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ABSTRACT

This thesis presents about applying a solar cell and wind turbine cooperation for
increasing efficiency and stability of a power to load. A surplus electricity from solar cell
and wind turbine will be charged in a battery. In case of solar cell, It can generate before
a night and wind turbine can generate energy all of day. When a wind turbine can’t
generate electricity or not exist an electricity from a solar cell at night. A battery storage
will charge energy to a limit of load. There are controlled by a switching from
microcontroller C2000 TMS320F28379D which simulate in a MATLAB/Simulink. From a
simulation and experiment, we can understand a cooperation of solar cell, wind turbine
and battery storage. Consequently, we can develop a high stability system for using in

daily life.
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N15A7UANKUYUINLTA (Open-loop Control) LU UANYAIEYBINITAIUANDS
Ty e UL NAVBITEUUUTBN T NIUYBINTLUIUNT WL AR NIV UTBITTUUAIUAN

& oA s & M v s = at e:I o
UUAD azy,qmmmvgmms::U“uvﬁaﬂismumﬁlmlﬂgﬂmammmagﬂﬂauna‘umLwamﬂﬁ

s s - o/ 4
Wisuisuivdyaabune fe3un 2.10

»| AUNIRIAUAY > >

—™ gunsaidau [T szyumvuey . . ATEUIUNS
dwugaving

= a
JUTI 2.10 93AUIZNOUTBINTTAIUAIUANLUUINTA

FEUUAIUANLUUINUANTRINNR AD
= o v = < =
1) sguumvAuuwuuInla arwrsavihnulanadluaniignnsguiunisd

=l 4 =] s £ 24
@husnnweanAls wazlinsiwdsundamsenissumulusissuutiosun

v = € 9 1 L% 1 o I L4
2) T%Lmamagﬂﬂmuaa ﬂﬂNﬁI‘Mﬂ'ﬁ“ﬁ@ﬁJU’h}ﬁm’N ] Ustiad Lars1alagsIu

2
s

vaszuulige

2.3.1.2 szUUAIUANLUUNUA
N13A7UANKYUIIUA (Closed-loop Control) 1udnwagupIn1sAUANT

FrUQI L NATDITTUUNITDNTITIINUVBINTEUIUNSTHALABASINENITINUVDIT UL

»
=

AUAN Ay wanNMsAIALUUUITaiinAe “n1smuaniuutloundu” (Feedback control)

@

< o @ & o w ¢ al g2 -
UULDY U9 fLJJfU']ﬂJ"U@UﬂaUUE]'WLUuaﬂJﬂﬂﬁUL@'}WWWWQQﬂizU’Juﬂ'ﬁIﬂElﬂi\?ﬂi'ﬂtﬂuaﬁyw)']QJ‘VIQJ
¢

L7 )

2/

AuduTUSdonARBINUd Y IaLAWANLA AesUR 2.11

bl Y

Y

QUATIAIUAL -
dugaving

NTTVIUNTT

1 gunsaide [ ssuumuen [

gUNTningI9in

JUT 2.11 89AUTENOUMENYDINITAIUANKUL IR
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WisuiiguszuuaIuauLuuslauaaale

3

[ =) Ay o od 2/ = o s
1) mavinnuvssseuunlnilvefiietainvzaesiinisUsunduresduuiuyii

@

[y 14 ' = = a v
Tnszuuldoaulnienissuniunisusn ¥Sen15UasuULUaIvDINITIADIUBITEUY RSty
Y 2/ fal -] [ v =l 1 o q' v
nmsmvauLuuRlaaansaldgunsaimlidnludesdinnuuiugigaarsinunsunisiayls
v T nhl i o ° MYy & a
lAnsmuauiuiugvesszuy Turaeilunsdiuiazldldandunmseuauuuuiain
2) luudreaiadiosaiw nasavauwuvIndaszaiuiseaiielissyud
=l @ 1 -
whgsnmlahendinmamuauwuula
r:J o = v 2 1 =) al
3) ssuviinanvuzaadualareutiautuey wazliinnssuniu A1
ldnsmuguuuuiade sagldmsavauuuuisdanaeidislinssuniukaznisivisuna
=Y GJ 1 -3 °
Y9 iwesvassruunliannsaviuiele
o 1 A =Y = 1
4) $runudusznaunldluniaiuauwuuadnaglinnnn 11n15AIUANKUY
2Ua daiy sruumvankuuialagmluudiesdmldisuazdedddmasuniniissuy
ATUANLUUINUA
L=y =Y A ¥ 1] $ 7
5) msldnismuauuuurnlanaralainaunaiuiuagisgnios wnzay
1 ﬂ’j ] 1 7N | d d‘ﬂ) 73 o
vawassapilinismuaudanltdengnadurneidildaussaugn1svuresssuulae s

0
Wunwela

2.3.2 YN U89i1AUAY

2.3.2.1 NIAVANLUVHAHIU

N15AIUANLUUAAAIU (Proportional control, P-control) Lf}umimwﬂu
sw‘ULLU‘uﬂauﬂﬁulma’h’fﬁ’smu@mwuﬁﬂﬁ’;uﬁ dyayramauny (u) andudadiu laeasaiv
ANFEYIUAINEANATA (&) ﬁLﬁﬂmnwamﬁwiwmé’mmﬂmé’wﬁaﬁ'uﬁ'agmwmmé‘vgmm

THUUNADINIAIUAN UNUNTHURDNVDIFIAIUANUUUERE Y feguil 2.12

E(s) K U(s)
P

JUN 2.12 fmunuuuudndn

lngguuuuaunisie ut) = K e(t) Wie Kp 9x1uA1dnsveneasianIunull
3ozt inudndiu Usslevivesimuauuuudagiu fo anmamnulanainvesssuy

lnganunsnnauaueInuAmdygIumINRANaInet1LTiviule
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2.3.2.2 NIAUANLUUB UG

NMsAIUANKUUBUTNTR H3Uuuvannis Ao ul) = K Jett) dt \de K fe

1 ﬂil o = = as s o o U a d
ATPNNUBIAIAIUANRUUBUNNTS LLNUJ‘I’]WU’SBﬂ‘UENG]’]F"I’DUﬂﬂJLLUU@UVIﬂia ﬂdzﬂ‘lﬂ 213

E(s) K, U(s)
S

d o) - o s
:JJ‘U‘V] 2.13 AIATUALLUUBUNNTS

NFURUUASAIUANLULBUTNSS (Integral Control) dagiiuindygyiu
s AU - o o ﬂl 1
AIUAY u(t) FrdAINeNdyIMNRINRANA1A elt) umLﬂuﬂusﬂumwmLuanmmul‘d

wenfnu Malifimsiedy dygrunsmuaulunsdueinismunuuuuduiiniatusgivailu

Y

iR (past value) LiinilowiuAamuauuuudndiugazduagivatogiy

u

Uselgrtveaimuaunuuduiiniaiiiesesnisan Apuianainludniug

I as

ogi lurugiferfudauiiaiesnmvesszuuiazantosasiianismunuuuusuiniail

U

1< a o A L oas 1 = =1 v oo od o o & a
"U‘L’LUUﬂ’l‘iLWlJEJumUI‘MﬂUiBUU“U’BQL‘iW bUU luﬂsmswmﬁuaumuwma LLaSLM@EL‘?iG]'Jﬂ’JUF]‘iJ

WUUBUINSA warseuutaunduasiisusuiduass

g

2.3.2.3 NMIATUANUUVBUNUS

delt)

NIAIUANILUUBYIUS (Derivative Control) d5Uluvaunisfie ult) = Ky —
dt

e Ky ABAIAINYBIRIAIUANKUVBYIUS druninudvgldsiunuianiuauiidu g

] @ L3

ldsududauquuuudadiu du3undn daprvauuuudadiuuantueuiususe
(PD-controller) Aagui 2.14 drnruauuuudndldsiududuindafaziseniidnmuey
wuudadruuinivsuiinianse (Pl-controller) uagildmaruauuuudndiusiuiusnuny

wuuduiiniauazmmuaNwuUBRUSISENTT (PID-controller)

E(s) U(s)

—————. Kp'f‘KDS C P Vo

JUN 2.14 fmuguuuudndusiniuiimunuuuusyivus
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fnIuANLUUaY S TazdefiuAIAumag (Damping) TAusEUUT
foennsazaruau tufe yildssuuiiadesnnunntu Tusnsidorsuasifiuindyyio
linnisanandmuuuuveyiuiiiudygaiidaannismeyiutesdyyauniny
Aemang Feuindyyrummufisnanadiidyginsuniunn dygiaedyaiieanunand
ﬂ?UP}NLLUUE}Hﬁuﬁrﬁ‘{I&‘ﬂ‘ESLﬁ@N (Fluctuate) Aaudraunn (Hasandramutu (Slope) ves

o = <l 1 1 55 o U 1=l al v
dynidinsdsunuasuuasdeutiann) Failiszuuauanveaslifiatiosnmle

2.4 199TNUTLAUNTDATUNAD U SIS

i

NVTNDUSLAUNIBINTTUNADULIBSAES (Buck Converter) Aa 14350911

=l

seFunssmulidueandarsniussiulnidud wasiellduswulniaduseniiil
arudunszualniiings azdeuldrinsnsesnudsiiu (Low pass filtter) slasuinay
Fenlihensnseanu LC imseldnsanisanveudysimsuniudilidesnsunduiuiidsdes
Y89A21A Tﬂﬂﬂ%"\wamwiﬁ]zUivﬂaUrﬁhUaﬁm“ﬁﬁmmmﬁﬂﬁﬁw‘%aﬂmlﬁwﬂmmzmumm

#oams TumsuiRadndfililuaeesads wu waawn (MOSFET) warleddit (GBT) uenannil

s

Haildruusznavau 9 8niwu Capacitor , Inductance uag Diode tHumu

2.4.1 ¥ianNN15M19IUY9NTUNADULIDSAD
WANNITYINUYDINATUNABULIDSINDS IWeageanuwuulvlaussnulndau

=K = £ b P a1 a 1 H ' as o ° 1
2NANNTABINIT A Aaasuaindaulaniusenulndnadennnasousiuielti Tuwsay

AunaiAiuALd ntunsrauisaminszualniihiilnadiudamienildfaunisi

i
@ w al

2.10 mslaswimhnuvesaindluwiaginunaiesdinsieiluannsegin dail

L ’W\&“T S
D =Pt R

JUN 2.15 19sauyatnAauesines

2.4.1.1 vauzadndiinszualvidi
o = & o s & = 1 I
Weadndinszualuiy degun 2.16 nszualwiinluasnnunaedneldia

nsehansaarlvanuadndurumwieiludadvan TnefnszualwindrunieazlUiAuia

Nudsy Mnnguasmesrentannsalauaunisvasussulndingsd
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I Switch G
—’ _
0000
—_—
IL L ;ci po
+
V== CHV%e R

Vo

JUN 2.16 199sausaUnAoueiinesuuzaIndunTzwaliih

— g diL
v, =1L%! (2.8)
i W&,
- Me i (2.9)
dt L
dt lunsdlegluthananmhnszualih e dt = DT
Aif o = (V‘:VO)DT (2.10)
dlormualed
V. 79 uvasnngliinnssuanss
V, Ao ussulniinszuanssanuesn
D e mdluda
T fo namilnu

2.4.1.2 vuzainglaiiinszunaluii

deaiadludinszualnii lalenazgnludalunia (Forward bias) 1%
tnszualnin silinszualniailvadusumviisadninnisivasgwdaiies feguin 2.17

P N e YV DA T F U T NI N Ay RS
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I,  Switch VL
i + -
e———— 0
IL L I5 l'o
+
Vi.-.—__— DZS C _VC R *

JUM 2.17 299sauyavnasuneiinesvaraintlitinseualnih

vV, ==V, (2.11)

S\ Lty /o e
Vi= V=Lt (2.12)

diL a4l AiLioff C K _VO
dt At I

(2:13)

= = ' s P} o I =
AIUUNIBUBIENNTTN 2.13 Ae nszualwihilvaniuimideniegene o i

Aanad IWs1ENslaguslasnseualniswmteridanaidanduau
dt Tunstlegludranamaniinseualniin fis dt = (1 — D)T satiuain

AN 2.13 anunsndngUlnlliu
Aiyops = =1~ D)T (2.14)

a3unann1vineaIueeIRsUnAeuIomes wisiuluidiueenvesieas
(Output voltage) finuapniusnulwiliswdn (input voltage) uazdnvaaussnulninAy
29N9¥ATINUTITVDLTIRUINHIA UL Taesiamisamidnsinisvetsusssulniilaain

aunsi 2.15

v
==D (2.15)
Vs

NANN1TN 2.15 n519818U590uUlNAY (Voltage gain) azliAasanlaiiiu

Y q

100% m1uA1 D 195UnAaunasiastdulsivinliLssulnwidusanitauninusovindu

wssnulnihauen Nsliduegiue D laensuiud D awnsausuaildnaudguetivis

U
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2 o Y ¢

' = o
2.4.2 NMINIAIANNNLEAIUNIANNEAV92995UNADULIDSLADS

' = o o o o 9 v ) °
nsmAAumilsnhiidnfigefiagyiliestnpeunedinesirnululue

! P a L a A 1 s = o o Voo
nszudlnfndoilies lnesuduainismnszualnfinedsflnaiudunisnddasvindu
o o i | < o ' o Al
nszudlwiadenivadulvan Weswnvaeiegluannzmaihnusgd nssualwiiadon

1waw'1uéﬁ’:]Lﬁw‘isa‘msﬁm,ﬁ"ﬁugué AIALNS

Loin = “;)‘?R (2.17)
(1-D)R

= — 2.18

f 2Lmin ( )

i o | ) P w [
N1IMIANANTENNTIENTIAAAIENNISH 2.17 winfisanisazeanuuuliile

| =l o d & 4 o v o J & =
AAHviehmannaalagniesdviuluivuenssualwihdadion Aagauisaden

Y o e o 6 e al v -
gonuuuladeuInIIme kvl Mswenemvinbidasluaunisy 2.17 dandesiian
Iaen15vinlien D dadnlnanilansonisvilaluan R fAtons) wuameid@esfiansneisu
vinbisheuluaunsin 2.17 drwang d@maunisin 2.18 ladmiunishansanvianudlunis

andimnyay Wedinienihgnimuamanumieni

2.4.3 A152ADNARNVBILIIAULWHIAUBaN

1AuUNAI99INIDIAMIUAAINIY 587995N5DIWUU LC feglureasnsaan

'
@ =l o

¢ ¢ = o aa | oA o v o % a1 o
AouLIRiNeS Arlidufuusgidlvuinlng wesnwiluseiulnilnuseniiaind dmsu

MIMUINIIANTEaRNAaUYBLSIRUNHI M uasn auisavilaainaunis 2.19

&Vo _ (1-D)

V,  8LCf2? (219}

2.4.4 NMIMIAIRANUYTEY
unafvUsyatvunanaunmusssulihnssuanssideanislilszaon
maulasisle lunufjiRaeimualiiiszaonaduuesussiulniliiiu 0.01 wie 1% ve4

usaulniiedine Aetuatnauns 2.19 Annamasaiudseglanaunisi 2.20

_(1-D) v,
C=Tin g (2.20)
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2.5 1A MUsEAULSSAU NI eIsYAdRR IR DY
299 MUTEAULSIAU AT syadRauIRSINeT (Boost Converter) 7D

ﬂil ] ﬂ' s s v ! L2 13 £ a d
asivimsiiusgRuussduliihdueenlvganduseiulwiheinud dagui 2.18

Vi Vou
IL |a
— YTYTY ™ -
\ -l
Dw le

y +
Vi CD Swﬂ( Ve ~~C va§ Load
[e] -

d & L3
31]“»’1 2.18 ?Qﬁ]‘iﬂﬂﬂdﬂlﬁlﬂﬁﬂ BULIDILABT

2.5.1 #ANN1SVINIUYDIINATYARADUIIDSINDS
) o ¢ ¢ ¢ [ o o
MANNI5¥19U819sYadAouIesiaasinelilauseduluidueanaiy
“ :a' ;73 173 o ci 1 %) A 1 st n? o 1
F94N1T LLSUAUIINTDNINUATNIY LTssulnAadsnnasoufnieItiluLAaEAIUIANY
1 LY L4 -4 1 st a' o = '3 o =% L
viriugug waranunsawnszsalihinlwaiusinienilalaedinsginisinuvesaiod

s

Tuudazlvuanaiimavinnuaesegluanngedim dsil

2.5.1.1 YnuzaRnduinszualni
N5UN 2.19 nszualuinlnihainunasingussiulwinssuan selwanuei
willgat neduaing vusieiulalenzgnludadeundurililiauisadinszualwiila

NN uanesveniayliaunisvossnulndifl

Vi
Vom :
A -
¢ Q e, -
L Dm let

los s

+
Vs l() Sw O W §m9d

U 2.19 2sesauyadeaindiinszualii

=T = f B
V=V =L2! (2.22)
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diL VS
-_— = 2.23
dt L ( )

d a o 4 o o =
YugnadntuInssua dt = DT fednsinisiasuulasnseualiiinei

p19zdoMsinvasnsewalwindudady vinlvanusarunlaann

rriataky (2.24)
Aiyon = (22) (2.25)

2.5.1.2 YeuzaInglaiinssualnia
dJ = €' 1 o (v aJ s -:i’ ]
Woaindludinszualud digui 2.20 nszualvdrludmiioadras
-:J s =l o ! [ v 2 o o v 1 LY
Wasuuasiunviulalidle lalessvgnludalumirliiinszua vlinszualuiihluasiusa
= ° ' ' e - ) o v a | & < )
wilgnhedsdeiies ausdussdulirndwesndidinm mnnguemesveniazlfaunis

e A | s AJ -] s l:’:
maamwulﬂﬁmmﬂmaummummmu

Vi Vom
i ¥ la
__rv'l\-/*v'\ H -
Du le
+ y +<>
Vs lC‘) B "X( Ve ~~C Va § Load
T o - o

JUT 2.20 199sauyaileadngliiinseualni

U

—V+V,+V,=0 (2.26)
Vo =V—1,
di,
V, =L —
L dt
gy Bl (2.27)
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a €4 1 o o o
vadzaindliiinszualwii dt = (1 — D)T 9asn15Uasunyadves
d 1 s dl () I L E’l =y 1 - v
nszualWinluanudruierdrdaia uazioinnisanasvesnseualwindudadu
anansaAwinlaanauns 2.28

Aiyopr = ("’51"‘3(1 -D)T (2.28)

duN159Rs1a7uvaInsIn Ul A uaanda LUl AR g U@ usannle

NAUNTSH 2.29
—_—=— (2.29)

' < o d & & ¢ < ¢
2.5.2 MIMAANUNTENNNENNHAVITYaRADULIDIADS
anufnisgydunslueasyadasunedinesiidviiugud Aaslwihneen

1 i o as 1_ e o q! vo o ail) E.t
‘QWﬂLL‘WﬁQT\]TElﬂ'\ﬁ\‘]lWﬁ']ﬂ'iSLLﬂGﬁ\?"ﬂBWﬂﬂUﬂ'?ﬁ\ﬂlWﬁ’]V]IﬁﬁﬂlﬂﬁUN@Ul‘ﬂU 2zl

P=p=% (2.30)

P =VI =VI, (2.31)
(h)z

ke =5 (2.32)

= —(1_1;;)2 = (2.33)

nssualniiluarudunienigaanuasangn wlaainAaiouasnis

Wasuwlasreansewainin Tudnanainadinduinszualndy dsaunisn 2.25

V.DT
I )

AiL,on = (

auudlinszualwirnluanusmisrdduiuudeisaaziiaiduuin
Aalwagmaaumisnhfidngaivihliasyadaeuneiimesinnuldluveuwnsywing
Tuuanseuaidusuusaisasldeaiiios Idannisiumualinszualwifiluaniud,

wilgahflanduguddaunisiaunis 2.34
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_ Vs _1(VDT\ _
lmin = o (=) =0 (2.30)
v, _ 1(VDT
(1—D)2R_E( L )
__ D(1-D)?R
 — S (2.35)

s 1 ﬁi o d | o o
msviuAaumieniifidniiga anauns 2.35 awrsailalaenisysu

[ | v & a a a
A1 D wisarAumuvuluan (R) wsaa1AudaiInga (£, )

Wenualn
Aigony  AB 13071580580V
= d' 1 at A L)
Iomax A8 nszualwialuacusmdeningean
, Y9

a o ) ) na' o o
Imin  f0 n3gualnihiluasudunieniinian

- =
T AD AULIAIAT
P, Ao Masgadsvnuzisulinseudliiiremulawmes
I fie Anadsveanszualiiinlvanuiaiulsgg

2.5.3 A15zaRNAAUYBILIIAU NG uBaNn

Ao d ' o b [ 1 - I
nsnddnnulsyarunlngagansadnuldusadulniigueanai ue

o

a e ) =l L% @ Eillﬂ 1 v d = V‘&I d’
lumeudildanmnsadenlddmifvusyanduueluguing Teidlesaindsmunauazldnun

= A

un Judenldiuivuszanflvuinmnzan wazaszanaiuvenswiulwihduesneylu

[

seaunvausula
N1SANUIINIATSYADNAALYDLTIRUINHN AR BNAINEaADIEDRA A1U1TONN

lgannssualwihilvaniuduiuuseq seaunisi 2.36

AV D
—L=— (2.36)
Vo  RCf

A v o < o v °
Luﬂﬂﬂﬁﬂqiﬂﬁiaﬂ@ﬁ]3733@@ﬂﬂaUﬂBQLLiﬁﬂu1Wﬁ']‘F’]TUE]'E]ﬂ ﬁ]sm‘lﬁiﬁlaﬂ’l‘iam

2
I a

ArdadlaiAa (0) Wdnlndaud wianmsiiuailvan wseiuAveaiiulszy wiansiiu

ArAuDlunsaIndligedy
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2.6 dULBSIADT

¢ =t o

a [ [ a4 3 a &
ULIDIWBIVUANAIZULUIDDNLUUADITUARD LLUU@']?I“NU?G]%LL&%LLUUWQ

- L3 (3 = 3 s =3 Y ] o w ] I 1 ! @
Uind lunuueanuiadesdidufivlszeansdadadiuiuegsenitaunasinsusaiulni

U

]

nsElansaLasIINIMUA iR UUsyYaeadaiiauviiy ssviliussiulniihanaseusaifiu

i ) a1 WA =t Y] a1 oS d A YR
Usguaazmazdiaiiiufe Vi/2 gafsnansussdulniiasdiaiifleiiouiviaay wana

a & =

fagun 2.21 druduiesimeiuuurguindniana asUsznaudeaadis fe fd a asfie b

3 = o a

s =i = I L3 = L3 i -
uaneneguR 2.22 Tnsuuuviguindavilidslnigenidiuuuean uiadasavindamngiiay

o w ' 0
L%@ﬂl‘a’ﬂ,mamaaﬂﬁmUmaﬂwﬁﬂwamqa

—
lin
o
Vin2 —— C+ S+ D+ F
e a
+ J D-
ving L2~ s-

JUN 2.21 dunesiwesullananuuadwusad

s
lin -
+ D1+ +
VianT.._ C+ S1+\‘. 82+\r
Vin —— ap—{ Toad 1—1b
J D2-
bl I 3 [
vinz == € s1-\. D1- S2-\r

a §

JUN 2.22 Buneimeinilanauuunauing
Foulvidgyesdunesineivilunawuusanudaduasuuuguiad Aons
viauvesadng S, uaz S, desliianundeniuluyntiane daviundresiinnsdnasas
sywietaunnivdaau lugauainainsaindaves Sy, uay Sy ssasedmiu uilumsufua
v 1 d a €& Moo o al ! ¢ ¢ I 1
wnoINsTRnaaIndaglitinszualadin Jasendn el Tnginnlnsiageglugisa,

neulzlUdsuanugmsaInganinszualwdnduliiinszualuin
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2.6.1 nsaIndanssnulnfuuululnand
nsaindussnulniuuululnans (Bipolar voltage switching) AansauAy

Y a = -3 2 Qs 1 1 A o =3
Tainduuuuiadviauniouiudug wulugui 2.22 mavheuvesadnd Sy, uag S, agn

| A 3

auauliihaunseuiuluudazyisiar Snguilsfensvituvesaing S, uay S, Aetdu

U

usanulndnAueanNYaINe a LiAvINAY

1 = a € °
Vao = 5V M® Ve > Veri , @109 SppUaz Sy aznseualnin  (2.37)

1 P a © °
Vao = =3V M8 Veurar < Vpri , 80 Sy Uaz Sy aztnszualndn  (2.38)

B19ANTINUTIAIDIB U5 RATLUUUTAY wsIsulnANA T uUBaNURINY b 9
wihifuaauveaussnulninausenvesis a fe v,, = —vg, AUULIIRULIIAIAUBDNVDY

- & s Al a = v a -
duasMasVIaLTIAUINHNTEMINeN a NUAY b A

Yy = Vgp /— Vi = 2Vgp (2.39)
W? =71 e my < 1.0 (2.40)
v QU3 <%v,- e my > 1.0 (2.41)

wianvagUlaiussiuliheesdiueenasiiuaunisi 2.40 We m, oglu

drudadu wazusaulnireendiusanszwiiuaunisi 2.41 1e m, eglugaaleinies

L1

o = 9 v a i i @ 9 = |
wegiadu aefinssiulniisesnavaindagsening +V, fiv -V, Aagui 2.23 dauleiuuy

o
(3 - =

gr3uofindauifinTuseu 9 m; 2m; 3m; ... 19U WInANDAIRTUYINNY 20 kHz leAuuy
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1. Code Composer Studio (CCS) tumanduwislusunsunazmonlnians
i Feiimihfinealwduarlnanlusunsuasiululilasroulnsaaed waviitunounisadn
Target Configuration #14¥u F28377 Experiment Kit wazidousedululasaoulnsaiass
ﬁ’qgﬂﬁ 3.39 (n)

2. MATLAB/Simulink tulusunsurexlnaiassudenlaosunsulageiuied
Hu Simutink lunsa¥rsudenlaerunsy LﬁaﬂauamLLaxﬁmmluIﬂsmauTmaLaa%mzqa
2000 lagldudonlaazunsuainuuin Embedded Coder saziiuden Peripherals s 9

vaslulnsmaulvsaians

TEXAS
INSTRUMENTS

i3 Texas
INSTRUMENTS

(n) lUsunsu Code Composer Studio v6 (CCS)  (v) TUswnsy MATLAB/Simulink

U 2.39 Tusunsuitldlunsmiunululasreulnsaiaes



unn 3

A1SRNBUUKAZUSENDUESY

3.1 umi
TUNNT00NLUULALTIaDITEUUNISIUR S UNS S TUH AUHATUTEN 1IN T4

WwadUAID NG NaWLaN wazuunmodiedneTnandasyias ldnissanedaelusunsa

pawaimas MATLAB/Simulink iiteifusuuuuluanugndesuagldnaiduluameuiiuas

- A 1 d -] e o s L]
anuAguniley uaviieannavesrudeymeuazatimald Tngedandnnsvhaureies

] q
v o o v o oa Y] o o
LLUE‘NNUﬂqa‘ﬂ‘lWﬁqﬂﬁgﬁLLﬂﬂi\jLﬂUﬂﬁﬁLLamﬁﬂwqﬁuq'ﬂLWN'58ﬂ‘ULL?QF\HIWﬁWﬂTH@@ﬂ‘U@QLEUaé

ueefing uazndsnuaulgedu Snnsdsiinisennuuunazaluqunisviiaiuuesys
= 3 d o I = o o < kg

Buneined uazmsvszalwihuazaisyszaluihessuunnes fmudsfiausuiuiiezdes
whlafmdnnisinilasiadie uazsreasidonlugUnsaiudasdiu dluuniaznanfanis

aamm‘uLLa::wamﬁ”ﬁaawamamﬁwé’aLgaa’msmuau

3.2 N133ARIAAN YU YR IYAA LA ANg
TuuSayarinusaduiilaldlusunsy MATLAB/Simulink Tun1sdnasenas

o ¢ L as W« o al
NINTUVDILALGAALLEIDINAEUUIR 1 ﬂIﬁ]V’)ﬁ LLﬁﬁQﬂ\?EUW o

Ramp-up/dowr

Irradiance
Temp1

ﬂl @ o ar '3 a 3
E‘U‘Vl 3.1 Uﬁﬂﬂlﬂ@SLLﬂ‘iuﬂ’lﬁﬂéﬂmﬁﬂ‘l?ﬂi%’tJ’r]ﬂL‘dﬁﬁLLﬁﬁﬂ'mﬂﬂ
TaeldTusunsy MATLAB/Simulink

¢ A a

nMsvinureleaduaIefing WeRasanAmdnYNENULSITUTUNSE LA
HaZAMAN WAL NIULSRUAUMATlAHAN1TT1ADILARAITUN 3.2 uAzsUT 3.3 audnsy

Inedoyavosunddearsiwaaiiuldlunissiaes Isvasideasansied 3.1



42

= o o ¢ a ¢a o v o
M191499 3.1 ‘U'ﬂaaf\]qLW']&‘U8\3L'ﬂaaLLﬁ\?@'}WF‘]EW]U']QJﬂ,‘U"{]"]aEN

Open circuit Voltage (V,.) 49.9 vV
Short circuit current (1) 9A
Maximum Power Voltage (V) 415V
Maximum Power Current (l,,) 8.07 A
Maximum Power (P.,) 334,905 W

Array type: 1Soltech 1STH-335-WH;
4 series modules; 1 parallel strings
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4.2 MSNAFIUNITINIUVDIURUYARUAIDTING
lunsnageuukITaduaIRIingIRaUNTY 2 Wh lARaNISUAdaUNIS
MUYBINITaAUAIRNRg WaRasanananvaznas sy wihiunszualni was

s v s L7 o @l v ot :J d'
uanvuznsaukssiulnifuidduinldnanisnaaeu degun 4.2 wav3ui 4.3

P>

o aw kg = el o = s =
ATHANU IﬂEJ’UE]%Iﬁ’UENLLNQLWaéLLﬂQQWﬂ@EJVIUWZJWI‘ETLUﬂ'ﬁVIWﬁEN H5azdenfnse9n 4.1

151991 4.1 foyadunnzveamaduasefingiivhunldvaaou

Model BS 40 VA
Open circuit Voltage (Vo) 62,5V
Short circuit current (I..) 115 &
Maximum Power Voltage (V,,) 44.0 vV
Maximum Power Current (I, 0.9A
Maximum Power (P .. N 40.0 W
Max Series Fuse Rating a4 A
Max system voltage 600 V

A15199 4.2 HANNSNAADULNLYAA LAIDINALNTEAUAUITULAILANAIEIY

1057 w/m? 1004 w/m? 996 w/m?* 1156 w/m?

\ I P Vv I P Vv [ i \ I P

58.00| 0O Q| 57.28 R 0 |56.80| 0 0 89 |/ 9§ 0

55.00| 0.88 | 48.4 [54.45| 0.84 |45.73|54.15| 0.84 | 45.49|56.35| 0.88 | 49.59

52.40| 1.64 |85.93|51.00| 1.68 [85.68|51.40| 1.64 [84.30|53.75| 1.68 |90.30

48.50| 2.50 [118.58{47.30| 2.4 |112.80|47.60| 2.44 |116.14] 50 | 2.49 (12499

41.20| 3.06 [126.10{40.10| 2.98 |118.90{40.75| 3.00 |122.25| 41.8 | 3.24 [135.43

0 3.60 0 0 3.39 0 0 | 3.32 0 0 | 376 0
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Abstract

This thesis presents about applying a solar
cell and wind turbine cooperation for increasing
efficiency and stability of a power to load. A surplus
electricity from solar cell and wind turbine will be
charged in a battery. When a wind turbine can’t
generate electricity or not exist an electricity from a
solar cell at night. A battery storage will charge
energy to a limit of load. There are controlled by a
switching from microcontroller C2000 TMS320F2837
9D which simulate in a MATLAB/Simulink. From a
simulation and experiment, We can understand a
cooperation of solar cell, wind turbine and battery
storage. Consequently, we can develop a high

stability system for using in daily life.
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Abstract
ke

This thesis presenis about applying a solar cell and wind (urbine
coaperation for increasing eMiciency and stability of & current Lo load, A
surplus clectricity from solar cell and wind turbine will be eharged in a
battery. In case of solar cell, It can gencrate before a night and wind
turbine can generate energy all of day. When a wind turbine can’t generate
electricity or not exist an electricity from a solar cell at night, A battery
storage will charge energy to a limit of Joad. There are controlled by a
switching from microcontroller C2000 ‘I MS320F283791 which simulute
in & MATLAB/Simulink. From a simulation und experiment, We can
understand a cooperation of solar cell, wind turbine and battery storage.
Consecquently, we can develop a high stability system for using in daily
life.

I uction

In a present , a demand of energy consumplion is increasing so quickly
because of enerpy for resident and transportation. Most of energy in the
present used come from fossil fuel cells (coal, oil. and nutural gus) which
are conventional enerpy and annihilaie an environment. There is a huge
impact of global warming duc to a greenhouse cffect. In daily life, We
bring a renewable energy generating an eleciricily because it is an
unlimited energy source and various type. This thesis show that a
renewable energy are essential [or generating electricily from solar cell
and wind turbine cooperation are called “Hybrid system”. A system
converts DC power into clectricity through one-phase inverter before
flowing to the load but there isn't generate energy all time, So we use
battery storuge (Deep Cyele Battery) beeause it is repaired casily, a long
life, charging with constant current and recharge with low current. When
solar cell and wind turbinc can't gencrate eleetricity, 2 DC bus will take an
electricily from a batiery.

Methoqolaz

*  Study and design about Boos! converter circuil, inverter circuit and
charging control of battery

*  Simulate by MATLAB/Simulink program,

*  Record an experimental result by power quality analyzer, Digital

meter and Digital Oscilloscope

E-mail:kkwijit@hotmail.com
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Figure 1. shows the unipolar voltage
switching.

Figure 2. shows the voliage and
current waveformat Vems 233 V.

Figure 3. shows the relation between
the battery voltage and charging currenL.

Figure 4. shows the to1al
distortion of the voliage (% THDv)
ot Vrms =2328 V.

In hybrid system, we set de bus at 100 VDC, inverter and step up transformer
to step up voltage at 220 VAC 50 Hz and % THDv < 5%. While a battery
making the system to be stable for using clectricity all diy but a voluge of
DC Bus, Battery and transformer size musi be design as suitable. If DC Bus
vohage is too low, a transformer will be large, On the other hand, If DC Bus
voltage is high, we don't use a tanstormer but a battery will be bigger.
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WanAs  : Digital Oscilloscope
fvfo  RIGOL
s imioris O 3u : DS12048B
| :%:%—-%H'&T Twazden : 200 MHz Bandwidth 8
| Es'.iz‘- SleTo ki s
L = & & & Bed| Vertical Resolution
4 channel + external
trigeer
WAAAMe  : Differential Probe
i : YOKOHAMA
U : 700925
19a88A  : Bandwidth : DC to
15MHz(-3dB)
Switch between
1/10,1/100
+,- 500V(DC+AC Peak)
Or 350
Vrms(1/10,1/100)
WAmAMT : Power Quality Analyzer
8o : FLUKE
U : 438

WY Sy . 3
"“*‘F'H;Ju;-:-;_:“,_ g

518auLd8n : TRUE RMS
1250V (DC+AC Max.)
1250kA (DC+AC Max.)
Power : W, VA, VAR,
FF, CPF

Harmonics : Volts, Amps, Watt

Fundamental to

515t Harmonic Phase, THD
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NAMAMS  : Power Meter
ﬁﬁa . Metrix
U : PX110
J1eauiden  : 1kHz Bandwidth
TRUE RMS
500mV - 600 V RMS
10mA - 2A, 2A - 10A RMS
WAAAMN  : Microcontroller
5 i : Texas Instruments
U : TMS320F28379D
57WazBem  : Dual-Core Architecture
On-chip Memory
Three 12-Bit Buffered
DAC
Output
On-Chip Crystal
Oscillator
Standard SDFM Data
Filtering
NARSNS  : Multimeter
i : UNI - TREND
U : UT33A+
Feauden  : 600 V (DC + AC Max.)

10 A (DC + AC Max.)
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NERAMY  : Current Probe
éﬁa : Hewlett Packard
- S U : 1146A

. J s9888ua  : Input: 0 to 70 A

\ I
f“.; / | RMS/100A peak AC or
AR o

= DC
Frequency : DC to 100 kHz
Output : 10 mV/A,100 mV/A

wanAe o iedeiausesu e
NITLA
Ivuuu DC
e : Yokogawa
U : 2012
swazidsn : 30A DC Max
1000V DC Max
3V = 1000V
1mA(1000Q/V)
1mA - 30A 24 - 100mV

WARSH  : Digital Multimeter
fria : Sanwa
U : CD772

sazldun « 3-3/4 digits 4000 count
AC True RMS
Data hold, Range hold,
Relative function
Continuity buzzer with

LED indication, Diode test

Auto power off function

(30min.)
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APPLICATION OF IEEE STD 519-1992 HARMONIC LIMITS

Thomas M. Blooming, P.E.
t.blooming@ieee.org

Eaton Electrical
Asheville, North Carolina

IEEE Std 3519-1992 is a useful
document for understanding harmonics and
applying harmonic limits in power systems.
Despite many years of good use there is still some
confusion about how to apply certain aspects of the
standard. This paper discusses some of those, as
well as related issues that are helpful in working
with harmonic limits.

There is considerable debate as to precisely
how some elements of IEEE Std 519-1992 should
be interpreted. This paper presents the authors’
views on some of the more ambiguous clements of
the standard and on the application of harmonic
limits in general,

Abstract:

Key Words: Harmonics, harmonic limits, IEEE
Std 519-1992, point of common coupling (PCC),
total demand distortion (TDD).

1. Introduction

Harmonics are a concern because they can
cause excessive heating and pulsating and reduced
torque in motors and gencrators; increased heating
and voltage stress in capacitors; and misoperation
in electronics, switchgear and relaying. In short,
harmonics can lead to reduced equipment life if a
system is designed without consideration for
harmonics and if equipment is not properly rated
and applied.

It is therefore uvseful to measure and limit
harmonics in electric power systems. IEEE Std
519-1992, JEEE Recommended Practices and
Requirements for Harmonic Control in Electric
Power Systems (IEEE 519) [1], provides a basis for
limiting harmonics.  This document does an
excellent job of defining the limits but there are
some application issues that require the reader to
use his or her judgment.

One very basic distinction when discussing
harmonics is whether the harmonics in question are
voltage harmonics or current harmonics. It is the
authors” experience that many people do not
clarify this when discussing harmonics. For
example, people will talk about total harmonic

Daniel J. Carnovale, P.E.
DaniellCarnovale@caton.com

Eaton Electrical
Pittsburgh, Pennsylvania

distortion, in percent, without specifying voltage or
current.

Generally speaking, power systems have low
source impedance and well-regulated voltage.
They can tolerate significant disruptions outside of
steady 60 Hz loading, including harmonic currents,
without causing significant voltage distortion. For
a given amount of harmonic current flow, the
resulting voltage distortion will be relatively small
(excepting harmonic  resonance  situations).
Therefore, when someone mentions harmonic
levels well in excess of 5% he is probably talking
about current harmonics,

Harmonics add in a root-sum-square (square
root of the sum of the squares of different
frequency components) fashion, This means that
100 A of 60 Hz current combined with 20 A of 5"
harmonic current (300 Hz) adds up to 102 Agys,
not 120 A. Unless harmonics are very high, the
RMS current is likely to be very close to the 60 Hz
fundamental current. This is especially true for
voltages because the voltage harmonic distortion is
almost always less than the current distortion.

It is useful to talk about harmonics in terms of
percent of fundamental to get an understanding of
the relative harmonic levels in a system. When
working with the limits discussed in this paper and
when performing harmonic analysis  studies,
however, it is generally more useful to receive
harmonic information in actual quantities, volts or
amperes at different frequencies.

I1. Harmonic Limits

A. Voltage and Current Harmonic Limits

According to TEEE 519, harmonic voltage
distortion on power systems 69 kV and below is
limited to 5.0% total harmonic distortion (THD)
with cach individual harmonic limited to 3%. The
current harmonic limits vary bascd on the short
circuit strength of the system they are being
injected into, Essentially, the more the system is
able to handle harmonic currents, the more the
customer is allowed to inject.



Table 1. IEEE Std 519-1992 Harmonic Voltage Limits
Voltage Distortion Limits

90

Individual Voltage Total Voltage
Bus Voltage at PCC Distortion (%) Distortion THD (%)
Below 69 kV 3.0 5.0
69 kV to 161 kV 1.5 25
161 kV and above 1.0 1.5

NOTE: High-voltage systems can have up to 2.0% THD where the cause is an HVDC terminal that will
attenuate by the time it is tapped for a user.

Table 2. /EEE Std 519-1992 Harmonic Current Limils

Current Distortion Limits for General Distribution Systems
(120 V Through 69000 V)

Maximum Harmonic Current Distortion in Percent of I,

Individual Harmonic Order (Odd Harmonics)

lsollt <11 11<h<17 17<h<23 23<h<35 35ch TDD
<20* 4.0 2.0 1.5 0.6 0.3 5.0
20<50 7.0 3.6 2.5 1.0 0.5 8.0
50<100 10.0 4.5 4.0 15 0.7 12.0
100<1000 12.0 5.5 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 2.9 14 20.0

Even harmonics are limited to 25% of the odd harmonic limits above.

Current distortions that result in a dc offset, e.g. half-wave converters, are not allowed.

* All power generation equipment is limited to these values of current distortion, regardless of actual f,//,.

Where

fye = maximum short-circuit current at PCC.

I = maximum demand load current (fundamental frequency component) at PCC.

TDD = Total demand distortion (RSS), harmonic current distortion in % of maximum demand load
current (15 or 30 min demand).

PCC = Point of common coupling.

Table 1 shows the IEEE 519 harmonic voltage This recommended practice recognizes
limits while Table 2 shows the harmonic current the responsibility that users have not to
limits. degrade the voltage of the utility serving

The harmonic current limits specify the other users by requiring nonlinear
maximum amount of harmonic current that the currents from the utility. It also
customer can inject into the utility system., The recognizes the responsibility of the
utility is responsible for providing a clean (low utilities to provide users with close to a
distortion) voltage to the customer. The utility can sine wave of voltage.
only be fairly judged, however, when the customer
meets the harmonic current limits. Otherwise, the Section 10.2 of IEEE 519 goes on to say:
customer may be guilty of causing the voltage
distortion himself. The intent of IEEE 519 is The philosophy of developing harmonic

stated in its Forward: limits in this recommended practice is to



1) Limit the harmonic injection from
individual customers so that they will
not cause unacceptable voltage
distortion levels for normal system
characteristics

2) Limit the overall harmonic distortion
of the system voltage supplied by the
utility

These limits are intended to be applied at the
point of common coupling (PCC) between the
customer and the utility. Within the customer’s
facility these limits do not apply but they are still
useful guides for judging harmonic levels within
the customer’s facility. A previous edition of this
standard gave a voltage THD of 8.0% as a
suggested internal customer limit to avoid
problems with equipment misoperation.

[ssues associated with the application of these
limits comprise the rest of this paper.

111. Point of Common Coupling (PCC)

A. Definition

The PCC is one of the most misunderstood
parts of IEEE 519. The IEEE working group [2]
that is revising IEEE 519 has clarified the
definition of the PCC as follows:

The Point of Common Coupling (PCC)
with the consumer/utility interface is the
closest point on the utility side of the
customer's service where another utility
customer is or could be supplied. The
ownership of any apparatus such as a
transformer that the utility might provide
in the customers system is immaterial to
the definition of the PCC. Note: This
definition has been approved by the 519
Working Group.

This clarification is necessary because Section
10.1 of the present IEEE 519 states:

The recommendation described in this
document attempts to reduce the
harmonic effects at any point in the entire
system by establishing limits on certain
harmonic indices (currents and voltages)
at the point of common coupling (PCC),
4 point of metering, or any point as long
as both the utility and the consumer can
either access the point for direct
measurement of the harmonic indices
meaningful to both or can estimate the
harmonic indices at point of interference
(POI) through mutually agreeable
methods. Within an industrial plant, the

i

PCC is the point between the nonlinear
load and other loads.

This paragraph allows one to assess the
harmonic limits practically anywhere. There is
nothing wrong with that as long as both parties
agree. But it does not square with the intent of the
standard as given in the Forward (quoted earlier).

Based on the quote from Section 10.1 of IEEE
519, some people prefer to define the PCC (or
multiple PCCs) at a point (or points) internal to the
customer’s system. This implies that harmonic
limits must be met internally, in the customer’s
system. Many consultants, for example, use this
statement to try to force manufacturers of non-
linear loads (drives, rectifiers, etc.) to adhere to the
IEEE 519 limits for a single load. This can result
in significant costs for end users and was never the
intent of the standard.

The goal of applying the harmonic limits
specified in [EEE 519 is to prevent one customer
from causing harmonic problems for another
customer or for the utility. If you have high
harmonics within your own system you are only
hurting yourself, but not necessarily violating
1EEE, 519,

Certainly it might be a very good idea to
voluntarily limit harmonics within your own
system in order to avoid operational problems,
perhaps to the levels specified in IEEE 519, but
IEEE 519 only applies to the point where you can
affect your neighbor, the PCC. Only if you have
multiple feeds from the utility would you have
multiple PCCs. The PCC is the only point where
you must meet the IEEE 519 limits, if IEEE 519 is
incorporated into the contract or applicable rate
(IEEE 519 is a Recommended Practice).

B. PCC Application Advice

In practice this means that the true PCC will
most often be at the medium voltage primary of the
transformer serving the customer, regardless of
transformer ownership or metering location. In the
real world, of course, it is often only practical to
perform measurcments on the transformer
secondary. System modeling would be required to
calculate the resulting voltage distortion on the
transformer  primary, although the current
percentages would transform straight through. Use
the 1./} ratio on the transformer primary when
deciding which row of limits apply. In the
majority of cases, all but the balanced triplen
harmonic currents will appear on both sides of the
transformer simply scaled by the transformer ratio.

The vast majority of the time measurements on
the transformer secondary are sufficient to
determine whether there is a harmonics problem so
it is not necessary to use the precise PCC
definition. But we should keep in mind that we are



simply doing what we can out of convenience, not
what we would do in a perfect world where we
could measure anywhere safely and easily. If there
is a dispute between a utility and a customer about
IEEE 519 harmonic levels, it may then be
necessary to measure and/or calculate harmonics at
the true PCC.

V. Is(j/IL Ratio

As shown in Table 2 and mentioned briefly
earlier in this paper, the harmonic limits that apply
to a particular customer depend on the Ige/ly ratio
at that customer’s point of common coupling with
the utility. As defined in IEEE 519, Isc is the
“maximum short-circuit current at PCC.” This
should be a three-phase bolted fault current. 1, is
the “maximum demand load current (fundamental
frequency component) at PCC.”" This is a current
calculated from the maximum billing (e.g. 15 or 30
minute) demand, not an instantaneous peak—a
very important distinction.

This ratio shows the relative impact that a
given customer can have on the utility. A
customer with a small demand relative to the short
circuit current available cannot cause much
disruption to the utility system. Thus such a
customer is allowed higher harmonic current
limits. Conversely, a large customer (high 1)
relative to the available fault current faces stricter
limits,

Without knowing specific information about a
utility’s system (1., in order to calculate the I/l
ratio) the row of harmonic current limits that
applies cannot be determined.

Sometimes the utility provides the three-phase
short circuit MVA (MVAge). In this case it may
be more convenient to calculate the MVA/MVA,
ratio. This value is the same as the L./Iy. ratio.

In actual power systems the short circuit
current can vary depending on  system
configuration and utility generators in service. For
the purposes of determining which harmonic limits
apply the maximum short circuit current is used,
just as in a short circuit study. When performing
harmonic analysis studies, however, it is often
better to use a lower estimate of available short
circuit cuwrrent in order to obtain a more
conservative result (higher calculated harmonic
voltage distortion).

There are situations that can significantly
change the I/, ratio. One common situation is
operating under backup generator power, where
the I./Iy ratio would be much lower than during
utility operation. The IEEE 519 limits would not
strictly apply because there is no interconnection
with the utility and other customers. Even so IEEE
519 would still provide guidance on how the
harmonic currents should be limited within the
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Figure 2, Load Served by Backup Generator
Voltage Distortion (THD ) = 5.7%

customer’s system to avoid harmonic problems.
Figures | and 2 show the same load when served
by utility power and by a backup generator,
Notice the significant increase in voltage distortion
when served by the generator, which is typically a
much weaker (lower short circuit current) source
than the utility.

V. Total Demand Distortion

A. Definition

Another misunderstood part of the IEEE 519
standard is the term fotal demand distortion, or
TDD.  From Table 2, above, “Total demand
distortion (RSS), harmonic current distortion in %
of maximum demand load current (15 or 30 min
demand).” (RSS is the root-sum-square, or square
root of the sum of individual harmonic components
squared.) The term 7DD is very much like the
total harmonic distortion, or THD, In these
examples, THD and TDD are caleulated in terms
of current.

2 2 ) 3

TIIDI = \/[2 +'{3 +[4 +]5 L o
‘[l

DD, = I+ 1} +;’3 +12 ...
L



1,, I, 15, et cetera are harmonic currents, in
amperes. [, refers to the fundamental frequency
current, most commonly 60 Hz in North America.
I; refers to the second harmonic, or the current at
twice the fundamental frequency (120 Hgz, if the
fundamental is 60 Hz). And so on.

Iy is defined as the “maximum demand load
current {fundamental frequency component) at
PCC.” This would be the maximum current
averaged over a demand interval (e.g. 15 or 30
minutes) for a given customer.

The two definitions are very much alike. The
only difference is the denominator. The THD
calculation compares the momentary measured

harmonics  with the momentary measured
fundamental current, The TDD calculation
compares the momentary (but steady-state)

measured harmonics with the maximum demand
current, which is not a momentary number at all.

Similarly, the individual harmonic current
limits are not given in terms of percent of
fundamental (as is typical of most harmonic
measurements) at a given point of time. The
current limits are given in terms of, *Maximum
Harmonic Current Distortion in Percent of I.”

By definition, I will always be greater than I,
for harmonic measurement purposes. (I, may
momentarily exceed [, but a harmonics limit
assessment is based on steady-state values.)
Therefore the TDD and percent of 1, measurements
will always be less than the THD and percent of I
measurements,

In a new installation (or proposed load
addition) the demand current (or increase in
demand current) is not known. This leads to some
difficulty when estimating harmonics in a new
installation. Without knowing what the actual
demand current will be once a facility is
operational it is not possible to know with certainty
which row of harmonic current limits apply. In
such cases it is common to use the transformer full
load current as an estimate of the maximum
demand current.

The difference between THD and TDD (and
between harmonics as a percent of 1, and 1) is
important because it prevents a user from being
unfairly penalized for harmonics during periods of
light load. During periods of light load it can
appear that harmonic levels have increased in
terms of percent even though the actual harmonic
currents in amperes have stayed the same or
decreased. Let us look at a numerical example to
illustrate this difference.

B. Assumptions for Example Calculations

Our  example plant has two distinct
manufacturing areas, one with some harmonic load
and another with only linear load. The portion of
the plant with the harmonic load draws 100 A at 60
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Figure 3. Example Power System
with Linear and Harmonic Loads

Hz (1), 14 A at 300 Hz (15), and 7 A at 420 Hz (15).
The portion of the plant with only lincar load
draws 100 A at 60 Hz (I;). See Figure 3 for a
simple sketch of the example power system.

Let us assume that these currents are on the
secondary of a 12470-480 V transformer. The
PCC is on the primary of the transformer, and the
three-phase short circuit MVA (MVAge) on the
primary is 5§ MVA (information provided by the
utility). It is ofien more convenient to determine
the Isc/lp ratio by caleulating the MVAg/MVAL
ratio. The two ratios are the same and determining
the MVA ratio is often a bit casier. In this case the
load MVA is 0.166 (166 kVA;), yielding a
MVAsc/MVA; ratio of 30.1. This means that the
second row of harmonic current limits apply
(limiting TDD to 8% and individual harmonics
below the 11" to 7% or less).

Let us also assume that currents at the same
frequency may be simply added (no cancellation
due to phase angle/power factor differences).

C. Example 1: Plant at Full Load

With both portions of the plant running we
would have a total of 200 A at 60 Hz (1)), 14 A at
300 Hz (Is), and 7 A at 420 Hz (I;). Assuming this
is the plant’s maximum load (averaged over the
demand interval), we would calculate the demand
current, I, to be 200 A (maximum demand,
fundamental frequency component)

This would result in the following calculations:

2 2 2 2
nﬂ%mJ&*J’mJM'F7n7sy%
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Is as a percent of I, would be 14/200, or 7.0%.
I5s as a percent of I;, would also be 14/200, or 7.0%.

In this case, the harmonic current limits for
both TDD and individual harmonics as a percent of
Iy are barely met. The limits would also be met if
we were using THD and individual harmonics as a
percent of 1,. The latter are what harmonic
measurement instruments commonly report.

D. Example 2: Plant at Partial Load

In this case, only the harmonic portion of the
plant is running. We therefore only have 100 A at
60 Hz. However, the demand current, I,
previously calculated does not change.

This would result in the following calculations:

B+ P

THD, =15.65%
/ 100
AE + =T 7
10D, PP TV Rty
F 200

Is as a percent of I, would be 14/100, or
14.0%. Is as a percent of I would be 14/200, or
7.0%.

In this case, the harmonic current limits for
both TDD and individual harmonics as a percent of
Iy are barely met. However, the limits would not
be met if we were using THD and individual
harmonics as a percent of'I,.

The numbers as a percent of 1, rather than Iy,
can go up rather dramatically depending on which
loads within a plant are on at any given time. But
the plant should not be penalized in this case
because it is not injecting any more harmonic
current into the utility system in Measurement 2
than it is during Measurement 1.

E. TDD Application Advice

All of the above means that there is a certain
amount  of  post-processing  of  harmonic
measurement data that is necessary to properly
assess compliance with IEEE 519 current limits.
This means that in most cases when we compare
measured harmonic current data (THD, not TDD;
individual harmonics in percent of I, not in
percent of I;) to [EEE 519 limits we are not doing
an apples-to-apples comparison.

To ensure that we have valid harmonic
measurements we want to make sure that all
harmonic loads are operating normally during the
measurements, of course. In addition to that, to
ensure that the THD measurements (and all
individual harmonic measurements calculated as a
percent of 1)) closely match the TDD
measurements  (and  all  individual harmonic
measurements calculated as a percent of 1) we also
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want to make sure that our measurements are taken
at a time when all of the linear loads are operating
normally.

As with the PCC discussion, there is what you
would want to do in a perfect world and what you
can actually do in the real world. In the real world
we do not often need to convert the THD and
percent of 1, measurements to TDD and percent of
I, measurements. The majority of the time, the
THD and percent of I; measurements are sufficient.
If the THD and percent of 1, measurements meet
the IEEE 519 limits then the TDD and percent of I,
measurements will, by definition, also meet the
limits (since I is greater than Iy, the TDD and
percent of I measurements will always be less
than or equal to the THD and percent of I,
measurements), If the limits are greatly exceeded
when the measurements are taken at or near full
load, then there is also no need to convert to TDD.
If the numbers are close. you probably want to err
on the side of caution and reduce the harmonics
anyway.

Like the PCC, we should keep in mind that we
are simply doing what we can out of convenience
{THD, percent of 1)), not what we would do in a
perfect world (TDD, percent of It) if we had the
time to do post processing of measurement data. If
there is a dispute between a utility and a customer,
it may then be necessary to so the post processing
necessary to do an apples-to-apples comparison
with the IEEE 519 harmonic current limits.

F. Amperes Versus Percent—Drive Example

Discussing harmonics in terms of percent of
fundamental is useful to understand relative
harmonic  levels. When doing  harmonic
measurements, studies, and limit assessments it is
more useful to talk in terms of actual quantities:
volts and amperes at each harmonic frequency of
interest.

One example that illustrates this difference is
the operation of a variable frequency drive (VFD).
VFDs produce current harmonics due to the way
they draw current from the source. Common six-
pulse drives produce 5", 7% 11", 13" 17" 19"
harmonics, and so forth. 12-pulse and 18-pulse
drives incorporate designs that largely cancel
certain lower order characteristic harmonics.

Some consultants, when they write a harmonic
specification for an installation with drives, require
verification measurements to ensure that the drives
are working as expected. They also require that
these measurements cover a variety of operating
parameters, including varying the drive load. In
the case of a pumping station, reducing the load
means reducing the output frequency of the drive.
The thinking behind this is that as the drive load
decreases, the harmonics increase.
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Table 3. 18-Pulse Clean Power Drive Current Measurements, Various Speeds
(All Values in Amperes Except as Specified in Percent, Nominal I; = 225 4)

HARMONIC 30 Hz 40 Hz 50 Hz 60 Hz
THD (% of 1) 26.7 % 14.1% 91 % 59 %
TDD (% of I) 3.6% 41 % 4.5 % 4.8 %
All Harmonics 8.2 9.2 10.1 10.8

RMS 31.9 65.8 110.7 183.1

1 (fundamental) 30.8 65.2 110.3 182.3
2 0.1 1.2 0.9
3 37 3.8 3.9 3.9
5 5.4 6.8 8.3
7 5:4 4.9 4.3
11 0.2 0.5 1.2
13 0.4 10 1.2
17 1.5 2.1 2.1
19 0.8 25 25
23 0.3 0.4 0.3
25 0.3 0.7 0.7
29 0.0 0.1 03
31 0.2 0.2 03
35 0.1 0.3 0.4
37 0.2 04 05

Table 3 shows measurements on an 18-pulse
drive during such a verification measurement. The
drive was operated at various oulpul frequencies
and the harmonics were measured. We are not
comparing these measurements with any harmonic
limits because this drive is just one part of a larger
system. These measurements are presented to
show how the drive harmonics vary with drive
output frequency.

The data show that while the 60 Hz source
current goes down significantly with output
frequency the harmonic currents are not reduced
that much. This makes it appear as though the
drives arc injecting more harmonics if one only
looks at the harmonics as a percentage of 60 Hz
current (THD, rather than TDD). Harmonics, in
amperes, actually decrease as the output frequency
is reduced, but one would not know that by only
looking at the THD or individual harmonics that
are calculated as a percent of decreasing
fundamental current ().

This is why the harmonic current limits are
written in terms of percent of full load current, Ip.
(TDD), not percent of momentary [undamental
current, 1; (THD). Setting limits as a percent of
fundamental would mean that the harmonic limits
get more strict at periods of light load, even though
less harmonic current is being injected.

These limits also show that, in general, full
load drive operation is the worst case condition to
analyze in harmonic studies and measurements.
Studies and measurements at partial load are
usually not worth the effort.

V1. Harmonic Limit Enforcement

As a practical matter, utilities do not often
rigorously investigate or enforce the current limits
unless problems are occurring somewhere in the
distribution system. It is common to perform
measurements at a facility with harmonic-
producing loads and find harmonic current levels
that are technically in excess of IEEE 519 current
limits, without seeing any operational problems.



If problems are occurring, they will usually
show up in excessive voltage distortion. It 1s
possible to have one or several customers exceed
IEEE 519 current limits without causing system
problems if the utility system is lightly loaded or if
there are a number of other customers that are
below their harmonic current injection limits.

Sometimes harmonic problems seem to begin
when a new customer connects to a utility system
and this customer gets blamed for all the harmonic
problems. In truth, that new customer is often not
the source of all the problems, just the “straw that
broke the camel’s back™ and pushed the existing
harmonic levels just a bit higher, Even though the
problems seemed to start when that customer came
on-line, the blame lies with all the harmonic-
producing customers on the system.

System changes, whether on the utility system
or within a customer’s facility, can also cause
harmonic levels to rise. For example, the addition
of power factor correction capacitors can change
the harmonic resonance point of a power system
and amplity injected harmonic currents, resulting
in excessive voltage distortion, A discussion of
this topic is beyond the scope of this paper.

VII. Conclusion

It is useful to measure and limit harmonics in
clectric power systems in order to avoid
operational problems and equipment deterioration.
IEEE Std 519-1992 defines harmonic limits, but
there is some confusion as to how these limits are
to be applied. Care should be taken to specify
whether the harmonics in question are voltage or
current harmonics and whether they are in actual
quantities (volts or amperes) or in percent, in
which case it should be further specified whether
they are in percent of I; (most common) or I, (as
during a rigorous limits assessment),

The general intent of IEEE 519 is to limit
harmonic current from individual customers and to
limit distortion of the system voltage provided by
utilities. Customers should not cause excessive
harmonic currents to flow and utilities should
provide a nearly sinusoidal voltage. The Ig/T.
ratio must be known in order to determine which
row of harmonic current limits apply.

One point of confusion in IEEE 519 is the
Point of Common Coupling, or PCC. The PCC is
the point where another customer can be served,
regardless of metering location or equipment
(transformer) ownership. The goal of applying the
harmonic limits specified in IEEE 519 is to prevent
one customer from causing harmonic problems for
another customer or for the utility. The IEEE 519
limits may still be used as a guide within a
customer’s  facility to minimize harmonic
problems,
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Another point of confusion in [EEE 519 is the
distinction between total demand distortion (TDD)
and toral harmonic distortion (THD).  The
difference between the two is that TDD expresses
harmonics as a percent of maximum demand load
current (Ir) and THD expresses harmonics as a
percent of fundamental (60 Hz) current (1)) at the
time of the measurement. Individual harmonic
currents should also be expressed as a percent of Iy,
before being compared to the harmonic limits in
IEEE 519.

The difference between THD and TDD (and
between harmonics as a percent of I; and Ip) is
important because it prevents a user from being
unfairly penalized for harmonics during periods of
light load. Some loads, such as drives, have higher
THD at light load, even though they are drawing
less total harmonic current in amperes and thus
causing less harmonic voltage distortion.

It is not always practical or necessary to either
measure at the true PCC or convert THD values to
TDD. Knowing how the [EEE 519 limits should
be assessed, when possible, allows an engineer to
determine whether his or her approach is good
enough for the job at hand.
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