1 300w Element!_ _Element?_ _Element3 = [u1 300v
Vol tage 300v 300V 300V ﬁ 11 10A Voltage 300v 300v 300V ﬁ 1108
current 104 108 108 current 108 108 10m
urms v 1 738.00 135.11 777.76 Element? Urms Lv ] 194.80 145.56 234.00 E Element2
Irms [A 1 0.193 0.000 0.449 E uz 300v Irms [n 1 5.595 0.000 4.139 Uz 300v
PoIw 1 0.0457k 0.0000k 0.0002k B 12 10A PoIw ] 1.0906k  -0.0001k  —0.9537k 12 10a
s Ival 0.0458Kk 0.0000k 0.1022k s Ival 1.0899k 0.0000k 0.9686k
o [varl 0.0029k 0.0000k 0.1022k ﬁ Element3, a  [Ivarl 0.0000k 0.0000k 0.1692k Element3,
P | 0.9980 Error 0.0023 U3 300v AL 1.0000 Error -0.9846 U3 300v
¢ 1 63.61 Error 689.87 13 108 ¢ 1 60.00 Error 6169.94 13 10A
fu [Hz 1 Error S mad B fu [hz 1 Error ~ ————————=  —————————
1 [He 1 Error e B I [Hz ] Erfor  ——mmmmmm
urms v 1 238.00 135.11 227.76 ’? urms [v 1 194.80 145.56 234.00
um v 1 264.24 134.71 228.20 Umn v ] 216.28 146.30 234.53
ude [v 1 237.90 0.10 0.37 id ude v 1 194.72 -0.17 -0.04 id
urmn v 1 237.90 121.28 205.45 - urmn [v 1 194.72 131.71 211.15
vac v 1 .97 135.11 227.76 Uac v 1] 5.77 145.56 234.00
Uspk v 1 246.44 197.66 324.04 Uspk Iv 1 202.88 200.29 331.09
u-pk v 1 232.29 -197.69 -323.77 Integ:Reset u-pk v 1 189.20 -200.80 -331.23 Integ:Reset
ciu [ 1 1.035 1.463 1.423 Time ciu 1 1.041 1.380 1.416
Update  466(100msec) 2017/08/01 12:07:37 update  135(100msec) 2017/08-01 12:06:32
o v a v o o o
(M) NITLAAIFWIUAU 0 A (1) NITWFAEAIN 8 A

&€ o

JUT 6.21 nan1snaaeuIINAToEeInd SuUMIIATIvinae i (Power Analyze)

1501913V 6.20 szuunsAnauiddluiihgaadiusunamudiuadluuiinm
Fvnisungeudamiafy 684.57 W/m? 9si5usiunssuan1daiamiagu 0 A warnszuaas
WuTunudiduan@eulunisnsasunsssutaynseualnia wetianduiamsnsidu
gasmdsinidenisdsunlasaussiulniinlunsuSuasunseuamdsimunzandmiu
nsAnmnidslaifihasgn uazainguit 6.20 (0) (@) uae () nudnilouseiuliiiwad
LA ANETANNITY 194.8 V, e NIYLAYEIYAR LA IDITNAET BN SELARE LR NT UDLlAN
WU 5.959 A nszialiiilassinsuinaayldssuvauisariintnfidulsasnses
faslhuiisvawe fdailounaranneusisuadnuesnseualassne nihdwarlae

Usgnaumauditnavieiesun 6.21
6.2.2 nmanagauluan1siin1sAnnuLazinUsNgnIsaliaanaInIus I YIR

TUN1INAABUNITNNNUYBITEUULTAA LA 1IN SIToUABADULIDIINDTIINAY
lasangliinluannglnanlidadulaeinisianuimdslnihasanuaziinusingnisaluas

ANAININTITTUTIR NI LRYININITAAUSUIUNTEWAAIE ( ) Peak TvtineadiNe
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YOKOGAWA 4 2017/08/01 12:35:08 Normal Edge CH1 £1.0 ¥
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Normal Mode Uover:=m = = Staling:* LineFilt:® NULL:=  YOKOGAWA 4 Normal Mode Uoverim = m Scaling:ﬁ LineFilt:® HNULL:=  YOKOGAWA 4
Ioveri= = = Average:® FreqFilti= CF:3 Tover:= = = fverage:® FreqFilti= CF:3
PAGE __ Element1 PAGE __ Element1
Element1_ _Element2_ _Element3 [&] [u1 300v Element!_ _Element2_ _Element3 [«] [ut 300v
woltage 300v 300y 300v ﬁ 1 104 Voltage 300v 300v 300v H 1 10a
Current 104 108 104 Current 104 104 104
urms [v 1 197.36 14214 227.99 Element2 urms Iy 1 208.76 140-21 22649 Element2
Trms [a 1 5.311 0.000 4.045 U2 300v Irms [a 1 4.127 0.000 3.359 u2 300V
Pl 1.0489%  -0.0001k  -0.9159k B 12 104 I 0.8621k  -0.0000k  -0.7555k 12 10a
s vl 1.0482k 0.0000k 0.9221k s Ival 0.8615k 0.0000k 0.7608k
o [varl 0.0000k 0.0000k 0. 1067k Element3 a  Ivarl 0.0000k 0.0000k 0.0896k Element3,
AL 1.0000 Error -0.9933 U3 300v AL 1.0000 Error -0.9930 u3 300V
¢ 1 60.00 Error 6173.35 S 13 104 ¢ 01 60.00 Error 6173.23 I3 10A
fu  [Hz 1 Error B — fu IHz 1 Erfor  ——————
1 [Hz 1 Error o e B fI o [Hz 1 Error == -
Urms [v 1 197.36 142.14 227.99 ’? Urms Iv 1 208.76 140.21 226.49 ”
Umn v 1 219.12 142.70 228.68 Umn Iy ] 231.77 140.22 226.97
ude v 1 197.28 -0.42 -0.46 ™~ ude Iy 1 208.67 -0-06 0.12 lid
urmn [v 1 197.28 128.47 205.89 urmn Iy 1 208.67 126.24 204.35
Uac [v 1 5.81 142.13 227.99 uac Iv 1 6.14 140.21 226.49
Upk [v 1 207.52 197.79 324.04 Utpk Iy ] 212.15 198.39 321.78
U-pk Iy 1 188.70 -197.28 -323.84 Integ:Reset. U-pk Iy 1 199.48 -198.13 -321.26 Integ:Reset.
cfu [ 1 1.051 1.392 1.421 Time cy [ 1 1.016 1.415 1.421
Update  339C100msec) 2017708701 12:13:42 Update  10(100msec) 2017/08/01 12:14:28
A 1 v A A v 2
(N) NANAIIULVNLLEAS 658.40 W/m (V) NANAIULVHLLES 541.14 W/m

¢ o

UM 6.23 Han1snnaeuINAIeileind msunimswsiiaalndin (Power Analyze)

fiarsanainguil 6.22 msveaeuluanneimsinaiuuaziausingnisaluasanaq
MIUTTTUYIA A5V VeITEUUARM NSl geaaresgaduaselfing azviin1san
USunmunszuards G, ) Widesaufiesnuisesuidslnfaniunisdsuulasnes
wssulniuasnzualninmenIueIing 1NNENISAFEUNUIINISVNUVBITEUURAAAIY
Adsluihgegaveswaduateniing WelinUsingnisainasiiannsznuasuunniead
wa0inganamInsTsTRet 1S uNAuTiAAILLAY 658.40 W/m? WAy 541.14 W/m?
limddliiinvensaduasoniindanas dwmaldnssuarids (i, ) fvuinanasnudnday
asvasiiaslniiuazussulniihve wsaduaseniing luvaisieatusyuuitasnsdufivh
wihfanelouihdalwihdudvanlvanlidadudrglassielnituagdaiminmduises
nsestdshaudievawefdnaiouwazanneussueinvenseualaseielwidamariilw

musznaumaatilndnils fagui 6.23

6.2.3 NAFAUNITNNIUVITLUULBAALEIR1ININTN15AANUAA W T gegn
WaunanauLasnassrunulasste i luan1eldilvanadusasiu

M3MuYesTTULwadLaIfind laudonsuofinessuiulassinglwily
anmgliimandadudesiy ifevinsmeaouanisaduasenfindiinndauutuninihues
01U fUANITIAINITuMans uvine1dosudgsuyd aymsusinig Adnisinnny
AdalufihgegnifananduuaininlsingnsaisssuAuy Real-Time agldnaudumiug
voausasiuliiinlasaine (v) nszualwiinlassdng () ussduluiniinounofines (v) uas
nszudlalihfineunedines (i) AU 6.24
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Fundamental (50Hz) = 1.313Arms , THDis = 39.35%
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Vs = 100 V/diV, iS = 10 A/div, Time = 5§ mS/div Harmonic order
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Maslnigean

Fundamental (50Hz) = 5.291Arms , THDis = 9.43%
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(N) WSIPY Vs WATNTEHE is WIDANUTIULALNUTU (@) AUNASUBISUDTNNTELE iy

U7 6.24 yeaeuMsTOYRIsTUUITAdLAT TN deusaAa USRS I
lasenglwihluaniglifilvandasusiesmvneinniumasiniizan

Normal Mode Scaling:® LineFil NULL:=  YOKOGAWA 4 Normal Mode Uover:m = = Scaling:®
Averagei® FregFilt:m CF:3 Toverim m = Average:d Freqrilt:
PAGE Element1 PAGE Element1,

Element!_ _Element2  _Element3 [« [u1 300w Elementl_ ElementZ_ _Elementd & [ut 300y
voltage 300v 150v 300v ﬁ " 108 Vol tage 300v 150 300v ﬁ 1108
Current 108 108 Current 108 108 108
Urms [v 1 27586 70147 [Q Element? Urms v 1 204.87 165.38 778.39 [Q Elements.
trws [n 1 0.914 1.470 2 150 Tris a1 3.656 5.197 2.873 150v
P 1 0.2063%  0.1957k 108 P Dw 1 0.7487k  0.7188k  -0.6503k 12 10
s Al  0.2064k  0.295% s vl 0.7488k  0.9635  0.6563k
o [var]  -0.003%  -0.2226k Element3 o Dvar]l  -0.0125  -D.6416k  0.0886k Element3,
A L 1 0.99% 1.6588 U3 300v AL 1 0.9989 D.7460  -0.9908 U3 300v
¢ L1 D1.08 108 ¢ 1 00.95 108
U 1 Error W Mzl Error
fI [Hz 1 Error - i1 Mz 1 Error -
Ums Iv 1 225.86 201.47 226.14 Element 1 : PV Source Urms Iv 1 204.82 185.38 220.39 Element 1 : PV Source
um v 1 250.86 01—  225.92 umn Dy 1 227.50 197.38 228.54
ule v 1 225.86 1.7 3.15 Element 2 : Load Ude Dy 1 204.82 -0.12 ~0.01 Element 2 : Load
uren [v 1 275.86 190.50 3.4 Urmn v 1 204.82 177.71 206.03
vac v 1 0.00 201.41 225.99 . vac Iy 1] 0.00 185.37 228.39 .
Urpk v 1 235.57 270.03 323.79 Flement 3 : Grid Connected Urpk v 1 214.50 245.57 325.78 Flement 3 : Grid Connected
upk v 1 218.30  -269.27  -323.54 IntegiReset, Upk v 1 197.17 2522 -325.27 Integ:Reset
cu L1 1.043 1.300 1.432 Ti e [ 1 1.047 1.325 1.436 Ti
Update 19016(100msec) 01770811 1012141 Update  987(100msec) 20170811 10:24:30

3UN 6.25 Hanaaaumsinsuiasliigegaiinudunawiuusngn1salsssuuia
LUU Real-Time 91nin3osileTniiasizsirndsnulnii
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f91500191n3UT 6.24 (n) aziuldindearudunanindunisuiu Amplitude 1o
Ty rauanedalunisueganlagldilesidunisamuaiussiuliiwasnssualniiiiolilsen

o w

MWl NANTU Real-Time agmiANani1gvaeniad il MnaduluvusdulSeuisuiu

o w

sl ludsnIohlnAnnmsfiuneanvuinvenseuamds (i, ) lellifiunde
anrdsliihiineunefiwefilvnszuavesnounesines (i) 1ianislenosuegian (Over
modulate) %"’qLﬁumaLﬁaqmmLamwagmmmzLLaﬁNSa (i,,;) 21ANINTEUAABUIBSIADS
(i) Fainanuuddneiu dewalfindianuRniisuresnssuassueindasuil 6.24 ()
wazilofiansananasugsueiinnssua i gNUIINsEaNagIU (Fundamental Current) &
Afintuludndauniunisidsunlamesnudunaiaraimiuaaiiiouresensuein
Wanua (Total Harmonic Distortion:THD) a¥iiA1anatdenndesfunanissiasiuund 5
waznsnaaeulnglduvesdnonsunin a1y

913U 6.25 azildirssuvanansomelouddshiihdwiivdeainnisdislnan
liaduthglasengliinldamnisniuaunssuardsiiuasuntamuauiduuamuayly
Yuzlittussuuisansavhudunssnsesidshouiievawesduailouazanvou
gnsuefinvesnssualassinglilideavilifause nourdadlndnis

6.2.4 NAFIUAITNIIUVITLUULGAR UGN dNTN1sAAnun1a W T gega
WWaNABABULIDIMBSIunUlAssUreINH Tuan1z i lnan LB adudasiutaziinnsyawve
nsehEansuaiin

asnaaeunsThnulnsldssuumaduaeiindiiounensuiasinassiuiu
Tasstrelniiluansiivanliidadurason (1995589nTzuauUULispduLazaonbidn)
wariinsvaenssuaaiuein Inevnseaeuainead tasenfingiandsuudunniiives
01U fURANTIMINTSUAERS uvInendusuigsuyd aymsusing AdnsAnniy
Adslnihgeannunnudunasiitinusngnisalsssnvfuuy Real-Time azldnuduiug
Flaguil 6.26
flnnsanaIngui 6.26 aziiuldimanisnaaeulaeianssuadivasiulanluszuy
Tasatgliihusngimansmaaeuildfinalndidssiudnuagsuaauinnsdiasduund 5
waznsnaaeulngldurasdnonsunsdinanandiedu
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Fundamental (50Hz) =1.183Arms , THDis = 45.24%
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lu Math model iaLiiusziunseualetonsds (i, ) auanuduuasniudoundas vl

lCommand
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Nermal Mode Uover:m m m Scaling:* LineFilt:ﬁ HULL == YOKOGAWA # Normal Mode Uover :=m = m Scaling:; LineFilt:= NULL:= YOKOGAWA 4
Iover:=m = =  Average'® FreqFilt:m CF:3 Tover:= = = Ayerage:® FreqFilt:= CF:3
PAGE __ Elementl PAGE _ Elementi
Element1 ElementZ Element3 [a] {u1 300v Elementi Element? Elementﬂ [&] [u1 300v
Voltage 300 300V ﬁ 11 108 Voltage ﬁ 11 10a
Curren t 1[m 1[u\ 104 current mn 1[m mn
Urms [y 1 722.11 199.80 227.48 Element? urms [v 1 197 .17 180.70 227.50 [é Element,
Irms [ 1 1.263 2.128 0.832 E Uz 150v Trms [a 1 4.540 6.053 3.208 Uz  150v
P 0.2803k 0.2724k  —0.1609k 12 108 Pow 1 0.8949k 0.8602k  —0.7114k 12 10a
s Al 0.2806k 0.4252k 0.1893k s  Ival 0.8951k 1.0938k 0.7298k
o [varl 0.0141k 0.3264k 0.0997k Element3 a  lLvarl 0.0208k 0.6756k 0.1630K Element3,
P | 0.9987 0.6407 -0.8500 U3 300v AL 0.9997 0.7865 -0.9747 u3  300v
* S | 62.90 G50.16 G148.21 13 108 ¢ [S. 61.40 G38.14 G167.10 13 10a
fu [Hz 1 Error e fu [Hz 1 Error -
f1 [Hz 1 Error - - fI [Hz 1 Errer  —————
urms v 1 222.11 199.80 227.48 Element 1 : PV Source Urms Ty 1 197.17 180.70 227.50 Element 1 : PV Source
umn Iy 1 246.70 -—0 L-— 227.67 Umn v 1 219.00 193.94 228.27
ude v 1 222.11 -12.55 -20.68 . e v 1 197.17 -0.13 -0.01 .
Urmn v 1 222.11 189.75 204.98 Element2 : Load urmn v 1 197.17 174.61 205.52 Element?2 : Load
vac v 1 0.00 199.37 226.45 X vac v 1 0.00 180.70 227.50 .
Upk v 1 231.08 265.22 325.46 Flement 3 : Grid Connected uspk Iv 1 204.80 236.74 3273.27 Flement 3 : Grid Connected
U-pk v 1 213.40 ~264-41 ~325.47 u-pk v 1 188.07 -236.26 -323.56
ciu [ 1 1.040 1.327 1.431 cfu [ 1 1.039 1.310 1.422
Update  32(100msec) 2017708711 10:42:40 Update  436(100msec) 2017/08/11 10:46:01

SUN 6.27 Han1snnaeunAIesileind miunsinsesiiaalndin (Power Analyze)

ﬁmimmﬂgﬂﬁ 6.27 Wevhnsanelnanldidadumuanudulasfivuasunlasuy
Real Time Tuda9t3a1 13.00- 15.00 . lngdn1sgasenssuaansioinlusyuy nuinsguu
annsadeineidsliiduiivaondugsruulasselifiuasssanunsasae sl
w@flourhliiusynoumasluiingalnadwds FsuanisneaeuiiletiludoUsttuiulginnad
mnlndiAssfudnvarsuaduainnisdtasdluundl 5 uagaeandosiunismaasulaely
WSS ITLASTIRaNa1 97 98

6.2.5 maaumiv‘hmu%aqizuuLmaéummﬁmE‘iﬁﬁnﬁﬁﬂmuﬁ'}ﬁalw%gaqﬂ
a ' ¢ ¢ o ) o ra ¥ o1 a
WWaNfanauLasLassunulasstrg NN luaniziilvanliadunasiulnglinnsyawye
nszudgsuaiinlunsalnauaunssus

AISNAABUNITNIIUYBITYUULLA ALAIN NI DUADABULIBSMBTIINAUIATIUNY
T luannisianelvanlidadulaguasiinisvasenseuagnsuainiieyinsmuaun s
ﬂigLLa ﬁf]ﬁ\i ( iCmnmlmd
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USinanszianuanaduuasiiinusngnisaiiu Real-Time 119y 2 Ui (Rama
Usunaunseuarida (i, ) Peak lifiduszana 4 A 8 8 A) iieSeuiieufunisnageu
Tngmsseusetulniinafivaznanisdrasdluuni 5 agldamduiudfogui 6.28 uaz
U7l 6.29
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PAGE Element1, PAGE Element1
Element1 Element? Element3 ] |u1 300v Element1 Element2 Element3 [«] w1 300v
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fu Mz 1 Error — - - fu [Hz 1 Error = -
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Fundamental (50Hz) = 1.588Arms , THDis =49.38%

20 25
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(V) Load = 600 W

(n) avlnasuansuadnnsewa is tussuulasare g

Uover'm m = Scaling:® LineFilt:® NULL:m

YOKOGAWA
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Element1
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Implementation of a Low-Cost Single-Phase Grid-Connected
Photovoltaic System with Active Power Filtering Mechanism
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Abstract — This research is concerned with the implementation of a low-cost single-phase grid
connected PV system including active power filtering functionality. The system is able to transfer
surplus power to the grid, to compensate both reactive power and harmonics for nonlinear loads
resulting in nearly unity power factor and nearly sinusoidal grid current. The system is controlled
by a low cost dSPIC30F4011 microcontroller. Rectification and inversion mode operation is
described. Software and hardware design of the system is given. The merit of the proposed system is
simplicity especially for grid synchronization using zero crossing in conjunction with a sinusoidal
look-up table. The process of reference current generation is fully described and demonstrated by
experimental waveforms. Simulation and experimental results are compared in order to validate the
proposed technique under various conditions such as low and high solar irradiation. Copyright ©
2017 Praise Worthy Prize S.r.I. - All rights reserved.
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Digital signal controller
Harmonic distortion
Digital to analog
Converter current

Command current

Harmonic current

Reference current

Reference signal current
Fundamental actual load current
Load current

Grid current

Grid voltage

Command current responsible for the
supplied converter power

Is
Vs

lcommand

l. Introduction

Presently, renewable energy is focused since
non-renewable energy resources such as coal, natural gas,
etc. are limited [1]-[16]. In recent years, electricity
production from photovoltaic systems has become less
costly and more efficient. The clean and pollution-free
nature of solar energy makes it non-harmful to human
beings and the environment [1]-[3]. Currently, there are
two principal types of photovoltaic (PV) systems namely
an isolated system and a grid-connected system. The
operation of the isolated PV system is straightforward.
Normally batteries to store power for night use are
required. On the other hand, the grid-connected PV
system is considerably more complicated with controllers
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to cope with synchronization and power transfer to the
grid. Modeling and simulation of a grid-connected PV
system based on electromagnetic transient analysis can be
found in [4] which was implemented on PSCAD/EMTDC.
However, the effect of nonlinear load has not been
investigated. A harmonic problem in power systems has
become a serious concern due to the wide use of power
electronics equipment (i.e. nonlinear load). Furthermore,
the input power factor of most of this equipment is poor.
Conventionally, passive power filters and capacitors are
employed to attenuate the harmonics and improve the
input power factor, respectively [15]. However, they have
many disadvantages, such as large size, resonance, fixed
compensation characteristic etc. An active power filter is
considered as one of the most good methods to
compensate the reactive power and to eliminate harmonic
currents for nonlinear loads [5], [16]. For a single-phase
system with nonlinear loads, the power quality
improvement was proposed in [6]. The control technique
seems to be complicated. With the shortcoming of
previous works, this research work has attempted to
implement the whole system with a simple control
technique. The aim of this research is to apply the
cost-effective converter providing two functions namely
power transfer and harmonic compensation in the
generation of electricity from PV. The synchronism
control is simple. The implementation and testing are
given. The simulation of the proposed system is also
included to confirm the correctness.

Fig. 1 illustrates the schematic of the proposed system.

Description of Proposed Scheme

https://doi.org/10.15866/iree.v12i2.11383
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Fig. 1. Schematic of the proposed system

It consists of PV modules, a single-phase IGBT full
bridge, a smoothing inductor, a diode bridge rectifier with
smoothing capacitor acting as a nonlinear load, a
single-phase grid with autotransformer, isolated voltage
and current sensors and control block diagram. The dash
line box covers the process for calculating the reference
current which is responsible for power transfer and
harmonic compensation. All algorithms are processed by
a low cost dSPIC30F4011 microcontroller. The detailed
reference current for power transfer and harmonic
elimination will be explained in the next section.

I1.1. Reference Current Calculation

The process of the calculation is modified from
[8].Unlike the converter function in [8], this process takes
into account power supplying to load and transferring to
the grid. Figure 2 depicts the process to obtain the
reference current responsible for two functions namely the
supplied converter power and harmonic compensation.
The sum of reference power command current (icom) and
harmonic current (icg) is the required reference current (
iref). The process for obtaining reference current is as
follows. The synchronization with the grid is needed for
generating the reference signal (i,) which can be
controlled in phase with respect to the grid voltage for
rectification and out of phase with respect to the grid
voltage for inversion. Also leading power factor for
supplying the reactive power to the grid can be achieved
by shitting the leading reference signal. The grid voltage
is assumed to be a sinusoidal waveform represented as:

Vs (t) =V, sin(wt) (1)

Non-linear load current can be written in a Fourier

series form as:
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i (t)=2." 1sin(not+6,) )
where n is the order of harmonics. It can be rewritten in
terms of the fundamental and harmonic components as:

i (t)=Iysin(ot+6,)+)." 1,sin(nwt+6,) (3)

A p.u. reference sinusoidal signal which is in-phase
with respect to the grid is given as:
i (t)=sin(wt) 4)
The amplitude of the real part of the fundamental of the
load current (iy) can be represented as:

o, NG .
iy ?Jo iy (t)xi, (t)dt=1,cos 6, (5)

This equation will be computed in the block of discrete
time integrator as shown in Fig. 1 and Fig. 2.

Therefore, the real part of the fundamental load current
(ip) as fundamental frequency, which is the product of iy
and i, (t), can be written as:

ics (t) =i, x i, (t) =1, cos G xsin(wt) (6)

From equations (3) and (6), it is possible to calculate

the reference current as:

icr (t) =i (t) —ics (t)

Substituting (2) and (6) in (7) yields:

U]

g (1) = . 1a sin(nat+0, )= I; cos 6; sin(wt) (8)

Then, the above equations can be incorporated into
equation i, as:

irer (t) =Y~ 1y Sin(neot+ 6, ) — 1, cos 6, sin (t) +

+iCommand sin (a)t)

©)

where icommang 1S the dc quantity representing the
amplitude of a current command responsible for the
supplied converter power.

For a case of supplying reactive power to the grid (i.e
leading power factor), a p.u. reference sinusoidal current
can be expressed as:

i (t)=sin(wt+9) (10)

Then the amplitude of the real part of the fundamental
of the load current can be expressed as:

iy =1;cos(6, —9) (11)
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Fig. 2. Block diagram of the process of calculating the reference current
responsible for power transfer and harmonic compensation

Similar to the process of the reference current
calculation of the case of unity power factor, the required
reference current is:

+Z::2Insin(na)t+9n)+
—lyc0s(0, —¢)sin(wt+¢)+

+oommang SiN(@t+ @)

(12)

1.2.

Flowchart for writing C program on the PIC
microcontroller is shown in Fig. 3. ADC, DAC, timer and
port are initialized and set. Zero crossing of the grid for
the synchronization is checked via ADC. The 500
sinusoidal values of a look up table are read with 40
microseconds sampling time controlled by Timer 2. With
the read sinusoidal value at every sampling time, current
reference calculation and hysteresis current control are
processed.

Then ADC values will be read for checking zero
crossing again. If the zero crossing is detected, the
sinusoidal value will be read at the beginning of the look
up table for the next cycle.

PIC Program Design

11.3.  Hardware Design

In this research, voltage detector (Fig. 4), current
detector (Fig. 5), a digital signal controller (DSC) circuit
board and an inverter were constructed. Specifically, the
DSC mathematically converts the analog signals from the
voltage and current detectors to the digital signals which
are used for generating PWM signals to control the
IGBTSs. The inverter supplies the power to the grid and the
non-linear load. Also the nonlinear load harmonics are
mitigated by this inverter.

In Fig. 4, the AC voltage sensor unit detects the voltage
from the grid using voltage devider. The detected voltage
is used for synchronization. The measured voltage will be
deteced for zero-crossing inside the microcontroller to
restart reading sinusoidal values in a look-up table. This
experimental voltage detector unit utilizes the 1SO124
isolation amplifier to isolate the system ground from the
single-phase grid.
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Fig. 5. Schematic of the current detector unit

Fig. 5 depicts the schematic of the experimental current
detector unit whose functions are to detect the inverter
currents and the non-linear load currents. The current
sensor of this research utilizes LEM No. LA25-NP based
on Hall-Effect, as illustrated in Fig. 6.

Fig. 7 illustrates the photograph of the digital signal
controller (DSC) circuit board implemented including a
dead time circuit to prevent the upper and lower IGBT
switches from shootthrough fail. The dsPIC30F4011
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microchip is utilized as the processing unit due to its
precison, speed and inexpensiveness,while Fig. 8 shows
the prototype of the entire experimental system.

Fig. 6. Photograph of the experimental voltage detector and current
detector units

Fig. 7. Photograph of digital signal control (DSC)
and dead time circuit board

Fig. 8. Photograph of the entire system prototype

I1l1. Results and Discussion

In this research, MATLAB/Simulink was employed to
simulate the proposed system with active power filtering
mechanism before the development of a prototype. Figs.
9-10 respectively illustrate the simulated and measured
waveforms of the load current (i ), the compensated
harmonic current (icr), and the reference current (irer).
Note that icg and i are sent from the microcontroller via
digital to analog (D/A). It can be observed that the i, , icr
and i waveforms of the simulation and prototype are
similar, indicating the correctness of the implemented
algorithm.

In Figs. 11, a comparison is made between the
simulated and measured grid voltage (vs) and load current
(i) waveforms. The comparative results reveal a close
resemblance between v and i, from MATLAB/Simulink
and the prototype.

The on-load efficiency achieved with the proposed
filtering mechanism, as measured with a power analyzer
(‘Yokogawa: WT3000), is 87.09%. Figs. 12 compare the
simulated and measured harmonic spectra of the load
currents (i) with total measured harmonic distortion
(THD) of approximately 15.6%. These results are also
similar.
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In Figs. 13, the voltage and current waveforms of the
grid are in phase for both the simulation and prototype
under a low insolation of PV condition, thereby resulting
in unity displacement power factor. Note that in this
condition the grid delivers to both the inverter and the
nonlinear load whilst the inverter mitigates the harmonic
current associated with the nonlinear load. Figs. 14 depict
the grid current harmonic spectra from the MATLAB
Simulink simulation software and the prototype, in which
the low order of the harmonics are removed (less than 25"
order).
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In Figs. 15, the post-compensation current (i) and
voltage waveforms for simulation and experiment exhibit
a near-sinusoidal feature with an inverse 180° phase angle
with regard to current and voltage waveforms under a high
insolation condition of solar. Note that in this condition
the inverter delivers power to the nonlinear load and the
grid. Also the inverter mitigates the harmonic current
associated with the nonlinear load. Figs. 16 illustrates a
similarity between the simulated harmonic spectrum and
that of the prototype. Obviously, the harmonics of the grid
current are mitigated when compared to Figs. 12.
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Specifically, the measured on-load efficiency, total
harmonic distortion (THD) and power factor achieved
with the proposed mechanism are respectively 87.09%,
15.6% and 0.95 (i.e. near-unity). Moreover, the
after-filtering surplus electricity could be resold to the
transmission grid. For a case of dynamic operation, Figs.
17 and 18 illustrate simulation results and experimental
results for grid voltage (vs), grid current (is), converter
current (i) and load current (i,) during a step change in
load, respectively.  Apparently, especially for
experimental results, the grid current suddenly decreases
whilst the converter current is somewhat constant. This is
because the current command (i.e. power command) is
fixed. As a consequence the real power supplied from the
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converter is constant. The simulation and experimental
results are in good agreement. These results confirm the
correctness of the proposed system.
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Fig. 18. Experimental results for v (200 V/div),
is (5 A/div),ic (10 A/div), i (10 A/div), Time: 50 ms/div

For a step change in command currentatt=0.1s, Figs.
19 and 20 show dynamic response of currents for
simulation and experiment, respectively. Clearly, the
amplitude of load current is constant whilst both
amplitudes of grid and converter currents increase
resulting from the increased command current responsible
for supplied real power to the grid and the load.
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Fig. 19. Simulation results for v, is, ic and i, in case of a Type | nonlinear
load (Single-phase diode bridge rectifier with RC load); Scale: Time 20
ms/div, vs(500 V/div), is(5 A/div), ic(20 A/div), iL(10 A/div)
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Fig. 20. Experimental results for with RC load); Scale: Time 20 ms/div,
Vs (500 V/div), is (5 A/div), ic (20 A/div), iL (10 A/div)

Again the simulation and experimental results are in
good agreement. These results also verify the correct
operation of the implemented system. In order to show the
capability of the proposed system for reactive power
control, the reference current is set to lead the reference
voltage with 30 degrees. Figs. 21 and 22 show the
simulation and experimental results for nearly 0.866
leading grid power factor (i.e. grid current leads grid
voltage of 30 degrees), respectively. This means that the
proposed system is able to supply reactive power to the
grid. Also, these results for simulation and experiment are
in accordance. They verify the capability of the proposed
system in reactive power control. In addition to the
photovoltaic  system, this cost-effective filtering
mechanism could be applied to electricity generated from
other natural sources, e.g. wind turbine, biomass.
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IVV. Conclusion

This research has dealt with the implementation of an
inexpensive grid connected PV system with active power
filter functionality to transfer power and to compensate for
non-linear load harmonics. Hysteresis current control is
utilized in generating PWM signals for switching devices
in the main power circuit. As a consequence, power
supplying to the nonlinear load and transferring to the grid
and compensation for load harmonics are achieved. Both
simulation and experimental results have confirmed the
validity of the proposed system in terms of correctness of
the algorithm and circuit and capability in power transfer
and harmonic compensation. Also, supplying reactive
power to the grid can be achieved.
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Harmonic Mitigation
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In this paper, modeling and simulation using SIMULINK for a 3-Phase grid connected system supplying non
linear loads using a photovoltaic inverter is presented. Apart from an energy transfer function from photovoltaic (PV),
the proposed inverter can also be an active filter in order to mitigate harmonic current associated with non-linear loads
for a three-phase four wire system. Initially, mathematical modeling of the PV is given. The simulation based on
mathematical equations obtained from the model provides electrical characteristics of the PV source which will be used
as the DC input of the inverter. Secondly, the main system has been virtually created in order to actualize the
conversion from DC to AC. The main power circuit employs IGBTs formed in a three-phase full bridge. Thirdly, the
control circuit is discussed and has been designed. The control method used is hysteresis current control which is simple.
The reference current is derived from combining a purely sinusoidal current in phase with the mains supply voltage
reference and compensating the current calculated from harmonic contents of the load current. Finally the obtained
results are discussed in order to verify the correct operation as the system is designed.

Keywords: Photovoltaic inverter, Active filter, Non linear loads.

1 INTRODUCTION

Electricity production from photovoltaic systems
has become less costly and more efficient in recent years.
This leads to a huge market for off-grid PV power systems
for remote areas[1]. Photovoltaic system are still related to
the supply of power to remote areas or rural electrification in
developing countries. Although the cost of grid connected
PV system is still high, research in power electronics and in
semiconductors have played an important role in reducing
the cost of PV system. Despite cost reduction, the power
converter necessary to transform the dc power from the PV
array to grid-synchronous ac power accounts for about 15%
of the total system cost [2]-[4].

This paper deals with modeling and simulation of a
3-phase grid connected PV inverter with an active filter
functionality. Apart from energy transfer from the PV, this
system is also assigned to compensate the harmonic current
for the non linear loads. The control method used is
hysteresis current control. The reference current is derived
from combining a purely sinusoidal current in phase with the
mains supply voltage reference and compensating the
current calculated from the harmonic of the load current.

2 SYSTEM DESCRIPTION

2.1 PV Array Mathematical Model and

Implementation

Photovoltaic cell is the most basic generation part in a
PV system. Single-diode mathematic model is applicable to
simulate silicon photovoltaic cells, which consists of a
photocurrent source I, , a nonlinear diode, internal
resistances Ry ad Ry, as shown in figure 1.

vD [ R Y%

Figure 1. Single-diode mathematic model of a PV cell

The mathematic relationship for the current and
voltage in the single-diode equivalent circuit can be
described as
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sh

where, I, is photocurrent; I, is diode saturation
current; g is coulomb constant (1.602 x 10 C) ; k is
temperature (K); A is P-N junction ideality factor; R, and Rsy,
are intrinsic series resistances.

Photocurrent is the function of solar radiation and cell
temperature, described as

o REUEN B

ref

where, S is the real solar radiation (W/m?); Sy
Trer, Lonreris the solar radiation, cell absolute temperature,
photocurrent in standard test conditions respectively; Cr is
the temperature coefficient (A/K).

Diode saturation current varies with the cell
temperature

3
E
I,=1,, T exp e | L _L I3
I\ T, AK(T, T

where. I, s is the diode saturation current in standard
test conditions; Eg is the band-gap energy of the cell
semiconductor (eV), depending on the cell material.

2.2 Three phase grid connected System

A typical voltage source inverters (VSI) connected to
the grid via the first-order L-filter is shown in figure 3. The
more detail of its operation will be given in the full paper.

Figure 2. Three phase grid-connected PV system

2.3 Current reference calculation

From Fig. 3, the current reference for the hysteresis
current controller to generate PWM signals for all main
power switches is derived from combining a purely
sinusoidal current in phase with the mains supply voltage
reference and compensating the current calculated from the
harmonic of the load current. The equations are related to
the block diagram in Fig. 3 are as follows.

V(1) = V,sin(ax) (4)

I,(0) = Y. 1,sin(not+6,) (5)

1,(t) = 11sin(a)t+91)+2121nsin(na)t+6’n) (6)
I.(t) = sin(awt)

I, = %jjg(;) xi ()dt (7)

I5(@) = I,cosf, xsin(art)

Iy (0) = Y. 1, sin(net+6,)—1, cost, sin(er) (8)
lL_ Discrere Time | i= le | dw
I:nte_g‘ratm‘ :. "QO -
‘_: RE‘fE‘l'E‘IlCE Sigl]ﬂl ]I.r
i

Generator

Figure 3. Block diagram of Harmonic Current
2.4 Modeling and Control system configuration

Figure 4. shows the control method per phase. More
detail will be given in the full paper.

Figure 4. The control system model in
MATLAB/Simulink

3 SIMULATION RESULTS

Several numerical simulations of the proposed system
were accomplished for different situations of load connected
in this system (non-linear).

The simulation with non-linear loads was conducted and
good results were obtained to several load parameters. Some
promising results are shown in the following Figures. More
results and discussion will be presented in the full paper.
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Figure 5. Simulation results of the system in
Matlab/Simulink

4 CONCLUSIONS

This paper treats an approach of modeling and control
system. A causal

informational graph method and its proprieties are permitted
to determine all elementary models and to calculate the
Photovoltaic side and grid side controllers. More results will
be given in the full paper.
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Abstract — This paper presents a single-phase grid connected
photovoltaic (PV) system with active power filter functionality for
nonlinear load. The system is simulated by using
MATLAB/SIMULINK. With this method, power generated by
the PV is transferred to the nonlinear load and the grid and the
power factor is nearly unity. The current control is based on
adaptive PWM method The system performance is investigated
for low and high values of insolation of the PV.

. INTRODUCTION

Presently, renewable energy has been increasingly focused
since non-renewable energy resources such coal, natural gas,
etc. are limited. Electricity production from photovoltaic
systems has become less costly and more efficient in recent
years. This leads to a huge market for off-grid photovoltaic
(PV) power systems for remote areas[1]. An active power
filter is considered as one of the most good methods to
compensate the reactive power and to eliminate harmonic
currents for non-linear loads. For three-phase four wire system
with nonlinear loads, grid connected PV systems can be found
in [4,7]. Modeling and simulation of a grid-connected PV
system based on electromagnetic transient analysis can be
found in [5] which was implemented on PSCAD/EMTDC.
However, the effect of nonlinear load has not been
investigated. For single-phase system with nonlinear load, the
power quality improvement has been proposed in [6]. The
control technique seems to be complicated. Due to lack of
simple control techniques to cope with the nonlinear load.
Therefore this paper deals with modeling and simulation of a
single-phase grid connected PV inverter with an active filter
functionality. The proposed system is shown in Fig.1. Apart
from energy transfer from the PV, this system is also assigned
to compensate the harmonic current for the nonlinear load. An
IGBT full bridge inverter is used. The control method used is
hysteresis current control which is simple. The reference
current is derived from combining a purely sinusoidal current
synchronized with the mains supply voltage and compensating
the current calculated from the harmonic of the load current.

II. PV ARRAY MATHEMATICAL MODEL

Photovoltaic cell is the most basic generation part in a PV
system. Single-diode mathematic model is applicable to
simulate silicon photovoltaic cells, which consists of a

photocurrent source /,,, a nonlinear diode /, internal
resistances Ry and Ry, as shown in Fig. 1.

Fig. 1 Single-diode mathematic model of a PV cell

The mathematic relationship for the current and voltage in
the single-diode equivalent circuit can be described as

q(V +1IRy) V+ IR
I=1,,-1 -1{|-
ph s|:eXp[ kT H, )

where, /,;,is photocurrent; /, is diode saturation current; g is
coulomb constant (1.602 x 107° C) ; k is temperature (K); 4 is
P-N junction ideality factor; R, and Rg, are intrinsic series
resistances.

Photocurrent is the function of solar radiation and cell
temperature, described as

A (gi][]ph,mf +C; (T - wa )] ©

ref

where, S is the real solar radiation (W/m’); Srep Trer s Lpm ref 18
the solar radiation, cell absolute temperature, photocurrent in
standard test conditions respectively; Cr is the temperature
coefficient (4/K).

Diode saturation current varies with the cell temperature

Y gE, [ 1 1
I.=1, | — | exp| —| ——— 3)
s S, ref (T,e/ ] Xp{ 1K [Tmf TH

where. I, is the diode saturation current in standard test
conditions; Eg is the band-gap energy of the cell
semiconductor (eV’), depending on the cell material.



III. REFERENCE CURRENT CALCULTION

Reference current calculation for power transfer and
filtering harmonics for nonlinear load is modified from [3].

ir@® =1 sin(a)t+t91)+za3 1, sin(not +6,,) 4)

From (4), the load current consists of fundamental and
harmonic components. The reference current which is
synchronized with the grid voltage can be defined as
i.(t) = sin(awx)

The fundamental of the load current which is in phase with
respect to the grid voltage can be obtained from

Iy = % i, (t)x i, (t)dt ()

Therefore the instantaneous value of the in-phase
fundamental respect to the grid voltage is

ics(t) = Ij cos ) xsin(ax) (6)

The reference current for compensating the harmonics of the
nonlinear load can be obtained as

0
icrR(®) = Zn:l 1, sin (not +6,)) — 1} cos @) sin(wr) 7)

icp Will be added with the current command indirectly
representing power to be transferred from the PV. Then the
reference current iref responsible for a transfer of active

power and harmonic elimination is achieved. This reference
current will be compared with the actual current to generate
PWM signals for overall switching devices in the main power
circuit. The actual current will track the required reference
current within the lower and upper band of hysteresis control.
The whole system is shown in Fig. 2. The reference current is
calculated by using (1)-(7). The overall system is implemented
on MATLAB/SIMULINK.

Inverter Circunt Gride System
G~ §D163 D3 Ve
e H
i
i | 418
63 §o3 D4 y
i
PV Celis G164 62,63 I

Non—LinearLoal

Fig.2 Proposed system

IV. SIMULATION RESULTS

PV conditions for the proposed system are divided into
two stages namely low insolation and high insolation. Fig.3
shows the grid voltage and nonlinear load current. Fig.4 shows

the corresponding harmonic current spectrum. Clearly the
load current consists of large amplitudes of harmonic
components resulting in high total harmonic distortion. Note
that without the proposed converter, the grid current is the
same as the load current. For the low insolation condition, the
power from the PV is only transferred to the load due to
produced low energy. Fig.5 shows that the mains supply
current waveform is nearly sinusoidal and in-phase with
respect to the grid voltage. As a consequence, power factor is
nearly unity. Fig.6 shows the corresponding harmonic current.
The low order components is almost eliminated. For the high
insolation condition, the power from the PV is transferred to
the load and the grid due to produced excess energy. Fig.7
shows that the mains supply current waveform is nearly
sinusoidal and out of phase with respect to the grid voltage.
This shows that the power generated from the PV is
transferred to the grid and the nonlinear load . Fig. 8 illustrates
the corresponding harmonic contents. Quite clearly low order
current harmonics are almost eliminated. According to the
obtained results, it shows that the proposed system is able not
only to transfer energy produced from the PV but also to filter
the power harmonics out from the grid.

AN XN
P AR
V(2

oY
N\

~~~

—

N
N\

o} 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Fig. 3 grid voltage and nonlinear load current
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Fig. 5 Supply voltage and current
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III.  CONCLUSION

This paper has presented a single-phase grid connected
photovoltaic (PV) system with active power filter functionality
for non-linear load. The proposed system is verified by the
simulation using MATLAB/SIMULINK. The reference
current has been fully described. The current control
technique is simple. The power is only transferred from the PV
to the nonlinear load for a low value of the insolation. For a
high value of the insolation, the power is transferred from the
PV to both the nonlinear load and the grid. The obtained
power factor is nearly unity. The proposed system is also able
to eliminate the low order of supply current harmonics.
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A15199 1 91elrantutiaal 08.00 u.

WS9AU (V) nszua (A) Tan (W) | Araeluda (w)
222.30 0.9 200 200.07
151.40 1.4 400 211.96
70.46 1.45 600 102.167
52.75 16 800 84.4
26.65 17 1000 45.305
20.15 1.75 1200 35.2625

16.86 19 1400 32.034
11.67 1.9 1600 22173
10.73 1.9 1800 20.387
10.35 1.9 2000 19.665

A15199 2 918lvan Ut aal 09.00 u.

39Ru (V) nyzua (A) Tnan (W) Aaabui (W)
242.40 0.9 200 218.16
237.30 1.8 400 427.14
231.50 2.7 600 625.05
224.60 35 800 786.1
215.40 4.2 1000 904.68
201.50 4.95 1200 997.425
172,50 53 1400 914.25
136.70 5.35 1600 731.345
111.00 5.4 1800 599.4

98.45 5.4 2000 531.63

A151991 3 M1519N15TRae9I8lranluIsIal 10.00 wu.

L39AU (V) nyzua (A) nan (W) Aaabin (W)
243.00 0.9 200 218.7
238.70 1.8 400 429.66
234.00 28 600 655.2
229.00 35 800 801.5
223.40 4.25 1000 949.45
216.60 5.15 1200 1115.49
207.70 5.85 1400 1215.045
194.50 6.45 1600 1254.525
169.80 6.8 1800 1154.64
150.25 6.8 2000 1021.7
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A15199 4 918lvanluial 11.00 u.

WS9AU (V) nszua (A) Ivam (W) Aaalnidn (W)
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219.60 3.45 800 757.62
207.60 4.2 1000 871.92
197.80 4.85 1200 959.33
157.70 5.15 1400 812.155
140.30 5.4 1600 757.62
132.40 6 1800 794.4
112.50 5.8 2000 652.5

A15199 5 91elvantutiean 12.00 u.

WI9RU (V) Aseua (A Inan (W) Aaalnvin (W)
242.60 0.9 200 218.34
239.40 1.8 400 430.92
234.70 2.8 600 657.16
229.50 3.5 800 803.25
224.20 4.35 1000 975.27
218.50 5.15 1200 1125.275
211.70 59 1400 1249.03
204.60 6.8 1600 1391.28
176.30 7 1800 1234.1
140.00 2000 980

M15199 6 elvantugIan 13.00 u.

WS (V) nszua (A) Tvan (W) AaIAn (W)
241.60 0.9 200 217.44
236.70 1.8 400 426.06
231.40 2.8 600 647.92
227.50 3.5 800 796.25
223.40 4.3 1000 960.62
206.10 52 1200 1071.72
195.60 5.65 1400 1105.14
193.60 6.4 1600 1187.84
191.80 7.2 1800 1380.96
148.50 7.4 2000 1098.9
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A15199 7 91elvanlutianal 14.00 u.

LSIAU (V) nszua (A) vam (W) AaIAn (W)
242.70 0.9 200 218.43
238.20 18 400 428.76
233.40 2.8 600 653.52
228.00 3.5 800 798
221.70 4.3 1000 953.31
213.70 5.1 1200 1089.87
202.40 5.75 1400 1163.8
182.30 6.2 1600 1130.26
150.30 6.3 1800 946.89
132.25 6.3 2000 833.175

A15199 8 elvanlugeaan 15.00 u.

w3as (V) nszua (A) Ivan (W) Aaabnvin (W)
241.6 0.9 200 217.44
236.1 18 400 424.98
229.5 X 600 61956
221.1 3.5 800 773.85
208.2 4.2 1000 874.44
181.1 47 1200 851.17
137.8 4.7 1400 647.66
108.4 4.7 1600 509.48
86.7 4.7 1800 407.49
702 4.7 2000 329.94

M15199 9 918lvantuTIa1 16.00 U.

WS99 (V) nsgua (A) Inan (W) Aaalnidn (W)
236.40 0.9 200 212.76
227.80 1.75 400 398.65
214.00 26 600 556.4
171.60 3.1 800 531.96
117.70 3.1 1000 364.87
84.20 3.1 1200 261.02
62.40 3.1 1400 193.44
47.76 3.1 1600 148.056
37.14 3.1 1800 115.134
26.50 3.1 2000 82.274
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A1519% 10 F1elvanlugianan 17.00 u.

WS (V) nszua (A) Iviam (W) Aaalnin (W)
216.10 0.9 200 194.49
112.70 1.2 400 135.24
51.70 1.2 600 62.04
27.57 1.2 800 33,084
15.21 1.2 1000 18.252

9.02 1.2 1200 10.824
5.95 1.2 1400 7.14

4.44 N2 1600 5.328
3.61 1.2 1800 4.332
2.89 1.2 2000 3,468
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