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ABSTRACT
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2010 standard to display the result of harmonic in electrical power system. By testing
measurement between the developed harmonic power analyzer at which Kalman
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o

2.1.1.3 29958598 yey1uAu (Signal Reconstruction) Tgluszuunildeygiaviosn

A
¥

gavnadudyaiasioilies (n1sUszinanadygyimusegiweinsdyaiauosnidusuuld

| IS

= I o < [ a a qy 1 dy o Y A Y [ P Y
poltles Alidndudedidiui 3 1) lngdntagvimihiulasdyaulineiies y(n) 1indu

o—

Tudyaasioilion y () Tasdudyaruviosnganevedszuy WasUssnniiide dudag
o aa I & = & °o & o
aAIneaduwewiasn (D/A converter) Hted FenilugunuuIassindnsaguuiu
2.1.2 NM5UTZUIARALUULIATTTY NUNTSKRaNTERAIUTTUIANAR I
NM5UTZUI0NALUULIAN93S (Real-Time Signal Processing) #unefis n1suszuanail
N3NNI IMIN waglidyyiavieenviududygiau g wu Tu
JEUUNLSNIINSdUvasdya I wavwreenviniu Welldyay s g 1 A1 syuy

v @

zmesUszananaliladiuieen 1 Aneufiduaavndddaluazidian Wudu ns

v A

Uszananawuunatssilinisussgnaldeuegiunn wazsiusmunuiuiaswesssuuiagld
[d v A 1 [ A a 1
Juwvuwewaendwwanddugun 2.4 egalsiniy seuuiiinisuszuianaiuuniansely

Jndudedidygravndiiazenn Lﬁué’fgapmuamaaﬂﬁgqqLaualﬂaﬂﬁaasimsﬁu n13
aamﬁaé@mﬂmﬁmﬁgmﬁué’m%y@ Tunsaiildaamdiduiines %aﬁa%gm%mﬁﬁu
Sauwdr dndyanuwieen fe duynaidsiuuLeuaeniidesdwoniigilng fatunis
Usgananaazdeuinidnduateesdyyraundesioon Suilfidodn Wunisuszaanauuu

PRELEN



x(1) x(n) y(n) (1)
— A/D |:> DSP Processor |:> D/A S

™= M " uy” Thgr \/\/

UM 2.4 MaUszananakuuiaazei I DSP v nihiwilowluiasuewasnl

dqunsuszanananuuliidunanaseaiuliidevaiuneanunanlunisuseuiana ongd
819U NS89z UUUSTIIaNamY MATLAB Tumauiiwas Tunildeinansuiimesidu
fUszanana Fanaldaaunimasisnlanasnsisy weanliraufiimasndnnaylonadnsen

\ o eal ' ' @ " 2 A v y X Mya £ oo

wiNaaNSNLA blwpneanwasliinassvsetn  etlnsiensussunanalulainIunonsa
N5UATRIEYININLY viTeIeen Fegedndunile Wy nslglusunsuwsegUnmn
(nil9) 1w PhotoShop @ennilsfitielludyaulinefiosaedia waglusunsuminiinde
I Ao [ . d" a 1l o
WulUsunsuniisdulunisuseanananin (Image Processing) tiasarnnmnilslidensinig
duuaslayaifisusionan Aty nsUssinaranIniladsdioladn

Lifidedsdumeinuiaar  Elienensualvesildundunasisng)  Felilunis
UTzHnanaluunaIasInsuszalanadyg 1atuunaseih TaiatefuuandAgduuise

= ) o O Ay Ao A < .:4'
nsaenldiiuszinanadyyial  UuAs  n1sfesdailszinananiiimenazlsziiana
doyanaldiiulalasamzegieds  dyginidenisuszuianaldnsinisguias  vise
o at oy va v v ° 2o & a v Yo a I3
ganesuildiiaududeulunismuwiniin  Adndunazaesldmusyuiananiainuigs
wingduimadenivg) 4 o¢ 3 Malunsussanana e

2.1.2.1 Mmsdeuvenviwaififieldfuneufiomes vieldiudnlulasiuswaesing
W wiiesuiawesniolulaslusiwawesdzlalaoonuuunanizgdmsunisuszuiana
dyann wiAansaidunldlilunuidomissnmnsUszmanaliganntn vislunns
Ussuwanauuubiidunanade egslsinnuiagiupeuiimesdiuyanaianinusiguannau
anunsathulivihnisUssinanauuunanswmanes  egaldiegafiiuldtn Wy s
nonsvavedyandes viielalefigniusateyaunfemas g1 MPEG dausneusody
grfauritiaslunsnensia withgiulfiflesweninasfamnsoviléudn lnvende cPU i
Arandigedu

2.1.2.2 msldwenviunissruiudn DSP 3w DSP \JuTeiduvesdnyssinanadaya ol
(Digital  Signal Processor) @4fi® laﬂﬂﬂ,ﬂsL%L%iﬁgﬂaaﬂLmeé’m%’mmUssmama
Fyanauuunaaidasams felulasluswamesUssinnisiantnonssuiiaesiuae
sonsuias uaznisleudiedoyaiifiussavdamuazanuiigs 1wy msddmdeimlunis
AM, NIsUINAzaY, sensondayawuu crcular buffer WWudu veelindsaunsaviinis



Usganawanay ¢ d@wlansaunulusifen (multi-processing) dneae U%@’wﬁl,i‘]u@ﬁﬁm
ASWARTN DSP bauA Texas Instruments, Motorola, Analog Devices, way AT&T Wumu
FaTw DSP ﬁﬁﬁgwizmmﬁu‘f]uﬂﬁﬂﬁzmamaﬁi’fa%aLLUUf\Tm’auLﬁm (fixed-point) uagUsznmni
Usznanadeyauuuiaunation (floating-point) Msldaudn DSP du vhldlaeiTeudy
Tsunsuneueawuud wienmuidudildneulndaosulaluoasnud defvesnadou
Hunwueaenualaenss fe ansamuaunmsvinuresdnldifud viliawnsaesnuuy
Wsunsulmiawulaisandr  wasfiauieldsunsuidnniinisldniw®d  usdedeife
Mweanuilisusinndt  waglianunsaleudrelusunsuluviaulaluiinsnanss ganiu
vioraNaniule nssensasiiteldonudn DS Asufetunsdensashilasiusiwaiwes
v 9 T ifiausidfulasdyaiauewiaenduiinea (ADC) warRdneaduwewiasn (DAC)
diutuawinty Tusudt 2.5 Wuusunmiialurensas 364%n DSP uuu fixed-point 16 9
WU TMS320C50 984 Texas Instruments lngduagiivateyavuin 16 Un uazidinm uae
Usvananadu 9 wun 16 Snognielu JULlE DAC wag ADC aunm 12 T Gedivndoya 12
yuiedstoyauuuruiu uazdeidniu 12 dnanwestateya dunainddygauniing A7

A}

idd

avwd fs Jouliifu ADC LﬁaLﬁuﬁaﬁmumé’mﬂmi&jmé’zy,mmuamam F9NAD DRIV
foyaiivdoagnetudr@n DSP luuszananadn DSP wanedvedmireanudn ROM uaz
RAM unsdueganeludnies viliiiuananiilumsianunazazmnlunsldaiuann lae
suitlsifiosnslduinna ROM uaz RAM anntin Aenalidududesieniihsanudiniouen

3N

ADSP2181 [z
o S

=E| (=Bl n;- e
OB RN ]
GEREFAI GEREFANE
L [
Fog addres 2 e
l Frogram dats 24
Dlata addresz 16
Datadata 14
T —
d-h E:> IEI "' e rILEE
) o
SERAL HOST "-,EGE [t
PORT PORT CITERS NG ALU SHIFTER
= 14
1' I | |

Tvonu'ulp-nr}\"- Hosh port bax DA

JUN 2.5 UWHUANULAASFIBE19UD9RTNIYUTN DSP

"

2.1.2.3 Aslda1sans vse Ladieonuuumnizaiy 815amslundinunefneas

<

Aneadeaunsaeenwuuliinnisuseuianateyaliguieniu danessuiluntey wu

o

FFT (Fast Fourier Transform) %38 fnsesidneatiu aunsamelavmluiluleddnsogui
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Sanzilaiduiy o widdesnsdanesiuiamzuiniu foresesesnuuuidulediamza
NN (Appllca‘uon Specific Integrated C|rCU|ts 139 ASIC) mLLuuaummwﬂumwmqum
mumuaaﬂuﬂaumm Snmadennilsfie nsldleTRineausanniusunsuld vde FPGA
(Field Programmable Gate Array) %Q{]QQUUN%UWWIM@N’IﬂWE]‘VIﬁ]uUWSJ’]I“IﬂJiuﬂJ’JaNa
Fyaaula N5ty FPGA %ﬁéfunuiumsaaﬂquﬁgﬂﬂdw ASIC nsidenldfuszuianannas
wuAtuegfudnuasrosu  anudiidesnts wasdunu  Ereansvhaunsaiiingg
Usgananauuuianaia tnehlunslidn Dsp axfifian @«iw DSP Afivarnviansvunn uas
A sIlidenlddn) widmnnnisuszananalidudeurnsednsteyaligunnauanunsald
lulaslusiva wossssumls msldlulasTusiwawesfagilidunuaadls Tunsdliidesnis
§anmsUsznanagenng  Aeadeddensawaslunisusvanana dslaemlufawiifunui
E;iﬁ%u

2.2 eisinsuszgndlinisuszunanadyyiundnea

Hagtuflnunaisegedilih  lemsussnanadyundnealulieu fed
vad ldun

1. MyUssinanades wu n1sdudmdss wiewinsialdes (speech coding), 11533
\d@89 (speech recognition), NstAnEHIWALEYY (sound effect), NSNENLEYY, N1INTDNLEES
JUMIU, MIdaATIEMdeenun3 (music synthesizer) 1usu

2. luszuudeans MiwA modulation/demodulation, N5¥AENATEIEEI0)
(channel equalizer) lugunsalluayn  wavlnsdwnieds, nsnsesdssasviouluszuy
Insdwvinislng  wagszuumsuseyumnalng (video conferencing), a@1weniALuuUTy
sULUUMsUlieY, ssuuenns uazlauns, ssuudmng (navigation system), GPS 1lusiu

3. Tussuuaunulagfdnea (digital control system) #i14 9

4. Tunanswnnd Wun ey iueduanes (EEG) wasdyaiunauiila
(ECG), wr3owaeléitu (hearing aid) 1Jusiu

5. luszuunsdnesdslain Fedlunsanusinameesueindiiinty

6. N1TUsTLIANAS Y IAULUUTAITA tauA nsUsznananmis (2 ), ale (3
§7), NsrUIUMTREUN AR diog1avesnsuszendldanu taud n1studadyaiainle,
msvh amladetuuldfunmaneaaiion, ammclusiand, wazamiidneudalld,
sTUUEnm, msveafiuresiusus, uaznsindoulmvesnmanuiia iy

7. Tugunsal waziA3osiionalniin Wy wieslasiziaud (spectrum analyzer),
\A3psaadyanl (function generator), wazLA3BINTINIEYY I8 (pattern matching) 1u
AU

8. TumsiATein1eedan tazn1skunanlain nsUssinaNadyIufInea L
UFTRimeluladang o I waeiivszansamiuediann
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2.3 dafvain1sldn1suszuianadyyiuflnea

v
[

Y = % aa s A ! v =
%aﬂ%aﬁﬂﬂiiﬁljm'iﬂizmawa EUEUNEUNIN DA VILMuaﬂ’mﬂTﬂGU’NT\]ﬂU’iSUULLama@ﬂ by

o
[

3
2.3.1. avwanunsalunsTusunsulsd vinliinesenisesnuuy, Wasuulasdly, uas

nadeu dmiuisasueutaen fdesnsiUdsuaanifoglsunedns enamnefenisdes
PONUUUINRT VLAY

2.3.2. Anmgndissusiug firndannugniesesnsUsyananadya uAinea %uagj
Audaudaildunudygiu waznniweding 4 Ssflnrudanduuazaueldie Ao Tu
auiifeamanruuiugngs wwlddnaudaiuntu nvislutiswesnmssenuuy mssaes
szuuiieenuuulumeuiiomed aglvinafinsafumnudustailoluaaduisesete

2.3.3. ansnsaviilsiduifiamsiiliannsovi Weesasweunasnuievi Tienun
WuFINTeUUUSURTLY (adaptive filter) muaNTIETEIERIUSUNIY agaINIATUSUTi
nenssuetle nsenmadedndudes 3 18 Jusu
2.3.4. fhadosnmitlitudunm uazgamgd

¢ =

2.3.5. DSP gitadlaensstumaluladnoufinges way VLS @w DSP Admndudn

' [
= =

Usgian VLS) Famaluladwandiiaaasyinimtiesesinss  fdusuainusfgady

Y
==

ATUesiwdiIntu nsiufdslndisas warsenfignas doRtaudifunanaoslFudid
ANAFYNIN stwﬁwmaﬁadﬁunwﬂmmﬂﬁﬁmiﬂizmawaé’@mmﬁ%aa%ﬁwaaS]
munrmimthveunelulad sguldirnuuisedisilusfinnislinsesueuaenloidumu
fiinin udludagdundulduuuiineaududinin viie danoTsuunseseififAndulaly
ofin 1y Mnsesmanu wildansmianldldlunedy desnfienududounesnis
fruanun vhlslsiduenfunistanld uivsingi Sanestumeandunduth wldauldats
Tuthgtu filifunalnenssann anufmihvsaneluladneufianes way VLS|

2.4 YAINAVIINITUTEUIANATYYIUAINDA

nnegeided Afnawildndiiaseoiaue weluladvesiineaiifitefrns 4 winue
aufinanufiwuiieaty  Iasitaveanislénisussuanaduginiineanaasuanuasld
il

2.4.1. dyrameunasndiluauainud (bandwidth) gunn 9 lawnsaldiunis
Uszananadygunineala Lﬁawmé’zgzgmmﬂfjé’aamsé’m’mﬁduﬁqwmLﬁ'aLLUaQLﬁu
Pamearilifosnsiussnanadiunnauliduatenislinu wenand dadrdafiens
dfunnnindalsznana ffe  nsfidedifulaidyainseninueuasniufineaid
AL IEININ

2.4.2. nuiidosnsnsiusdsiniishinn o e19avdewi MeaThauaanay lu
Hagiufew@n VLSl egAuidsliiasnndeiiouivedin  Uszneuduimealuladves
wuawesiimilinn viligunsainanvans 9 eg1eiil DSP udulszney 1y

nsdnvisladativuinannseyindnauin  wazikaudalvaulauiuiudn  wisglsiniunis
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Uszananandadndunszuiunisiiuidilvineauais gunsaiidesnislifiawaidnuing
Lideanslawumnesvunlugatly wu gunsaldrelasuieziideliuiouvainisoanwuuy
Judnweunaen lusuiiazausafumasinlasmnd

=33 2/ ell

2.4.3. gunsaiuede fawiladndsnemaluladidnea windmesuyuiianit 39
fnaafisiinogamedlifiindde gunsaivarddadnsdldogiuvuiineauazuauiaen
Wy Insviadfdnea Aulnsiiminewiaen, we3eudu DVD Auidsuauiflewy, uay
voafaladlaUfdnea nussadaladlauiouasn [Wudu

2.4.4. Ipdriialuded 1 81 3 avAestorat 4 muauTsyverAlladneufinnes
wa VLS| faiildinaniunuds egnslsfny Srasunsussnniidesadrsdhemeluladuounasn
e Gwddluouianfony) uazade q udiszuulssiianadyannfineaffosfiannins
wenildne  uie 1995Ed A9 mulasduanuweuiaenidufdnea, dulas
dnaundnealuleunasn, Mmnsesweuiasnludiu front-end (MousuUasieuraonidu

739198) AINTaaUIaantuaIU back-end (MaasUasRanaatduwauasn) Wudu

2.5 47m3314 IEEE1459-2010

Heudnsumaslniiass (Real power) fasluinusing (apparent power) waz
sndsliiagion (reactive  powen) Tuiligtuifiuguarudlasuindaus® am.1940 7
nailuldeufuogiaunivaisuazeniuiu suddisiiusstunasnssualaingsiisuuuy

Y L4

TnaAesnudygaeel

d' | =

nsasunlasndrdalugig 50 Undsraszuulniindnswasuluasluaad

<

< a

1. gunsdiBiannsefindrings 1wy YnAIUANAILTINELADS 1ATTEINTZUALUUAIUAY
1o \HugunsaindniivinliAnensuelinvewssiunaznszualiii

2. denudilanszuiunsivavemdsnulniluguuuuilidueiueneiuasliauna
wnTulutagiu

3. nseenkuUAIsloTady g aesuniaud 50/60 Hz llaliaudAgiuainy
Hana1avesnseiakazusaiulniigniuniu
= ¥ =< 1 a = A a av o g a £ o a [ !

4. fAnuseansnsiviseinstadeuiinaninanladudadu wazdiluandue

usnslagnaedlunisdamsamninvesseuuliiildegnsgnies

dy Yo a 1 % - v % 1 ‘&J
wnsguilasinisdenulvdveanadnuluideselud
o aussunaznseualuihliiduafuened

::4' = 1 N ] Y] |
® LN@Iﬂaﬂuaﬂqjg‘lNauﬂa ‘Vﬁ@llﬂ'ﬁf\]']?JLﬁQG]ULLUU"LQJaﬂJQJ']Wi
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o oA v & o = v a a &4 oA
lﬂmﬁﬂqumwwuqmULWQIWLUULLU'JVI'NIUﬂ']iw@Ju’] LW@I“QJﬂ']iWﬁnim']Uill"lm%ﬁ@ﬂ'TV]allﬂ'Jﬁ

] U A

lasun1sinniensivaeuriousslesunienid nisdndulanieinuiasugainsiaanssy

[

Uunamngllihanunesgruilalianuedgiinsiteselud

o

o &AM (60/50 Hz  videanudyagiu) vesmaslifingds dsliihusing
wazidslafiuadiow uusinaduiiuguidnnsdaulussuvddii Sansli
ANUnEEUessEUUAdaliin szuvddaidy n1swandieliin waznisdivuie
Il edwialiuslng ndsenlwihilddnsdeinudeauuivgn 60/50 Hz
Tusyuunatewa ndanuanuilugdiddnsinivinduusuaiifianuddey
esnnifudddglunisfinnsanuazususanisinavemdsnuvesindsliih
wailou mdslwiadioulurreiddndlinduvinidudiufidanudrdyiianes
svuulilidigs ilosnnddsluinludnidasduiiuguludiuvesssuuddludh
iafpsnmveseionalii uasndanugade

o Tudnuwesuiililianud 60/50 Hz wiedwillildauiyagiuvesiidslaidi
Usinghe S, ndsrusavimuaressnsuedindiinisdslfiinaauiefinisduduain

ian wdsudulisansiuiulssqilosawes wisldaunufiniawmesidefinigly

NuivaudlildaNudyag e e
o dsnudaleuvenssualiih D dewludivesidslniaiiouSeuiieuiv

nazualnihadeu T dususzneugiu S,

[

o Mdwudndouveussiulni D, 1 luuwdmendrunlilinnudyagiuesnain
dvasidsliiaiiou
°o v s a < =] a [ (Y s a

o Mdwusiueinuing S, JumaUTeuiiguiuvesusiiuwaznseuaasuetin

detlestuemuidiladuaunassuifslinnfiumiens ol nedsaddmieios
W) dusuiiasiningss anweud (VA)  dwsuiasininlsing wazans (VAR) dnsu
srdslwihuatiou Feisanuduiidutiinamdnmalaihifinsldoluiag i

umspulimdoufisanandwiinisldouegludegdu esessugldnuiifeanis
Inruazoonuuuiaiesilefardsnuliin Lildsudsmsnelunisesniuuvessyuumun
181939

Tnedeudldluninspruidfiioduiwimuazldivieuiisuiionisldaulusuian

WU
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szuulnin 1 wa deyaynauene

wasrudawssulninguaneiideuduaunisladsl

v =-/2v sin(@t) (2.2)
dlesaiulnanuuudadurnliminnseualnilvasusaunis
i= \/EVsin(a)t—e) (2.3)

Vv fe Awssaulnidn rms. Tav)

I fe Arnszualnidn rms. (waud)

@ fo prudldeyy 27 f (few/Aund)

f e anudvesszuy

0 Ao yusamasenInansvkalasi sl (Siwew)

t fe a1 Gudl)
Aaslnfidava (W)

Mdslnhdavazanunsamldainaunis
p=Vvi (2.4)

Aaslufneds (W)

AasliiassAeradsvaImaalnindIvaslusenInew 9 sIntuE © 89 £ + kT

111509 b9 NANNIS

1 T+KT 1 T+KT
p=— pdt =— p dt (2.5)
KT *% KT ®%

1 S a =1
T=— @ 59ULa1 QUN)

I o [

Kk A8 ITUIURANUIN

T A9 T NVULTSUAUYIINTIA

P=Vicos@ (2.6)

maslufadion (var)
gurnvastdslifaiion Q Fvurmiafuanunitsvesiidelninadioudivas
aasamlaangunis
Q=Visin@ (2.7)
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Q) (THkT
Q=— /|:Ivdt:|dt (2.8)
KT ®%

Joduns dlwamdudmienien 0 > ousdilnandudiiulszga Q < 0 AN

fnszaalnihiandndansasulnin @ > o meamuiu

maslwnusing (VA)
Amadliinusing s AenuveInIsAunssLatastssnulnin rms. @nsamaAlan

AUNIT
S=v (2.9)
wnasunawmas (PF)

(2.10)
PF =

wn | o

szuulnia 1 wia Abidudyyrueied
luannziBudunseuaiazussulnin i nlidudugrametaviidiuussnovansdiy
AodyIavanlazdyauestelindsaunis

V:V1+VHLLa$i:/1+/.H- (211)

v, = J2v sin(ot—a,) (2.12)

i =\/Zsin(a)t—ﬂl) (2.13)
v =V, +2) v sin(het - a,) (2.14)

h#1

=1, +~2) ) sin(hot - B)) (2.15)

h#1

[

AWLTIRULAENSELANAN rms. @unsamlannudisusadl
2 .2 2
Vi=Vvo 4y, (2.16)
2 2 2
" =1+ (2.17)

[

nsdsauuniniauavesdyauyag uiusiukasnszialiinignsuniuausam

[

laanAmnuiisulneIuvesdy g aesuein lngldauns

o

v,
THDV :7 (2.18)

1



Aasluifingvas (W)

maslninegs (W)
P=P+p,
dia B Aemaslniihasewasnnudyagiuuasaiunsamlaainaunis
1 T+kT
P=— v, idt =VI cos(91
KT *%

uaz P, fefaslnihaiwessnsuetinuazaunsanlaanaunis

P, =V +Z:\/H/H cos@ =p—p

h#1

maslwnaiiauvesanudyagiu (var)
Q =V sin6,

masluinusng (VA)
s=v

masnulniusinguesdunlidlinnudyagivaiunsamlannaunis

S:=D"+D +D,

M&ansualniiindeauy wildanaunis
D =Vl = 51(7_/—/0/)

Mdsssulidesun mldainaunis
D, =V, =5 (THD,)

Masssuetinusing
S, =V, =S.(THD,)
S, =A+lP +D]
fdsesueindeauy
D, =4S, —FP

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

16
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maalninaiiou
N=A/S’ —pP° (2.32)
wnesulAmesveInNAYagY
— =
PF, =cos] = (2.33)
Sl
wnnesunAmes
P
PF=— (2.34)
S
. WA 4 w4
Yuaumslni AUDYATIU daunliilyanudyagiu
AT
masliusing val S 5, Suo Su
maalniiueniin wi p , P
maslniiadon var) N Q D, D, D,
¢ & P J— P1
WesunAmes PF=— PR =— -
S 5,
SN
wan13esuetin - - —
5~1

M13199 1 uansasuAazn1sinnguuesUTinamaglussuulii 1 wia

2.6 AINTBINANIU
fnsesmantuluwuudtasmnadinmansdgnaiioniu snedn 8 arauiu (Rudolf
E. Kalman) figauszasaiiieldlunisinadunaludisssesianniidyarasuniulusiuuy

1 AAnuliutugreg wagAmandinuiltunazinulndlAeswinnnAALAaswens

e LM

| o

o uazArduaiifeitosiegueanisia dnsesmauuiinsiluussgndldlavane
suuulusumalulad uazBudiuddydumiassmstmususinauazimaluladnis
NS

Fnsesmauliiussanavefiuiisiveinsiauarmfuanmie Tferdedae
msmansalamilen nMsUsznamaliiueuvesrfignainnisal (Predicted value) way

nsAInANRReiadmiln  (weighted average) ¥eIATigNAIANITRILALANTIQNIA
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(measured  value) A mtnAunfgaaziluldlumniinnuliviueuniesign
AU UNES19LAEAS N5 TN INALAEIAUANTILNDIIUINAITINITIALUULAL bW

I a A g v A 1 1 Y ! ! ! N Y a a 9; v
ﬂ']LQ@EJ‘VIﬂ'N‘U']MumJﬂ’]iﬂi%‘&l’]mﬂ'ﬂiﬂluLLuu@u‘lﬂﬂﬂ’mﬂ’W]’N‘]VIGLGUWWLQGEW]O'N‘NWWUﬂ

N1SAUIN
AnseemanUlELuuamainuessEuu (Wu NYNATEUNNINIEATN) SEUUTIY
Lideudayaludissuuiaznisin (Wuaindnduiges) ieasieaussunavesusuini

a 1 I

(
uAnANsAuYeEUY (Aanuzveiv) AdninAuszanadildinanmslimsinlafesediafen
Fohusudutuneuiinssuiuvendumeishll (common sensor fusion algorithm) n1s
fouazdrunmiamnanuuuiaoniliaansUszauniadusedu foyadumesiita
Apmannn msuszanaeluaunsfiesuneisnsiasuilamesszuy uazdaduneuend
lignAmnandlulumasiliuiuouusiifetudgarine dmiuaniuzueaszuu fnges
aauuliiAiadsvasnisaianisaivesanurresruuienisall ddddadedanimin
Usrasdvoentsiinisdaaiviin AeAriuszanmuanuliviveuldfnds (Bu desninee
aunsa "Bede” Ity dhniindegnauanainAiauuususiuda Wudinistaves
aralaiuuoulneUszanaeinsnanisalanugressruy naTesAledstsmiinazdy
AUszanamesaniuglyel egluseninsdaauziiniannismanisaitagaanugianain
m3¥n uazazdanaliuiueulasussanaiipnitedislaogrmiaiissegnafion nszuiums
Haggnihalunndumou feanssnalmivazaauuusunuadolilunsyssa

v 1

maaiflflunsuddwielud Fomneenuinsesmauiidnumuznssiuailinadns
wuudeunduviderdituneuiy wasdedldifios "msaaniiadga” wihdulaldaimue
Y93ANUYBITTUY Ll wananuglviilevinsduindmiudnges (muiinanld
19819) MIUszIavesanuzLas AManuuUsUTINTmgnlismiulusmindiilefunily
vanedAiAededugansduaniendu e sgliuienuduiufidadussninsinds
yosanuEiuAneiy (19U dumds, Aandd, way Anse) lugduuunisidsuuvadlag

. 1 1
%59 ANAULUTUTIUTIY

ANANIUNaLNaShUULI4
aulanait i luuniiinazfansananizatan uiames 9aneSiuLUUTINe

ArAINAENITASNUUMUTEIIaNAd I LaEAINNSIUAUINOIAUIENBUTDIAIALIY

v A 1 &

Tawesiddnyiley 2 dwhe druvedasiaiiussuunamansiazadiurodanesiiuvosnia
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1Uawes  TuaIUTeIlASIAS19TEUUNAFIERSILONNIITUNANILSEUUTLEULND LA 86D

Y

ANSAS9

53UULRILEY (Linear System)
ANYAENMIINUVDITZUY WUFULARNIAIFUT 2.6

u(k) o Linear I y(k)
System

JUN 2.6 NMINNTUVBITLUULTUEY

meﬂmzum%qLé’uﬁ'meé’fﬂgﬂ%ﬁwum8114@1";1433%1,%@1,51’14 A1115085UNNEANTTY
YessyuUlavanednue LﬁaLLamﬂamé’uﬁuﬁ‘ﬁuaﬂé’ﬁymmm@uwm u(k) hazdyIUnINeI
W y(k) wuesugludnuaueilanduaielou (Transfer function) Aivliwesisus (Difference
Equation) wazaunsawvay (State space) lun1smauvesmauuilamesdanasfiy 9w

winngfuszuuignesute Tuguvesamvaiuy lnganunsaesune dagui 2.7

k
u(k), [ :X(k+1) - x(k) | y v, (k)

A <+

JUN 2.7 uansdnuaizvesseuuidaduinegluglammaiy

91 2.7 sUansadsuaunisliodlusuuuuawmadslédd aunnsanus
x(k +1) = Ax(k) + Bu(k) (2.35)
GRORERREA
y (k) = Hx (k) (2.36)
Tagvh 9 VLULLé’agﬂmam‘wamam'fuzgﬂLLamﬂugﬂmaaqﬁﬂizﬂaw’ha Tye UMW

NUAZLDYARIL
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w(k)
Y
H y(k)
# y (k)

] s a v adAawo P 19
EUM 2.8 L@n Eﬂﬂqaaﬂwaﬂqamilﬂﬂlﬁumu EUEUNEUIUNIUNILNYIVDY

[

a IS a Yo A
ﬁ]']ﬂg‘lh/l 2.8 @nansalsuann1sesuessuulanadl
dUA1TENUS

x(k +1) = Ax(k) + Bu(k) + Gw (k) (2.37)
ANNITHO NN
y(k) =Hx(k) + v(k) (2.38)

A fo umEndunn nXndeeduionaingsuves sUMABMamans B Ao wminduun
nx1 FeeSurenafnssuvesdayaiol M%asﬁ’aasawNﬁuwmﬁﬁwaﬁiagﬂmaaq wafans H Ao
WyEng wuia mX ndeeunengAnssuvesdnyan videteyaniaten veassuy x (k) Ao
nAMeS fUsanIuy (State Vector) vun n X 1du y(1), y(2),..., y (k) A éwé‘fmaa%’a%aﬁ
gnindinfignausedya usunmutasdunnines sun mxidmw k) fo drures
dyana suniungly gesnmsmaulussuunarans wasidu wnwes aum nXx1 lag
v (k) Aearsuvesdgad suniunely vesnsmaulusruunadmans  wasidunnmes
wn nX1 lag

N UEAIIIUIURILUTAD UL UDITZUUNAAAAS

MR 1UIUTRRUNIRINIT IR

o a

waz G Ao lWn3ng YR n X 11105U18ngANTIUNANIENUVBIFUYINTUNIUW (k) THeuT89

AR}

doyayas SUNIUw (k) ke v (k) Felinndevesdyanasuniuiaesdl  Anduaud  wasd

[y

v o & aa W oAl ! N = a .
AIMUANNUD NDAITADAU ALUYILUUINNALR[Y B9 Iﬂ')r]lﬁ&'u (Covariance) Ua3dgyeynsu

T
o

! dy ¥ U . (7 dy a
sumuwantimlalagld wdnnis nsanAziu (Expectation) dell TAriSeuvesdaie
sunIUNelUAD

0= wikw(k)" | (2:39)

1AS UV YT UNIUTUZYININITINAD
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R=E[ vikvk) ] (2.41)

foyanual Imamsﬂ,‘d osdygIasunuUNEluTEUUNAAIEAT Lag dYQIMUNIU VUEYIINg
Yo azuanadu pw) ~ N(0,0) waz p(v) ~ N(O,R) auafu &y msumumaawv

< « 1 A = = a X 1
WUARUIUNIULNU AINUALEFVILATUNITLNAYULUUEFN

JeuayausUNIUEIUANUDGULEIEVI? (Random White noise)

Lfluﬁumuﬂﬂﬁl,ﬁﬂé’cgcgmiumuﬁﬁmLaﬁaL‘T;Jugjué wazdinnesaiuansy  (Power
Spectrum) mﬁnnﬂmmmﬁ ‘vﬁaai’mﬂszﬂammé’mmm%ﬁnﬂdmmmﬁ WAZANYENT
\inlkuudy (Random) ¥3e lﬁﬁgﬂﬁwwmé’zyzymﬁmuau Tunsiansandeygiasuniu
Usziani lalanunse ssuelugnsmnendinaansianzasasly udasordenannisneadfngi
udaglunsiansan Tnsarfiansandiadevesdyaia warn1sudsusan (Variance) 104
duaaseus Avndednvay vasduao iummjﬁﬂﬁl,l,amﬁﬁqgﬂﬁ 2.9

T T T T T T T T T

1 Il 1 Il 1 L 1 L 1

—
- —
—
_— —
—
——
e —————
—_— .

sUN #1 2.9 uansdnunrdyn ULUUAALLLAEY

Inengufudirnafevesdgyanaziianduaud wilunujos oz ﬁﬂ"ﬂ, idugud i

vl G’faqmﬂﬁﬁhLaﬁmﬁuﬂuéﬁéfaammLaﬁaiuiuﬂunmmnmu nNsaifduanusunI

L Ag 7]
¥

Filush LLUsamuwm IumsmmLaasmleaﬂmaaammmmamummalﬂu
1. mLaaEﬂﬂf;mLﬂumimmLaawaamwiam z Wusuu N ma

1
H ZEZZH (2.42)

Tnendydnual 1 AoUssununisay N e
2. mAnAzLU (Expected Value) fio Alladuitufsaiuatady wakanaesiuiiiy
mMamAedsves Mulsdu Z Wuduiuetudag

ELZ1= [, (2.43)
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3 Andeau (Variance and Covarince) wasiudsgy 2 iusisanns
2 2
E[(y—ﬂ) ]Zﬁy (2.44)
wag

EI:(y—,Lly )(x—,ux)} =0, (2.44)

NANNIINIUTDIAANTUNALADS

meluszuunasmansla q Anufimauneldnissunuresdyaiasunulaei o LU
%70 ﬁ@mmiumuLLUUdmﬁﬁa’mﬁiuﬂml,t,aﬁﬁun HaRanaeniinnadedetayanis
LDIANAVBY TEUU ﬁqﬁ?ui’fﬁmmsmwsﬁagaﬁLLﬁﬁ]’%q ududeddinsesdumuiianumuse
mandanar sunald Taslamziinsesdyganuulinaiiafign (Optimun-Filter) sana
iAol auauTRding1 29nam uanansuemaNuiame fiUssgndliiu Tagi
ludiuvesgudnaes wamans (Dynamic Model) ABWARINITNNIUYDITHUUNAFANENT
Tagvhlufinsuwgiingsumain ssuu dwdyin uk) Aetoyamesnuduwnvesszuy
Warans w (k) fie dyaasumuiiiety melussuu y, (k) Ao dyay e nnves

A o ~

TPUUNGMARS v(k) Ao dygrausunuiiindurnemsin uae y (k) Aedyquignia
Tnedunssuiusewindyau v fu y, (k) dygradananiag gnieulituman

Hawosiiadutoyansinvesszuy

VoY

yd(k)

i

Kalman Filter

u(k) x (k)
— > Dynamic y, (k)

— Model
w (k)

sUN 2.10 naniansnIsuIRIAalameTinUszendly
AALUTIAMESYNATIWUMLLIA NI TayaN1TInTIAATUAINTEUUNAMIARSLA 9
Tdyausunmuduniedesdadudygranuudy  ilanudlugiunadvniwumieiioz

A7}
[

nsudeyaiuiawesssuunamanitdu - amsamlilagnnsanasenismnuressEuy
wamansiu Tnsededeyaanmstavasiieatuniglussuuvesmaiinesasd e
dievudsanugresszuuwamaniiy nduaruieteyaiiinldinamuaiioude
niouaiinisrnasunavesmaiouiisuliinaiatios fignuasdoyamaemadidesnis
wiAnnuanUsEINuA e sanusveImaTawesl namazdanaiuin uik)
wgnieulifumaiiawmesiiie uteyan dunnvesszuumanuilames dwdoua v (x)
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suudoyasulsanuzesszuy wamam%ﬁmuﬁ’ué’@mmwmuuaz%gﬂﬂaﬂﬁmamu
flawes  iloiduteyamsnsianazamanuiiawesazunluannanyIsudisuiududs
aogiiintunnsauamely Tnefituneulumsamnauwuuinesdn Tneduusnuves
nsmwnezfunmsamnaiiomiuusanuzyesszuunamans a fnalanaimidign
ATVLA WATAINTUAZAILININFILUTAON UL TS UUNAAERSNASS dlefifeyaninnisia
\anagndumnamnasinlsanus o fna1edaly uazannamulsanugiiledideya
1nmsia o nandeludusmeuiy fuiy msmauesmanuilamefanunsauteanidy
gosdilvg 1 dwusnfenismwiniinlsanusiemnnanvdsulunenssianioan
(Time update) dufiassionsmuiniiuusaniuy efinsindeyatranmienssmen
153 (Measurement Update) Tngluusiazduneumsaunmiulsanusvessyuuasdl
NITAIUNIAIAIRANAINIINANTIFIUTED LY Ao n1suiAIlAISeuRanaIn  (Error
Covariance)  luudazauludinvesnissnaniaiagyiutiimiiousinineiaian
(Predictor) kagd1uvaINIsMANNTIa awvihmiiiwsiousaudly (Corrector) lnganunsn
douuansdunounisvianldey 2.11

y 0y (D,.y (V)

Measurement
Update

E‘Uﬁ 2.11 INNNLAAINITNINUYBIAANIUNALN DS

NN AaLUanes %%’m’fauuamﬂmﬁ@ 0} v, (0),y (D,..,y (N) wagning

AwInazldlodng y_(0),y,,...y,(N) lagh N @ 31uiuasaniseudysy o

ASNIUY
danasunltlunisnensal 58070 AarsnAtaLIuames (Discrete Kalman filter)

)=

wazAnaURveILUUARINITNEINTal Falluuuunmsnennsalludnuaeadioniiiies
fansnaauuiawmas
mauuilawesidunguaunismisndnaans

Felvszansnnsionisundeyninig
ATNARUUINEFIETENSINAsERIUREan fiTlawesiasiiussluvtogaunamiunisly

(%
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- lunangqsuuuy lsazatduayudenisussinamnnisalaniugluedn  Jagdu was
DUIAN BAZAILNTONIENNUALUANEALUNI VAN YU AL ULIUYDITTUURUUTIAD

N15UITUIUNTEUIUNS
masuiawesaznafiedymilaeily vesmnumeguiasussinuaniuy X, 1o

FiAuAuNITUIUNSIaITkisiellies (Discrete-time controlled process) &en1mualag
AUNTALLANANALALARRNSNWaUITLEU (Linear stochastic difference equation)

w(k) y (k)
Process noise Measurement noise
\ \
Input
u(k) 3 Measurement
——®» B P Z > H > >
z(k)
A MEASUREMENT
PLANT MODEL

JUN 2.12 myiaAvesdanassuuidadunuunalideriionleddyyasuniudian
LAEIUDY

[

mﬂgﬂﬁ 2.12 @nsauansaunIsmLLAnElaLAaRnuUUB LdUlEReD
X =AX + B.U W, (2.45)
o X, wnuEauETiaT K
U, WUFIUEUNA
w,_, WUAISTUNILTDINTTUIUNSTIdaUE Kk — 1
A, WUV NgSLansPudRUSSEIEnnuE T k AU K — 1

B, wnuuvisndduansanuduiusiuduiiniuaumadn u, Nany X,

AuUsdl W, unumssunuvenseuiums dauadewiiugud (w, =0) uaziailadn

W T v o ] Y1 adou vy %
Sewiiiu Q (w,w, =Q,) Tunisiadgaaniu  nvualiedaladu z agldaunis

v dydl
4ilfie
z, =HX, Fv, (2.46)
A z, Nialiazduediuatagduves X, wvsndd H, avduiusiuiuaniugrenisin z,

| v A

=1
]
1 4ANITIUNIU LNUNITIUNIUYBINTIAERAITUANIY UWNUATTTUNILYRINTIAN
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&

! = | o — S = Vv T o

Anadewiiugud (v, =0) aglidlanSeuvindu R (v,v, =R,) lagduls W uag V,
@ a = o v = A ¥ [ < = d'
Judasedeiuuaziu waviufe agliifertosiues wasdunssuiunssuniuduninuuasi

(Stationary white noise process) 3iidydnwal fie
w, =(0,Q) (2.47)

v, =(0,R) (2.48)

lun1sUfURkauunIngdlaasaun1IIUNILTDINTEUIUNTT Q, kazlunIndlaIseuns

JUMIWYRY  N19IA R zuanstiemulIdenevessrullaznTin B899y dndlan

= al' ' [ . = ! o o w
WUAgULURINILAAZ AT (Step time) NIDLAALNITIN ANUAINU

A9819N1TATUIY
Avuati X Wudwdsleg  w wan t Aludauddesnisussuimuan o van

t, ., t WS auydin x, WAsuLUawmINnaINNanTs

1

tys

X = Cka_l +w, (2.49)

k

Aun1si (2.49) ABUUUIIADINNALAAIANITVDITZTUUIRENINAUAITIZUY  0LUUTIa09
FEUU INTIanInnduiusin X wasuwdasmunategnsls T w, @uauduasden 3

Anads (Mean) Wiy 4 wagarauusUmuwiiu o (fadu andesuunesgi ves w,
fio o =+/0) Tasunfaglianansouendeannushila 100% léduusguasdanduinls
wdlesann w, Wududsduuuuinmddeu Seenmsaldaneds waz armulsUsu osune
Aoty w, Tudsernunhasduldesauysaiiddunatsy ads lneade w, sdidwvindy
u uenantiUsEanas 68%, 95% WAy 99% VBsARY k w INMIANTIIRIToEluTs
pto, )E20, 30 mudiu aundlsd =0 uaz 0 =10000 JUA 2.13 uandsia

YOINTEUAIDES w, 100 AT
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Gaussian White Noise: Mean = 0, Variance = 10000
400 T T T .

300

e b| et Slusigd] IR BRSSO | ORI, T

®e 1o
100 B e

k4

-100 T el * B n B g g ——

10| ST ) gty EE R, B oo e o

-300

405 20 40 60 80 100
£ Sample

JUN 2.13 fegansdudinds w, asdunaladnuszuna 68%, 95% wag 99%

A9 2.13 FIp8 1N TURIUT W, Adanaladnseanns 68%, 95% war 99% VeI W, 3w ag
Ut to ,t20 UAztso AWAWU(L =0) AnuduadvIeaw, lilngides
fusuwlsaulavsediluedlagdus (Uncorrelated) datuudinazianves wlusinvson
U di @V vy ] o J =2 wa
voufudsdule Aluanusalddeyatuihuwenives w, Tuewen (2) fs (4) asuamaudn
103 w, EgRINRALamans £[e] nuieieinfininiidikusasdu (Expected Value)

Alafeves w, =Elw, 1=0

Q, for i=j
AAnuwlsUTIUTes w, =Elw,w 1=
0, for i#j
A1 Covariance 989 W, LagfakUsaul v,
Elw,v, 1=0 for all i,j (2.50)

Weann w, Wusudsduunuuinddon uay (2.49) Wuaunisi@ady (Linear) 39
agUlein x Wudmuusduuuuinidideu

rouldnusinsesmantududuseslieUszinues X wazAanuaaaAdouYes
mMsUsvanufufinsesmasnuiiesuduimuslaunanedey e = x — x  (x uay
X =E[x] AerfwiaTauazAUszanames x audid) esnn x iusuusduuuy
mddeu e Fufuiulsduuuy inddeu Foludessue e TuBinnuhandueds
auysaifesdAiads uazALILUTUTIU vos €)
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aAaa

mmumamqu auyfld @ =08 wazanyAnnunasteyaiafigansl Mlmdeldin a

naBuRY x Ay 100 wazmuRaaAAsUYDINNSUsTINasEIAade e, =0 Uay
Variance (P)wirfiu 40000 o anansadeuld

X = Elx,1=100 (2.51)
P, =El(x — X))’ 1=El(e,)e,] = 40000 (2.52)

3N 1w Handuminlsegnituay Aazaiunsan1anisaialamtii (Predict) 910 (2.49) 191
x o4 vant, agdianduwinlsan
X, = (I)XO + w, (2.53)

roa ) CRRE I a0 & | | |
wiillesann  w, Wumudsduisliinnegd w, azlanluvilsediauduey  aauu
9aN035u vaninausaATEINNATaAYeY X, 1A9N

X =Elx, 1= E[Dx, +w, 1= DE[x, 1+ E[w, 1= DX, (2.54)

1

wsemeauldszyin X Wunisaanisalaamiiiisaves X tnglidiaiwugesinliun
Usgnoumsfinnsan  @nunsamiAafsnayauulsusin  vesauaaaadow  (Eror
Variance) Tun1smansaiiilaann

Ele, 1=Elx, =X, 1= E[Dx, +w, —Dx ]

~ (2.55)
= E[(I)(xO —X,)tw = DE[w
P =E(—x V1=Elle] 1= E(De, +w,)’]
= E[(q)eo ) + ZCI)eOW1 + Wf]
, , , (2.56)
=D Elle,) 1+ 2DEle,w, 1+ Elw, ]
=D’ +0
ety lusegneil gl
X, =0.8X100 =80 (2.57)
P~ =0.8" X 40000 + 10000 = 35600 (2.58)
auyiifiumesvlanis Wuwesvedidedrinfoliannsatad x, lilaonse usdananse

Far z, 19 uazddimid 2, AU x, denuduiusiuniuaunis
z, =Hx, tv, (2.59)
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AUNSN (2.59) ABLUUIIABINNAMAAIANTVDITLUULSENIN WUUIIABINITINNI1ZaSUe
[y [y} [ 1 1 d' < XY % [y} d'
ANudRusTEnIATduwesinld 2 Auaniusvesssuy x, aunsi (2.49) uag (2.59)
ywiuSenhuvuiaemeadinmansvesssuu (System Model) fauysal T v, 10
a a a = W ¢ @ al < 2
ANUdLEsEvIdiA R UAULarANULUTUTIUWNAY R auyfdn & 1A ¢ 1Wuwes
-7 1 v 1 o a o 1 [} 1 1 1 dlddl
Taen z, lowiniu 30 deaudnazannsadien z, =30 wemeUssinuiananves x,
lousoliagls  Ameaudarauilfemlavesriauudanassy lnefinsosAIauILUanin
AsEINUTATIgAYRY X, AD

X, =X, +Klz +Hx ] (2.60)
K, #io Sasnwenesvesmannu al a0 t, edesmneuinldssyin 37 Wunisuszanadives
x, Tagthenillwuwe s inldunuszneunisfiansandne asnsafigadlsdn Hx Aeddszana
2, vesrfiduwesmsazdald aan ¢, 2910
z, =Elz,1=E[Hx, + v 1=HE[x 1+ Elv, 1= Hx, (2.61)

Weu z, — Hx, Yo (z, —Z,) Genidwdsenavasiiuladn  (2.60) Aeaunisnldunle
(Update) 1 X fiman1sailiasmth (Meuiiduwesazinaild) lnstnasiaseninend

Wuwesasialatudninliase wlimdn (@amednsueevesmaniuk, ) udtuai

loanldunlom X

wdaunaldauevesiiitanliudly % duniduegfumuavesdiulszney
z, — Hx, dedfieansallifuaitinldeseinefuann (Residual drge) ilwesdoaudly
X, 4 Tumenduudnenfiaanisalliineanandisaldasafivadnies (Residual Sidne) f
lidnlusipauily X uin

auyAmAsznn X ngld (2.60) (Falidesinaindnsvensvesmaniuk e
o s

finnduinls) awnsameedsuazanuulsusiuveseuaaiandeulunisussana 1iann
Ele] 1=Flx, — X, 1=Flx, —{X, +K,(z, —Hx, ]
=Ele, —K(He, +v,)]
=E[1—KHe, +Kv,] (2.62)
=1 —KHEle, 1+KElv,]

=0
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P =Elx, =X )V 1=Elle] )]

=E[{(1—KHe, +Kv.}]
=E[{(1—KHe ' +{2K 1=K He v}+{Kv}] (2.63)
=(1—KH) Elle, ) +K E(v,)]

=(1—KH)'P +KR

aeluffeazldardnsrvensvasnianiy K Wuwinlsdsasingadmiuaiauiu

a

danesou A1 K, NAnanludwesnnuuinzilu Aeriilinnuaainafoulunisussuno
<A
A

=

R S I
X, UAAINER U

o K, Tiviilsk (2.64) 1uaia
+

q

af
=0 (2.64)
dK,
deifeueyiiudannisi (2.63) Weutu K uazlvdandugue agld
ap” .
=—201—KH)P H+2KR=0 (2.65)
aK

1

910 (2.65) annsavmAn K, finfigade
Ki=RH(HR +R)™ (2.66)

Tushedrethaduinld H=3,8=30000 uaz z, =30 aunsofuans KX, uaz
P2 (2:66), (2.60) way (2.63) lifte Kk =030a8, X, =15.99 uaz £’ =3048 Asil
Funaldtaaufiornuuususiuvesanunainiadeuanasann 35600 1Hu 3048 &
vneanuiMahadueesinldnlszneunsiinnsantisanauaaiaiadenulunism
Aszanallsndn 10 wh videdndovils Assana X, fauusdugunnni X

wiameuiiiitvauszinnmes 1 x MnAUssInutounth () uagAiduimes
Yol (z,) ddosnisusznairives x, aunsavhindunewdnde 19 (249) oainnisal
damhi X, asdandumitls azdinasinuudsunuresnunaandeudsesidy
fudrnindefiovesmsUszina  oduweitai 2, 16 34 (2.66) Fwamen
BNIVYILVBIAANU KZLﬁaﬁﬂﬂmﬂ'mizmm (Estimate) )?j waZANLUIUTIUYDIAIY
AaNALAGRY P #1Y (2.60) LA (2.63) ANEG

gdunalaindinsesmanty  euludnuugidugems Recursive)  U99n15
AANNSal-Uszanas (Predict-Estimate) @udlowFouifisufunismanyssanagneisoug 7
FoufualidunilduniteanudniioUssanananfeuiuedinduds  Simple Moving
Average U8 fnsesmannuiideliuFeuluniilideddviieainudnn
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annsaagUlunmsiuifestunsuszanu x e ¢ laq lagld Kalman Filter

Algorithm lafiTumeumuuanaluzun 2.14 dsil
1. LG?JEJuLL‘UUaﬁaawmmﬁmmam%mmiwﬂugﬂmmLL‘U‘Uﬁi’Waaﬂis‘U‘U
Xy = (ka +w, Lag Measurement Model z, = Hx, +v, Jurinar @,0,H

wag R
2. MANTEUSTUAUNATIGAT0IAN1ULVDITEUY X, WaTANULUTUTINYDIAIY

AAIALAGDY P

3. AIANTNANTUTVBITYUY X, firnan t, @amtnan x, =CI)>?:_1 LaZAITUIIAIIY
wsUsureInuRaIRAABuYeINsaamsaian A =P +0

4. o nan ¢, Mdumesinan z W@ AUINAIENIIVEI8YRIAIANILK, 21N
K, =P HHP +R) ¥a18ns1vensvesmaniuk iileudludiiaianisaily
82911910 X, =X +K [z, —Hx, JLagA1uIan18uUsUsiueedniny
ﬂamﬂﬁaumaamiﬂizmmmﬂ P: =(1- KkH)2Pk_ + KjR

5. AANTAIANULYRITTUY X, N 1Ia1 ¢, 83N X, =(D>?: WaZAIUIN

=D°r +0

ATHLUTUTIUYBIAINAIALATOUYBINITAIANITAIRN P,

6. YNETUROUT 4 Lag 5 a0 ¢ . Wisewy

k+1’tk+2’"
JUT 2.2 wanawan1sdnaesnsieuvessiinsasmanuasiiuladn  dnsesmiauiy
anansaUssanaanuzvesssuuliluedned dunnndrUsvanadEstimated states) X, 8

ANlNALPEIAUANTILNASY (True states) X, WA IR lameLguees (Measurements) z,

rgnsumusedyanasuniy (Noise) luuinsizdnsesamaumildnnuiifed
NaTnYe358UU (Process Model) uazgunsnin1sin (Measurement Model) Useneauriu
AudnvugneaiAvesssuuLasduees (O,R) UssuianaUsynauiuuumannisvesniny
thazfuiiomeuszanaiiiianuesaniuzveeszuy



X, 6y

AUV ASIRNFNERS

X, =Ox +w, Wa¥ Z, =Hx +v,

@ ®,0,H,R

ANNAIAAN TN

% <
K, =P H(H'F +R)

T e sinlamaAtszan

.-.+_.-._ / s

AMUNAAIANALUTUTIUYBIANLARIAAEDY

P =(1+KH) P +KZR

ANANNSAIA 1IN
Yoy = 0% +w, Was B =0 +0
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1000r . ,' A
< 500r . i
8 !;m o Fﬁ,
. 0 WA% U ‘3.
g lx . ¢ 3
3 —500
[‘;‘ - L ] . -
@ —1000f % 1
P —True states
-1500+ - * Measurements
4 Estimated states
. 20 40 60 80 100
k™ Sample

3‘1Jﬁ 2.15 LEAINANITINABINITINIUVDIFINTDIAIALIU

NANITINADINITYINNIUVBFINTBIAIANIUE NS UFE e D =0.8,0 = 10000,H = 3,
R =30000,X, =0,P, =100000, x, =0

N1591809IHANSNAGRY
Mvualvldanudlunsgudyain £ winiu 12kHz g ddndnuiurenisay

dyeyrudonilediniar N azwUsduniuadudyagiu f (N =200 dmiuaiud
f, = 60Hz ) lunsaifisieanismanuaugaseninanuslunisnevaueUszdnsnnue i

° a ¢ T T v 1 A ° )
n389 AzUNUNING GG (k) uaz HH (k) uldlunisneaeu aglammnunvaudmsy

fualiduiuusdmSussuudyaia 1 wlade

~ oot o )
GG = way HH =1[25] (2.67)
0 0.01

[

nytldy el vdana

dietdumsUsifiudseansnmussaamuilamesimiussuuliiinszuaadunils
wialunisszyeudyagiulaonisitassussiudunmiluansetu 4 suuuussd
n3a1 usadugUmetimud 60 Bivd wazdusesuluiiiu 127V Taefiyusinala 90°
n3dii2 sUnuuwleurunsalil uAfinnssunIueIsuein 5% fensuedndwud 5 uay 7
n3ai3 JUnUUWleuRUNSEN2 uhanszuLsTUaT 50%
n3aifa sUuUuWTouAunsain2 ustinnswasunwdan 60 By 59 15306
n3d 1 JUR 2.16 uargUil 2.17 uansansenuvesaAIzSuAUYBITINTe Feazded]

nsivuamlaggldnu U 2.17 lunsailagnidentdluansveanasuiuvesdyy i



33
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v: Dotted, v1: Solid, vq: Dashed
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v: Dotted, v1: Solid, vq: Dashed
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v: Dofted, v1: Solid, vq: Dashed
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N1399NULUULASIUADUNITNAADY

Tuvniinadsnseonuuuuazduneunismnass lunisesnuuuazdunisesnuuy
Tngldlusiwawes ARM  \ludiuuszinanaanailéfunmnmmudiuresusiulasnizia
Mnduhaiildudignszuiunisvesiinsesaanudiiolvieniiviinnsaldfussansam
1Ty euflasidngnasuaunisduauyimadmslniisegaud dmuelilunesgiu
IEEE 14592010 siel wagluduneuaninedunniwadldanedosdiefafivautunsh
naisuiisuiuiaiesdioTamanisiangluveuunii@ny Tagdadmguiannund 2

Judayausenay

a g P2 1 4
3.1 msmmuaxwamaqﬂnsm

Pnngufluuni 2 inseeasniugun 3.1 Wevihimsinlasuaniwalaglusioa
1583 ARM

® DiE_‘
Voltage
Load I Sensor
+ +
AC - -
% Current l

Sensor
) a) )
N \]j
L ]
Current probe
Commercial
0 I 0 Instrument
N Ry
Developed B
Instrument ec

519 3.1 NsAafeaniani1sdaLsIAuLarnIZwa Wi
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1n3UTt 3.1 2xldrs95v3lal Dimmen) ugunsallunisadraussduliinlmAnaanu
liauna ndesiionfiadsturnisunssdunasnszualiifiuivanlagld fansadu
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ussunaznsehalitnuusudentmndunineanasnisveredyarunlaannsudages
neufiazihluuszananalaelusiaes Insudenlaounsuvessassmiviminfludiuves
A/D wun 160akAEI9ATVENedIuTaIgUR 3.2 dusuanudnldlunisusuuaaieda

doyaalunisindie 16.384 kHz. Beanunsamlannaleveswesiy AD fie £, = Xin/ 2 &4

29957l UNSNAaRIlRINURASENDE 32.768 KHz. AatuAnudnbtlunswelUane 16.384

KHz
VA+ AGND VREF+ VREF- DGND VD+
! Differential Digital Filter o
- Calibration
* - le—0 CS
AlN+ 20 Progran?mable 4th Order - Register
AIN- - Gain »| Delta-Sigma - I
d Madulator SCLK
— [
Control
NBV : 3 Register ) DI
AO | t
A1 Latch Qutput —=0 SDO
atcl )
A2 Calibration [, Calibration LG Clock Register
A3 Memory alibration L Gen.
CPD XIN XOuT

d' @ 1 [
UM 3.2 Udeonlaaunsuveisasiudiureiasvegdynyiu
Wenunszuunstudygralidannumnzand miunisuszaianaudl 1995u81e
fuanuasdsdananeinulusiwawesiioinisussinanauazianinasne Ly
[ 4
3.2 dguazgunIal
1. Tnaalwveiinnnge laun vaensnlalauauin 60 ndlaziiuisusumasinala

JuIA 30/70 Tn6
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v
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JUN 3.7 Msaudensudf e TuIIuLAEN ST

yosalusiwawas ARM NXP-1768 Tdlunisussunansludiuvaasiinsasmauiukasusunn

el euLnsgIu IEEE-1459-2010
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5Ufi 3.8 29aslusiwaiwes ARM Aldlunsusvanana
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File Edit Wiew Project Flash Debug Peripherals Tools 35VCS Window Help

1S Ha % 2@ 9 - - == JE B = 5
ESNis $4 | Target 1 A .|
.ma.iﬂ.}/y D Kalman.c ] * X
E..ﬁTargetl 03 int main() { Z‘
Ea Source 0 S/initial values for the kalman filter

11 float x est_last = 0;
12 float F_last = 0;

i3 JS/the noise i
14 fleoat §Q = 0.022;
16 fleat E = 0.817;

16 float E;
17 float E;

18 float P_temp:;

14 float = temp est;

20 float x est:

21 float z_rr.eas‘.u’ed;

..[#] sta

the system

(LS |

22 float =z real = 0.5; e wish to measure |
23
24 srand(0);
25 //initialize with a2 measurement
26 x est_last = z_real + frand()*0.03;
27 float sum error kalman = 0;
28 float sum error measure = a;
29
3 Ffor (int i=0;3i<30;3i++) {
o 31 //do a prediction
4 (wit s 3?2 x temp est = x_esat_last; -
| CCrrlds o

5Ui 3.8 nsldnulusunsu Keil

3.4 YUABUNISIUSLNSUINE Hex Tinulusiudaiuas
mMsiuswensulug Hex Tduniisanuiunasvesduswaasuu aglalusensy
Yo Flash Magic Ssazinsefulusvawasituneivneynsuves aesianos

Funounislusunsulud HEX fulUswaes

1. fieanedyay1od RS232 seninanesvneunsuvasnaiinnaikazuasn UARTO

2. relldonasliiuuesn Fasdunadiu LED PWR Anadnsldifiu

3. &1 Run TUsunsu Flash Magic a¢lsnasisgy

4 ymssaenlusunsumunm uavidenlid HEX AdeensTusunsuluiluseawes

5. Ivin1saand “Start” TUsunsu Flash Magic ﬁwL?uG’Tuﬁwmﬂﬂit,t,mu%’aaﬂaiﬁﬁ'u
TUsiwawesiui lnedanmnsvhaufidugurnaseeslusunsalasluduneudliseaundy
mavhauvedlUsunsuasiasaauysol

6. \ilavhaurediusunsuaiaseuiosud Winaaing Reset fivasaluswaiasas

BuAUYMUMNTUSHATUALUSkNSUTATTLT
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.+ Flash Magic - NON PRODUCTION USE ONLY
Fle 15 Options Tools Help

DEH QAPSVE> o H OB

Step 1 - Communic 5
COM Port: P | |
Baud Rate: | 115200 v i
Interface: | Mone (ISP) v| | i v

Erase all Flash+Code Rd Prot

Dscillstor (MHz): __1 2_

Step 3 - Hex File

Hex File: C:AMXPAET_NXFP_ARM_KIT_LPC1 ?S‘B\Dmo_PeriPheral\GPlD\Fl! Browse... I
Modified: Tuesday, November 10, 2009, 11;28:53 AM mare info

Step 4 - Ophions Step 5 - Start!

[ Weity atter programming hart I
] Fill unused Flash

Ratating, fully custamizable. remately updated Intemet links. Embed them in vour
apphcation!
v, embeddedhints. com [

0| |
5UT 3.9 TUsunsu Flash Magic

v
3.5 YUADUNITADY
1EI9YNN1T9 DN UV IMUALES DA ULAZNAFDUNITVNULANAM IUNADINT FUTUAUYIN

ay v Y PN v A v oo a
ﬂqimﬂaﬂﬂﬂqmﬂlﬂaﬂﬂLL‘U‘UI’W]"INTU‘W 3.1 IﬂﬂﬂqiLLﬁﬂﬁNaﬂuqﬁ]@T@QIULLﬂiiJV]VL@IVl']ﬂ’]iHJEJu

[

95UN
Y

[

TUswASHUUTUS a0 sHa9SUN 3.10 LaznISLaNADLNDYINNITIANANISNAADINA

3.11
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Deval@ine Harmonic Poue:
Anal y2@F based on Standar
[EEE 1459=2010 Sinole Pha

Combined Ualue

fApparent (Ual = 0.00 VA
Active [¥] = 0.00 Watt |
Non Active [UAR] = 0.00 WAR
Power Factor [PF] = 0.00

Fundamental Value

Apparent val = 0.00 VA.

fActive (¥l = 0.00 Watt
Mon Active [UAR] = 0.00 UAR

Pover Factor [PF] = 0.00

€aN
c
=D

5UN 3.11 uanan1siausiaLive NS IaNaNISNAaeY

Fumounisnaaeswvdldifuaesdrundniio n1stananisvaasdlaglifinisusu
wsaulnifn wazaesfenisianantsnaaedlasiinisusuuseiulni lnggaussasAveasns
Ysuussuluinpe ﬁﬂﬁl,mé’ulw%ﬁdﬂﬁﬁ’uiwamﬁﬁwmsmaaa:ﬁg‘dqué’qmunmﬁimﬂu
sUARULUUTEY]
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A9°) Ao asnglalauauin 60 10 wagiiniwuulsumarindlaauin 35 wag 70 Tnd

lPHaN1TNANARIRIN

4.1 AIPENHANITNAADY

nsseaziiovhmavaaedlugui 3.1 lusdeiiastiiauesogmanisvaaedy
sUuuuves ns sl nmsmevauesvoslvasludmiiunansainsuaziegisvesdan
wansran1sinvesiaiesiieniamdudusuifiutudiunanmatnveniesiiefiainsiu
mniuluiadedt 4.2 asfunminauenaiildanmmasssimualuguuuumswavesnis

Tasall

JUN 4.1 wsasiulnihaagnlddinnsusumdslnih
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JUT 4.3 uansuanainavemaenldnididulnanlunisveaes

LIBYINNNSIASEUANUNFBUIUNITNAABUTIUSDULAILALYINITIBUNITNAGDY LY

° av v .:4' A o a4 v X ~ = Y} A4 & o da v a a ¢
ﬂ'ﬁ‘iﬂNa‘ﬂ‘lﬂﬂqﬂLﬂi@ﬂﬂ@?ﬂﬂﬁiq\‘i%umqLU?EJ‘UW]EJUﬂULﬂﬁ@ﬂll'e]')ﬂ‘ﬂllﬂ'ﬁi%\ﬂiﬂﬂlﬂjﬂwqmsﬁﬂ

lnggudl 4.4 \udegnamansinildainesedioanamdivd uazgud 4.5 Wudiegma

MFIANLPNATOILDIANAS 19U

a Y ! U ay v a s - a L
E‘U‘Vl 4.4 WJE]EJ']\‘iNﬁﬂ']i’mVleWU’]ﬂLﬂiEJQiJEJ’NWIN‘W’]m“UEJ

Analyzer based on Standd
IEEE 1459-2010 Sinole Phase

Non Fundamental Ualue
Combined Value
a fApparent [SN1 = 10.5 VA
Actd Wl - 3.2 W . Apparent [SHI = 0.33 VA
i i active  [PH] = 1.20 Vatt
Power Factor [PF] = 0.90 : Non Active [DIT1 = 10.4 UAR

Non Active [DV]1 = 4.50 VAR
Non Active [DH] = 3.35 VAR
fctive [V] - 28.8 Vatt Harmonic pellution = 0.34

Non Active [UAR] = 0.59 UAR
Power Factor [PF] = 0.86

| Fundamental Value
| Aeparent LAl = 30.7 UA.

Next page press [+]

Upltage Harmonic component

ist. Hardonic
3rd. Harmonic
S5th. Harmonic
7th. Harmonic
9th. Harmonic

IS page pPress |\

Next page press [+]

= o 1 U av vy 4 A oA v X
EU'V] 4.5 mﬂﬂﬂqﬂwaﬂqﬁjﬂﬂlﬂﬂqﬂLﬂsaﬂﬂJ@’JWﬂﬂiqﬂﬁJu
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4.2 nan1snaaInsaInludnisusunsanulnii

Tudruiidunisraaninaveinisinarvednanfiidunasnailalauvuin 60 Yne

WSgUgUsEmINaAIaslninnas el utasiasesila Inn1annaive

i N3N 4 Come. 4
~ NANLATDIIN 4 o4 % pgny | ANAYA doudiladldaanud
Ysunamslnila v 1A389AN -
M9N15A e Aanann g yagu
#5197
.. s, =105
masluising VAl S=38 5=38 0 S, =369
s, =052
masvdueadin w] P=35 P=35 0 h =342 p,=08
D, =104
Aaslniadion [VAR] N=0 N=0 0 Q=0 D, =111
D, =061
w1RSUNANES PF =093 PF =092 1.07 PF=0.92 -
wan3esuain - - - S,/ S =028

A157197 2 WPUNANITINA1Y91aan 8L aLAUINIA 60 TAAMIELATBINDIANIINIITILAY

A30959 IANAS 19T

Tuduiidumsaniuavainisinaadasiiidumnswuin 70 Sa6d Usulnduan

v v & U b4

Maeindgegaueaiiuns) Wisuieussninaaieseinnaslulaziasoslieinnienidvd

a4 v WEaIn o e
~ NAINLATDIIN i v | % aru | eanudya | dwildlYadnud
Ysuamslnia v GERRPLM] -
7N119N15A0 & Rawann 31U yagu
a5193u
- S, =119
maslniusmng vA] S=58 S=58 0 S, =583
s, =055
Maslniuandin W] p =56 P =563 0.53 P =557 P, =06
D, =112
Aaslninadiou [VAR] N=7 N =6.80 2.85 0, =6.60 D, =412
D, =023
WIWDIHNANDS PF =097 PF =097 0 PF =095 -
wan1nsueiin - - - - S, /S, =020

a a Y Y o v A4 A o a ¢ A4 A o
AT 3 NYUNANITINAIVDINILLTIVUIAN 70 IRHNIYLATDIUDIANWNWIUYY AL LAIDIUDIA

s v X
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4.3 NANISNAAINTUNANITUSULSIAULNTHA
Tuduifumsauaninareanisinamedvaniiiuiiuiauin 30 S8 wavinig

USuusenulningyu 30 aeen Wisuiisusenituasediednnadstuiazinsesdiodnnig

WIEvE
- ®
o -
D::1.00 TICS e T -i.rns
JUN 4.6 ussiulnihiigndniiuy 30 esrnvedlvaniauis 30 ind
i . N&IN e
_ NAYINLATDIIN 4 o | % e 4 daudilalanud
Usunamnslnila Y LATDIIAN . AUYAFIY
N19N5A7 D Aanwann yagu
a¥19u
. S =545
maslniusmng vA] s =18 s=137¢ 1.05 S, =365
s, =376
maslwiueaiin (w] p=33 P =362 9.69 P =246 P, =116
D, =9.88
maslwAnaiiow [VAR] N=0 N=0 0 Q, = 6.60 D, =39.9
D, =358
WIWDIUNANDS PF =089 PF =090 1.12 PF =095 -
wan1rnsueiin - - - - S, /S, =149

M15NN 4 WNBUNENITIAAIYDIILT VA 30 I0A WallnUTulssnunys 30 aaf ¢

L3995 AN NV AT LAT 9L INNAS 19T
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Developing Harmonic Power Analyzer based
on [EEE 1459-2010 Standard

P. Wattanayingcharoen, A. Detchrat, S. Chitwong

Abstractk—This paper describes the developing harmonic
power analyzer based on IEEE 1459-2010. This instrument use
the power definitions present in IEEE standard, the instrument
use ARM Cortex-M3 high performance 32bits microcontroller
to calculate electric power from isolated current and voltage
transd s, and e the experimental results with
commercial instrument.

Index Terms—Harmonic analyzer, IEEE 1459-2010, power
measurement

I INTRODUCTION

IN present, power system and power quality have been
concerned about harmonic pollution generated by modern
electronic devices such as adjustable speed drvers,
controlled rectifier and clusters of personal computer[1]
The voltage and current distortion of waveform can cause
malfunctions or damage on lead.

The quality in power system is the most important for
all equipment Therefore, power quality monitoring system
and/or harmonics analysis and identification are among the
important factors to improve quality of power system.
Presently, however, the definitions for active, reactive, and
apparent power currently used are based on the knowledge
that 1gnores harmonics compenent, as long as the current
and voltage waveforms are nearly sinuseoidal. At present,
IEEE standard 1459 is the only available standard that gives
some guidelines for designing instrument for measuring
power and energy, suggesting quantities that should be
measured for revenue purpose, engineering, ecomomiic
decisions and major harmenic polluters individuation.

Nowadays, harmonic analyzers are manufactured based
on the principle of Fast Fourter Transform (FFT) technique,
which is capable to extract both magnitude and frequency of

electrical signals. This technique is used in high
performance instrument thus cost of the mstrument is very
high

This paper proposes the Developing single phase

Harmonic Power Analyzer based on IEEE 145%-2010
Standard. Instead of using FFT technique which are used in
high performance instruments, we will using Kalman
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technique which will present more accurated and detailed
results. The comparasion of both techniques are shown later
in this document

II. THEORETICAL OVERVIEW

A. IEEE standard 1459-2010

As present in first section, tradition instruments used
knowledge 1n 1940s. The waveform is prone to significant
errors when the current and voltage are distorted User must
be careful when using this instrument since the accuracy and
information ebtamed from instrument does not mclude
harmonic component, until i January 2000 IEEE announce
first Trial used standard IEEE 1459-2000 define the power
measurement under sinusoidal, nonsinusoidal, balance and
unbalance conditions. 10 years after publication, in March
2010, the review was introduced and published in standard
IEEE 1459-2010, with some important changes and
corrections

The standard defines the power measurement when the
voltage and current are not sinusoidal, when the load is
unbalanced or voltage 1s asymmetric and when the energy
dissipated. The key concept of standard for power reselution
15 the separation fundamental component of veltage and
current from all of harmonics component. This improves the
quality of measurement of instrument and traditional power
monitor system The standard definitions for single phase
and three phase system are presentin Table Tand IT,

TABLE1
IEEE 1459-2010 QUANTITIES WITH NONSINNUS0ID AL SINGLE PHASE
SYSTEM
Quantiry Combined | Fundamental | Nonfundamental
Apparent [T74] 5 £ Sys 5y
Active 7] P 2 F,
Nonactive [I"AR] N 3 D, . D,
Line utilization PF=P[§ PE=FIS -
Harmenic pollution - = 508
TABLEIL
1EEE 1459-2010 QUANTITIES WITH NONSINNUS0ID AL THREE PHASE
SYSTEM
Quantity Combined Fundamental | Nonfundamental
Apparent [/4] 5, s, s s, S S
Active [IF] P Bt P,
Nomnactive [FAR] N oF B D D
Line utilization PF=P/S§. PF*=F*I§* -
Harmonic pollution - & 5,185,
Load unbalence - S, 187 -
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In this paper, we focus on single phase non sinusoidal
system. And basic power component defimitions for single
phase system, the representation can be used.

v:ﬁl’ls1n(d:t—:xl)+£2ﬂ sin (hot - ¢ ) &)

Rzl

i=20sin(0t = §)+423 Lsin(hot = §) (D
Rzl

Whereh1s the harmonics order andlis fundamental

component. Through this the RMS values of voltage and
current are

D

=l
las= P+ = +I @

R=1

The active power is defined as

P=PR+P, ()

The fundamental active power Fis defined as
B =V cosb, (6)
And Fy isthe harmonics active power

Py=3 VI, cosb, O

=
The fundamental reactive power is defined as

0, =V Isin 6, (&3]
The apparent power is defined as

S =Vaed s [©)]
The fundamental apparent power is defined as

S =1 o

From the energy flow point of wview, the fundamental
apparent, active and reactive power components are the
highest point.  The power

determined by the distortion of voltages and currents which
is defined as

interest nonfundam ental

Sy = .}S:' +5] an
The nonactive power N can now be defined as
N=ys*-P a2

The current distortion power D;, voltage distortion power

Dy, and the harmonic apparent power Sy are defined as

Dy=WVly, Dy =Vl Sy=Vylg 13
Displacement power factor is defined as
PR =RIS 14
And power factor 1s defined as
PF=PIS (15)

The harmonic pollution HF 1s defined as the ratio of the
nonfundamental apparent power Syto the fundamental

apparent power
HP = 8 18] (16)

The last value, Total Harmonic Distortion (THD) based on
fundamental and harmonic EMS value, the voltage total
harmonic distortion (THD,)and current total harmonic

distortion (THD,) are defined as
THD, =V, IV, THD,=1,11 an

IEEE Standard  1459-2010  computations were
implemented by software using a discrete form, and using
the Kalman filter to obtain the harmoenic compoenents of the
signal

The Kalman filter can be implemented by [6] are define
as follow

Themk = P T8 0 — Fifge) (18)

where xhnkdenotes the estimate of the state vectorx, .

evaluated at the time#, The Kalman gain K, is

K, = q’jth-1F: (FiPilk—lFlr + Rl)_l 19
where
B = {I}kpﬂk—llblk- i KIFI.PM—IQ‘JI +F1Q1r€ 20

represents the covariance of the estimation error

Other variables in the filtering equations are related to a
dynamic system that represents the signals to be filtered,
that is,

Y1 = Bp¥y + vy n
Y= Fm 4w (22
dimx, =nxldimy, =rxldimy, = px1 23

where ¥, andv, are uncorrelated Gaussian white-noise

sequences with means and covanances as follow

E{n}=0.E{nA}=09 e4)
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E{v}=0.E {viv;‘_'} =Ré; 5
E{rall=0E{nd}=0.Efpl}=0vi; (26
where E{ } denotes the expectation operator and 5‘?

denotes the Kronecker delta function

The model that describes a signal S}, withn harmonic is
described in what follows. Consider a signal §; with

# harmonic components, i.e.,

Skzu“AL sin (10,2, +6, ) &)

i-1

wheIeAA i@, and 8, are the amplitude, angular frequency

and phase of each harmonic component: at the time

instantz, . This signal can be modeled in state-space as

follows:
n 3N n
X, M, . 0 : 72
= = Tm @ Pl Ok (28)
Fru-1 0 M, x| Y11 Van-1
EET Y Tan g Vi lx
)
¥
ye=[1 0 1 0] ¢ v, (29)
Ty
T
where
cos(iayT,) s (iw,T;) 30
U —sin(ieyT))  cos(igT)) @n
Xy, =4, sn(iog, +6,) (31
and
xy =4 cos (ia)].":k_"a:‘ } (32)

T,is a constant sampling frequency.

Components of positive sequence are obtained by

g:lw_q4+w);§@4¢_g) €5

3 &

3% 7% :

¥ =Finit D)
Foo L N B sl =i 35
v S5 ‘g'[ 7 +) = S v -vl) 69

where 5y, = 2™ defines the 90° phase-shift operator. These

90° shifted values are obtained by the Kalman filter, without
the use of additional filters to shift the fundamental signal.

I INSTRUMENT DESIGN

Conceptually, a microcontroller (uC) is like a personal
computer (PC) that most of us use every day. However, auC
is difference from a PC in the sense that in uC everything is
built in a single chip, while a PC may consist of a many
components. uC are generally used te cenirel stand-alone
automatic systems such as digital cameras, and smart
phoenes.

ARM Cortec-M3 15 based on ARMv7-M architecture
which 15 not the same as ARM7. ARMT uC are based on
ARMv4 architecture. Basically, ARM Cortex-}3 has been
designed to improve and overcome several limitations of
AFRMT Thus the core processor in this work is used ARM
Cortex-M3 high performance 32 bit microprocessor, the
main reasons for chosen this processor described below

* ARM Cortex-M3 offers the best compromise. Itis
comparable to 16-bits uC in terms of price and
feature in a single chip, and it offers superior
performance to 8/16-bits systems

* Low power consumption

® High speed and high performance processor for
implement of algorithm.

* Support high level language such as C, thus
software development can implement faster than
low level language and can implement
complexities algeonithm.

The input of A/D are the isolated veltage and current
transducers (LV-25P and MI3) since using input voltage and
current are better than using step down transformer
Moreover, we also measure the input by using high
sampling rate which generated from microcontroller since it
will give us the accuracy of the instrument 15 more
acceptable.

Software module in ARM Cortex-M3 includes Signal
component extractor. Prediction estimation and IEEE 1459-
2010 modules are implemented by C language Kalman
Filter 15 used in Signal component extraction and prediction
, estimation modules. Signal component extraction is used
for extracting fundamental and harmonics component that
prepare for calculating power compeonent Prediction and
estmation module 1s using for predicting and estimating
input power component to ensure that input are more
accurate than before calculating the power component in
IEEE 145%-2010 in last block diagram in ARM Cortex-I3
chip.

In Fig. 1 the diagram is shown software and hardware
chagram that implemented in the developed instrument.

IV. EXPERIMENT RESULTS

Testing environment for the developed instrument is
shewn in Fig. 2. The testing equipment includes commercial
instrument and developed instrument to measure power
component obtain from load, diode D1 15 used for clipping
input signal to unbalanced condition

Voltage, current and all of power definition in standard
have been implemented in the instrument and compare with
commercial instrument 1n unbalanced condition that obtain
from testing envirenment are shown in TABLEIII - V. Fig.
3, Shown a photograph of the developed instrument
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TABLE IV
Yoy votage EXPERIMENT RESUL T IN NONSINUSOID AL CONDITION FROM DEVEL OPED
Trarseucer IN5TRUMENT
AD and Quantity Combined | Fumdamental | Nonfundamental
Current | Signalconditioner Apparent [J7] =705 32 5=187 64 S5.=22806
Tranegucer S~1.79
Active [IF] P=173.21 P=17317 P=012
D=226 41
; Nonactive [FAR] N=230 36 0~7230 D=144
o) _ Dy=192
B3 Line utilization FPFR=0.38 PF=092 -
2 Harmonic pollution 2 - 5/5=121
“— Load — =
3
ARM Contex M. TABLE V
Fig. 1. Shown block diagram of developed instrument. EXPERIMENT RESULT IN NONSINUS0ID AL CONDITIDN FROM COMMERCIAL
IN5TRUMENT
Quantity Combined | Fundamental | Nonfundamental
@ Apparent [I74] §=294.11 = .
Deutioped Active [IF] P=17292 - -
e
@ Nonactive [FAR] N=243.67 : 7
L 4 Line utilization PF=058 - -
Harmonic pollution - - -
N
V. CONCLUSION

used in this paper

TABLEIII
HARMONICS COMPONENT FROM EXPERIMENT RESULT COMPARE WITH
TRADITIONAL INSTRUMENT

i Current (Ampere)
Instrument Fluke 41B Qoerror
1 0.58 0.56 357
3 052 0.52 0
5 044 0.44 0
7 034 0.34 0
g 023 0.23 0
11 013 0.13 0
13 0.50 0.51 196

In this paper it has been shown the Developing Harmonic
Power Analyzer based on IEEE 1459-2010 Standard for
single phase power system from experimental results in
section IV. Notices IEEE standard provides more details
than traditional instrument 10 term of harmonics component.
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Introduction

This introduction 1s not part of IEEE Std 1450-2010, IEEE Standard Defimtions for the Measurement of Electric Power
Quantities Under Sinusoidal, Nonsinusoidal, Balanced, or Unbalanced Conditions

The definitions for active, reactive, and apparent powers that are currently used are based on the knowledge
developed and agreed on during the 1940s. Such definitions served the industry well, as long as the current
and voltage waveforms remained nearly sinusocidal

Important changes have occurred in the last 50 years. The new environment is conditioned by the following

facts:

a}

b)

4

Power electronics equipment, such as Adjustable Speed Drives, Controlled Rectifiers,
Cycloconverters, Electronically Ballasted Lamps, Arc and Induction Furnaces, and clusters of
Personal Computers, represent major nonlinear and parametric loads proliferating among
industnial and commercial customers. Such loads have the potential to create a host of
disturbances for the wtility and the end-user’s equipment. The man preblems stem from the
flow of nonactive energy caused by harmonic currents and voltages.

New definitions of powers have been discussed in the last 30 years in the engineering literature
(Filipski and Labaj [B9]"). The mechanism of electric energy flow for nonsinuseidal andfor
unbalanced conditions 15 well understood today

The traditional instrumentation designed for the sinusoidal 60/50 Hz waveform 1s prome to
significant errors when the current and the voltage waveforms are distorted (Filipski and Labaj

(BSD

Microprocessors and minicomputers enable today’s manufacturers of electrical instruments to
construct new, accurate, and versatile metering equipment that 15 capable of measuring electrical
quantities defined by means of advanced mathematical models

There 15 a need to quantfy correctly the distortions caused by the nonlinear and parametric
loads, and to apply a fair distribution of the financial burden required to maintain the quality of
electric service.

This standard lists new definitions of powers needed for the following particular situations:

When the veltage and current waveforms are nonsinusoidal
“When the load is unbalanced or the supplying voltages are asymmetrical

When the energy dissipated in the neutral path due to zero-sequence current components has
economical significance

The new definitions were developed to give guidance with respect to the quantities that should be measured
or monitored for revenue purpeses, engineering economic decisions, and determination of major harmonic
polluters. The following important electrical quantities are recognized by this standard

The power frequency (60/50 Hz or fundamental) of apparent, active, and reactive powers. These
three basic quantities are the quintessence of the power flow in electric networks. They define
what is generated, transmitted, distributed, and sold by the electric utilities and bought by the
end users. This 1s the electric energy transmitted by the 60/50 Hz electromagnetic field In poly-
phase systems, the power frequency positive-sequence powers are the important dominant
quantities. The power frequency positive-sequence power factor is a key value that helps
determine and adjust the flow of power frequency positive-sequence reactive power. The

*The numbers in brackets correspond to those of the bibliography in Annex C.

1w
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fundamental positive-sequence reactive power is of utmost importance in power systems, it
governs the fundamental voltage magnitude and its distribution along the feeders and affects
electromechanical stability as well as the energy loss.

— The effective apparent power 1n three-phase systems 15 S, = 31,],, where V, and I, are the
equivalent voltage and current In sinusoidal and balanced situations, S, 1s equal to the
conventional apparent power S = 31'5“.{:\5]/“1 , where Vg, and Fy, are the line-to-neutral
and the line-te-line voltage, respectively. For sinusoidal unbalanced or for mensinusoidal
balanced or unbalanced situations, S, allows rational and correct computation of the power

facter. This quantity was proposed in 1922 by the German engineer Buchhelz [B1] and in 1933
was explained by the American engineer Goodhue [B11].

— The non-50 Hz or nonfundamental apparent power is Sy (for brevity, 50 Hz power is not always
mentiened). This power quantifies the overall amount of harmonic pollution delivered or
absorbed by a load. It also quantifies the required capacity of dynamic compensators or active
filters when used for nonfundamental compensation alone.

—  Current distortion power D;identifies the segment of nonfundamental nonactive power due to
current distortion. This1s usually the dominant component of Sy

—  Voltage distortion power Dy separates the nonfundamental nonactive power component due to
voltage distortion.

— Apparent harmonic power Sy indicates the level of apparent power due to harmonic voltages
and currents alone. This 1s the smallest component of Syrand includes the harmonic active power
Py
To aveid confusion, it was decided not to add new units. The use of the watts (W) for instantaneous and
active powers, volt-amperes (VA) for apparent powers, and (var) for all the nonactive powers maintains the
distinct separation among these three major types of powers

There is not yet available a generalized power theory that can provide a simultaneous common base for

— Energy billing
— Evaluation of electnc energy quality
— Detection of the major sources of waveform distortion

— Theoretical calculations for the design of mitigation equipment such as active filters or dynamic
compensators

This standard is meant to provide definitions extended from the well-established concepts. It 1s meant to
serve the user who wants to measure and design instrumentation for energy and power quantification. It 15
not meant to help in the design of real-time control of dynamic compensators or for diagnosis
instrumentation used to pinpoint to a specific type of annoying event or harmonic

These definitions are meant to serve as a guideline and as a useful benchmark for future developments
Notice to users

Laws and regulations
Users of these documents should consult all applicable laws and regulations. Compliance with the

provisions of this standard does not mmply compliance to any applicable regulatory requirements
Implementers of the standard are responsible for observing or referning te the applicable regulatory

v
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requirements. IEEE does not, by the publication of its standards, intend to urge action that 1s not in
compliance with applicable laws, and these documents may not be censtrued as deing so

Copyrights

This document is copyrighted by the IEEE. It is made available for a wide variety of both public and
private uses. These include both use, by reference, in laws and regulations, and use in private self-
regulation, standarchzation, and the promotion of engineering practices and methods. By making this
document available for use and adeption by public authorities and private users, the IEEE does not waive
any rights in copyright to this document.

Updating of IEEE documents

Users of IEEE standards should be aware that these documents may be superseded at any time by the
issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the
document together with any amendments, corrigenda, or errata then in effect. In order to determine whether
a given document 1s the current edition and whether it has been amended through the issuance of
amendments, corrigenda, or errata, visit the IEEE Standards Association web  site  at
http l/iecexplore.ieee orglxplistandards jsp, or contact the IEEE at the address listed previously

For more information about the IEEE Standards Association or the IEEE standards development process,
visit the IEEE-SA web site at http://standards ieee org.

Errata
Errata, if any, for this and all other standards can be accessed at the following URL:

hito //standardsieee orglreading/iese/updates/errata/index. html Users are encouraged to check this URL
for errata periodically.

Interpretations

Current interpretations can be accessed at the following URL: http://standards.ieee org/reading/ieee/interp/
index.html

Patents

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position 15 taken with respect to the existence
or validity of any patent rights in connection therewith. The IEEE 1s not responsible for identifying
Essential Patent Claims for which a license may be required, for conducting incuiries into the legal validity
or scope of Patenis Claims or determining whether any licensing terms or cenditions provided in
connection with submission of a Letter of Assurance, if any, or in any licensing agreements are reasonable
or non-discriminatory. Users of this standard are expressly advised that determination of the validity of any
patent rights, and the risk of infringement of such rights, is entirely their own responsibility. Further
information may be obtained from the IEEE Standards Association
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IEEE Standard Definitions for the
Measurement of Electric Power
Quantities Under Sinusoidal,
Nonsinusoidal, Balanced, or
Unbalanced Conditions

IMPORTANT NOTICE: This standard is not intended to ensure safety, security, health, or
environmental protection in all circu 5. Tmpl, s of the standard are responsible for
deternining appropriate safety, security, emvirommental, and health practices or regulatory
requirenents.

This IEEE document is made available for use subject to important notices and legal disclaimers.
These notices and disclaimers appear in all publications containing this document and may
be found under the heading “Important Notice” or “Important Notices and Disclaimers
Concerning IEEE Documents.” They can alse be obtained on request from IEEE or viewed at
i&ttp:ﬂsm_u dards. jeee.org/dIPR/disclaimers.himl

1. Overview

This standard is divided into three clauses. Clause 1 lists the scope of this document Clause 2 lists
references to other standards that are useful in applying this standard Clause 3 provides the definitions,
among which there are several new expressions

The preferred mathematical expressions recommended for the instrumentation design are marked with a ||

sign. The additional expressions are meant to reinforce the theoretical approach and to facilitate a better
understanding of the explained concepts

1.1 Scope

This document provides definitions of electric power to quantify the flow of electrical energy in single-
phase and three-phase circuits under sinusoidal, nonsinusoidal, balanced, and unbalanced conditions.

1
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1.2 Purpose

This document provides organizations with criteria for designing and using metering instrumentation.

2. Normative references

The following referenced documents are indispensable for the application of this document (1.e., they must
be understood and used, so each referenced document 1s cited in text and its relationship to this document is
explained). For dated references, only the edition cited applies. For undated references, the latest edition of
the referenced document (including any amendments or corngenda) applies

DIN 40110-1997, Quantities Used in Alternating Current Theory !

IEC 80000-6:2008, Quantities and Units—Part 6 :Elet:tromagnetism.2

3. Definitions

For the purposes of this document, the following terms and definitions apply. The [EEE Standards
Dictionary: Glossary of Terms & Definitions should be referenced for terms not defined in this clavse?

NOTE—Mathematical expressions that are considered appropriate for instrumentation design are marked with the sign
||. When the sign || appears on the night side, it means that the last expression that 1s listed is favored. Each descriptor
of a power typeis followed by its measurement unit in parentheses 4

3.1 Single phase

3.1.1 Single-phase sinusoidal

A sinusoidal voltage source

v= JEI' sin(awt)

supplying alinear load will produce a sinusoidal current (assumed lagging the voltage) of

L= J’FJ sin(of — )

where

vV is the rms value of the voltage (V)
o 1s the rms value of the current (A)

IDIN publications are available from DIN Deutsches Institat fix Normung eV ., Burggrafenstrabe 6, 10787 Berlin, Germany
(http:/farwrw din de).

*[EC publications are aveilable from the Sales Department of the International Electrotechnical Commission, Case Postale 131, 3 rue
de Verembé, CH-1211, Genéve 20, SwitzerlandBuisse (http:/Fwww fec.ch). IEC publications are also available in the United States
from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th Floor, New York, NY 10036, USA.

* The [EEE Standards Dictionary: Glossary of Terms & Defimitions is available at http f/shop ieee org/

¥ Notes in text, tables, and figures of a standard are given for information only and do not contain requirements needed to implement
this standard

2
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is the angular frequency 2mf (rad/s)

15 the power system frequency (Hz)

is the phase angle between the current and the veltage (rad)
is the tume (s)

~ @~ g

For more information on symbols and units, see IEEE Std 280™-1985 [B13] and IEC 80000-6-2008

3.1.1.1 Instantaneous power (W)

The instantaneous power p 15 given by

| 2 =vi
P=Pa+Pq
where
p,=Flcosf[l-cos(Zmt)]=F[l-cos(2mt)]; P=F1cost
Py =—FTsnBsin(2wt)=— O sin(2wt) O=FIsinb

NOTE 1—The component p,15s the instantaneous active power It is produced by the active component of the current
(ie, by the component that is in phase with the voltage). The instantaneous active power p, is the rate of flow of the
energy

w, = Jpﬂdf =P(t-t5)- qi[sm(lmr} - sin( 2wfy )]
2o
k]

This energy flows unidirectional from the source to the load. Its steady-state rate of flow is not negative, po= 0

NOTE 2—The instantaneous achve power has two terms: the active or real power F and the intrinsmc power
—Pcos(2mt) . The intrinsic power is always present when net energy is transferred to the load; however, this oscillating
component does not cause power loss in the supplying lines

NOTE 3—The component pg 1s the instantaneous reactive power. It 1s produced by the reactive component of the
current (1.e., the component that 15 in quadrature with the voltage). The mstantaneous reactive power p, 15 the rate of
flow of the energy

T
e
wo = qua‘t = E[cus(jmr)— cos(2wmiy)]
y
This energy component oscillates between the sources and the electromagnetic energy stored within the magnetic field
of the inductors and electric field of the capacitors of electrical equipment, as well as the mechanical energy stored in
moving masses pertaining to electromechanical systems (motor and generator rotors, plungers, and armatures). The

average value of this rate of flow 1s zero, and the net transfer of energy to the load is ml; nevertheless, these power
oscillations do cause power loss (Joule and eddy-current) in the conducters

3.1.1.2 Active power (W)
The active power P, which 15 also called real power, is the average value of the instantaneous power during

the measurement time interval Tto T+ kT

3
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1 w+kT 1 ekl
1B= pat =EI Padt
T

kT ¢
where
T=1f is the cycle time (s)
k 15 a posthive integer number
T 15 the moment when the measurement starts
P=TFTcosB

NOTE—P is also equal to the average of pyover a period, or an integer number of periods, because the average of pgis
ZETD

3.1.1.3 Reactive power (var)

The magnitude of the reactive power ¢ equals the amplitude of the oscillating instantaneous reactive power
by

Q=TFTsin
= rekT 1 prekT o prHT
:Lsﬁm =1 -d\;:L[ yfd';:il‘[ Lo e ..Uid;]dg
pt r kTard s dt kTadr dt kT Je

lo= %_f:mf“m]dr

NOTE 1— If the load is inductive, then QO > 0. If the load is capacitive, then © < 0. This means that when the current
lags the voltage 8 > 0 and vice versa.

NOTE 2—The application of the previous definitions to nonsinusoidal conditions is presented in A 2

3.1.1.4 Apparent power (VA)

The apparent power S 15 the product of the root-mean-square (rms) voltage and the rms current (see The
IEEE Standards Dictionary: Glossary of Terms & Deﬁnitionsi).

|s=r7T

s=yP 107

INOTE 1—The apparent power of a single-phase load can be interpreted as the mazimum active power that can be
transmitted through the same line while keeping the load rms voltage 7 constant and the supplying line power loss
constant (1 e., the rms current [ constant). This 1s an 1deal condition, for which the process of energy conversion at the
load remains unchanged, but the utilization of the supplying line is improved (i.e , the thermal stress of the line or cable
remains the same while the amount of energy transmitted through the supplying line is increased). This concept implies
that an additional load with unity power factor can be connected in parallel with the original load compensated by
means of a shunt capacitance or an active compensator.

NOTE 2—The instantaneous power p follows a sinusoidal oscillation with a frequency 2/ =2w/2n biased by the
active power P. The amplitude of the sinusoidal oscillation 15 the apparent power 5.

* The IEEE Standards Dictionary.: Glossary of Terms & Definitions is available at http://shop.ieee org/.
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3.1.1.5 Power factor

P
IPF=
8
NOTE 1—The power factor can be interpreted as the ratio between the energy transnutted to the load over the
maximum energy that could be transmitted provided the line losses are kept the same.

NOTE 2—For a given S and ¥, mazimum utilization of the line 15 obtained when P = & hence, the ratio P/S15 a
uttlization factor indicator.

NOTE 3—When a load, or a cluster of loads, 15 to be compensated to a higher power factor, the load voltage will
increase by a certain increment. If the new voltage 15 larger than the recommended value, the load voltage can be

reduced and brought within recommended range by means of voltage regulators, transformer tap-changers, or other
methods of voltage control

3.1.1.6 Complex power (VA)

The complex power is a complex quantity in which the active power 1s the real part and the reactive power
15 the imaginary part

§=P+j0=VvI"
where according to 3.1.1

V= Vi'g is the voltage phasor

I=11-8 1s the current phasor

1*= Ilg is the complex cenjugate of the current phasor

This expression stems from the power tnangle, S, P, and @, and 1s useful 1n power flow studies. Figure 1
summarizes the conventional power flow directiens as interpreted in literature (see Stevens [B19]). The
angle 8 is the phase angle of the equivalent complex impedance Z/B = V/ |

5
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Figure 1—Four-quadrant power flow directions
(@ 1983 IEEE. Reprinted, with permission, from the IEEE and R. H. Stevens [B19])

3.1.2 Single-phase nonsinusocidal

For steady-state cenditions, a nonsinusoidal periodical instantaneous voltage or current has twe distinct
components: the power system frequency components v; and i, and the remaining term vy and ig,
respectively.

v=v, +vy and 1=15 +ig

where
vy = of 2F] sin(wt — o)

i =ﬁsiu(0)t -B)

vy =¥y +42 E Vy, sin(hot — o)
Rl

ig =Ty +2 > I sin(hot - B,)

Rzl

]
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The corresponding rms values squared are as follows:

g t+kI
=l e ar

2 1 perkT PR
itdt=1I +1g

where

VE=VE4Y W=V |
h=l
and

=L+> L="-F |
hzl

are the squares of the rms values of vy and iy, respectively.

NOTE 1—The direct voltage and the direct current terms I and J, must be included in Fy and [ Significant direct
current (dc) components are rarely present in alternating current (ac) power systems; however, traces of dc are
common

NOTE 2—Distorted waveforms often contain frequency components called interharmonics (see
IEC 61000-4-7:2002 [B12]). A special group of interharmomcs 15 charactenzed by s < 1 The components helonging to
this group have periods larger than the penod T of the fundamental frequency. They are called subsynchronous
frequency components or subsynchronous interharmonics (in the earlier documents, they are called subharmonics).

NOTE 3—If the distorted voltage and current waveforms consist of harmonics only, then a measurement time interval
KT (see 3.1.1.2) enables the correct measurement of rms and power values If the monitored waveform contans an
interharmonic, the measurement time interval &7, which 1s needed to correctly measure rms values and powers, is the
least common multiple of the periods of the fundamental component and the interharmonic component (Le., &7 =mT;;
T, =1/ f;, where f; 1s the mterharmome frequency and k m = integer numbers) When the measurement time
interval T does not include an integer number of penods T; (1., kT # mT, ), the rms value of the mterharmomic as well
as the powers associated with 1t are incorrectly measured (see Peretto et al. [B17]). This error is also reflected in the
measurement accuracy of the total rms and powers values. The error 15 also compounded by the fact that cross-products
between the interharmonic current and harmonic voltages (and vice versa) do not yield instantaneous powers wath zero
mean value.

If at least one of the interharmonics of order /1 is an 1rrational number, then the observed waveform is not peniodic (itis
called nearly periodic) In such a case, the measurement time interval &7 should be mfinitely large to have a comrect
measurement of the mms value or power. For practical situations when the bulk power 1s carned by the fundamental
components, such errors are small (see A 1). The larger the measurement time kT, the less significant become the errors
caused by interharmonics (see Peretto et al. [E16]). The theoretical measurement error created when the active power
of an interharmonic 15 measured 15 strongly affected by the phase angle between the voltage and the current. The closer
the phase angle 1s to £90°, the larger becomes the error (see Peretto et al. [B16])

Figure 2 presents the envelopes of the maximum errors made when the rms value of an interharmonic is measured in
function of the number of cyclesm

For example, if m = 20, the nms value of the intetharmonic wll be measured with a mazimuom error of £0.2%.

7.
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MAXIMUM ERROR (%)

i
0 20 40 60 80 100 120
NUMBER OF CYCLES m

Figure 2—Percent maximum error of rms measurement versus number of cycles

3.1.2.1 Total harmonic distortion (THD)

The overall deviation of a distorted wave from its fundamental can be estimated with the help of the total
harmonic distortion. The total harmonic distortion of the voltage is as follows

3.1.2.2 Instantaneous power (W)

p=vi

P=P.+Py

where the first term

r, =l +2 P4y, cos8,[1—cos(2haot — 2ou, )]
h

8
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is the part of the instantaneous power that 15 equal to the sum of harmonic active powers. The harmonic
active power of order & is caused by the harmonic voltage of order » and the component of the harmonic
current of order & in-phase with the harmonic voltage of order A. Each instantaneous active power of order
h has two terms: an active, or real, harmonic power B, =171, cos8; , and the intninsic harmonic power
—F, cos(2hat — 20, ), which does not contribute to net transfer of energy or to additional power loss in

conducters.

The second term p, 1s a term that does not represent a net transfer of energy (i.e., its average value is nil),
nevertheless, the current related to these nonactive components causes additional power loss in conductors.

Py = 72 Vidy sin By sin(Zhot — 2o, ) + 32 Z Vil sin(mot— o, ) sin(not— B,
h nom
nen

+J?I/;,z I, sin(hot — ﬁ,‘)+.ﬁfuz 7, sin(hat — o)
h h

The angle 6, =B, — o, is the phase angle between the phasors Vyand I,

3.1.2.3 Active power (W)

1 pE+ET 1 kT a
o ff=___ t
I H‘.‘c = kT..-r o
P=F +Py

The components P and Pyare definedin 3124 and 3125
3.1.2.4 Fundamental active power (W)

1 okl
I} =EJ vidt =1 cos
.

NOTE—The fundamental active power 15 often referred to by the fundamental frequency For example, for a 60 Hz
power system P can be referred to as “60 Hz active power”

3.1.2.5 Harmonic active power (nonfundamental active power) (W)

Py =Tplg+> Vilycosty, = P- g
h=l
NOTE 1— Py as defined contans also components for which % 1s net an integer (1e, mterharmomecs and

subharmonics)

NOTE 2—For ac motors, which make up most loads, the harmonic achive power 15 not a useful power (does not
contribute to the positive sequence torgue). Consequently, it 15 meaningful to separate the fundamental active power P;
from the harmonic active power Py

g
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NOTE 3—When it 15 necessary to compute separately the powers of a component with a noninteger value of i, caution
must be used. A measurement error will be caused 1f the measurement time interval &7 is not an integer number of
pertods Tk (7/h being the peniod of the observed component).

NOTE 4—The harmonic active power is often referred to by the fundamental frequency. For example, for a 50 Hz
power system, Pycan be referred to as “non-60 Hz active power.”

3.1.2.6 Fundamental reactive power (var)

o [T
Shsn di |dt
e =l “U"l ]

=1 sin 6

3.1.2.7 Apparent power (VA)

| S=¥I

NOTE 1—Apparent power 15 the amount of active power that can be supplied to a load, or a cluster of loads, under
ideal conditions. The ideal conditions may assume the load supplied with sinusoidal voltage and current. The loads are
compensated by means of active or passive devices such that the line current is sinusoidal and in phase with the voltage
that, 1deally, 1s also adjusted to be sinusoidal. The rms value of the current J1s kept equal wath the line rms value of the
actual current The load voltage 15 adjusted to a value that yields unchanged load performance (1 e, the same amount of
useful energy is converted and delivered by the load). If the performance criterion is the electrothermal conversion of
the electric energy, then the rms value of the voltage at the terminals where the measurement is implemented must be
kept constant

NOTE ?>—An important practical property of 515 that the power loss AP, in the feeder that supplies the apparent power
S is anearly linear function of 5° (see Emanuel [B7]).

5
i 7 V-
AP=—2-5"+—
e R
where
R is an equivalent shunt resistance, representing transformer core losses and cable dielectric
losses
Fa 15 the effective Thevenin resistance Theoretically », can be obtained from the
equivalence of losses as follows:
S e 2
r 7= ’daz K1
h
where
I=8/V
Ky >1 15 a coefficient that accounts for the skin effect and proximity effect, as well as the
losses caused in cable sheath. This coefficient 1s a function of harmonic frequency
and the geometry and conductors’ material. The value of r, 1s affected by the
current harmonic spectrum.
Fa 1s the Thevenin dc resistance (£2)

10
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3.1.2.8 Fundamental apparent power (VA)

Fundamental apparent power S; and 1ts components P; and (; are the actual quantities that help define the
rate of flow of the electromagnetic field energy associated with the fundamental voltage and current

I8, =14

5 =R +gf

NOTE—The fundamental apparent power is often referred to by the fundamental frequency. For example, for a 60 Hz
power system, 5 can be referred to as “60 Hz apparent power.”

3.1.2.9 Nonfundamental apparent power (VA)

The separation of the rms current and voltage into fundamental and harmoenic terms (see 3.1.2) resolves the
apparent power in the following manner (see Emanuel [BE]):

S =D = + VI + I3 = (A1) + W1y + W)’ + Wy ly)? =57 + 5%

15 the nonfundamental apparent power and 1s resolved in the following three distinctive terms:
Sy=D}+Di+s)
3.1.2.10 Current distortion power (var)
D, =Wy = §,(THD ) |
3.1.2.11 Voltage distortion power (var)
Dy =Vyl = 5 (THDy) ||
3.1.2.12 Harmonic apparent power (VA)
Sy =Vply = 5 (THD )(THDp) ||

SH:\/M

3.1.2.13 Harmonic distortion power (var)

| Dy =4Sk - P

11
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In practical power systems, THDy < THD, and Sy can be computed using the following expression (see
Emanuel [B8])

Sy = S4f(THD ;)° + (THD)?

When THD p < 5%, this expression yields an error less than 0.15% for any value of THD;

For THDp < 5% and THD; > 40%, an error less than 1.00% is obtained using the following expression (see
Emanuel [B8])

Sy =5 (THD)
3.1.2.14 Nonactive power (var)

IN=¥s? - P?

This power lumps together both fundamental and nonfundamental nonactive components. In the past, this
power was called “fictitious power.” The nonactive power N shall not be confused with a reactive power
Only when the waveforms are perfectly sinuseidal, N=0; =C.

3.1.2.15 Fundamental power factor

R
PFI:cosel:S—IH
1

This ratic helps evaluate separately the fundamental power flow conditions. It can be called the
fundamental power factor. The fundamental power factor 15 often referred to by the fundamental frequency.
For example, for a 60 Hz power system PF, can be referred to as 60 Hz power factor. FF, 15 also often
referred to as the displacement power factor

3.1.2.16 Power factor

P
IPF==
5

P_ R+F _ EFifSl)[1+(PHfﬁ)]= [1+(Fy | R)IPE

rE=L
5 Jsi+sy  y1+(Sy/8)°  |J1+THD; +THD; + (THD,THD, )’

NOTE 1—For a given S and ¥, maximum utilization of the line is obtained when P = S hence, the ratio PISis a
uttlization factor indicator.

NOTE 2—The overall degres of harmomic injection produced by a large nonlinear load, or by a group of loads or
consumers, can be estimated from the ratio Si/S;. The effectiveness of harmonic filters also can be evaluated from such
a measurement. The measurements of 5; P, PF, or O;help establish the characteristics of the fundamental power
flow.

12
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NOTE 3—In most common practical situations, 1t 1s difficult to measure correctly the lugher order components of Py
using simple instrumentation. The main reason for this difficulty stems from the fact that the phase angle between the
voltage phasor ¥}, and the current phasor I, may be near #+m/ 2, 50 even small errors in phase angle measurement

can cause large errors in Pg even to the extent of changing the sign of Py Thus, one should use instrumentation
optimized specifically for measurements of Py components when making technical decisions regarding harmonics
compensation, energy tanffs, or the quantification of the detrimental effects made by a nonlinear or parametric load to a
particular power system (see Emanuel [B8], IEEE Worlung Group on Non-sinusoidal Situations [B14], and Swart et al
[B20])

NOTE 4—When THDy < 5% and THD; > 40%, it is convenient to use the following expression

PFe~—— FF

JiemED?

NOTE 5— In typical nonsinusordal situations, Dy > Dy > Sg> Py

The definitions presented in 3.1.2.8 through 3.1.2.16 are summarized in Table 1

Table 1—Summary and grouping of the quantities in single-phase systems
with nonsinusoidal waveforms

Al
Apparent Ry 51 Snvo Sy
(VA) (VA) (VA)
Active P P Py
(W) (w) (W)
Nonactive N Q D Dy Dy
(var) (var) (var)
Line utilization PF=PI5 FF, = P/5 —
Harmonic paollution — — SfSy

NOTE—A more detaled explanation of the power components followed by a numencal example is presented in
Amnex B

3.2 Three-phase systems

3.2.1 Three-phase sinusoidal balanced

In this case assuming a counterclockwise rotating positive-sequence system, a, &, ¢, the line-to-neutral
voltages are as follows:

v, = 2 Vsin(mt)
Vs = +2 Vsin(o —120°)

v, =2 Psin(mt +120°)

13
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The line currents have similar expressions, and they are as follows:

i =2 Isin(we — )
i, = 42 Tsin(wf - 8-120°)
i, = A2 Isin{wt — 6 +120%)

NOTE 1—Perfectly sinusoidal and balanced three-phase, low-voltage systems are uncommon. Only under laboratory
conditions, using low-distortion power amplifiers, 15 1t possible to work with ac power sources with THDy < 0.1% and
voltage unbalance ¥/F* < 0.1% Practical low-voltage systems wall rarely operate with THDy < 1% and ¥/F" <
0.4%, where 7" and 7 are the positive- and negative-sequence voltages

NOTE 2—In the case of three-wire systems, the line-to-neutral voltages are defined assuming an artificial neutral node,
which can be obtained with the help of three identical resistances connected in Y-

3.2.1.1 Instantaneous power (W)

For three-wire systems i, +ip +ip, =0, and the instantaneous power has the following expressions
| P =vapia +Vebic = Vacia +Vocip = Voalp +Veaic = P

where v, , v, ,and v, are instantaneous line-to-line voltages. Because the voltages and the currents are

balanced, the instantaneous power p 1s constant and equal to the active power P
For four-wire systems
|| p=vgiq +vpip +vei, =P
If the voltages are referred to an arbitrary reference peint r, then the expression of the instantaneous power
15 as follows:
| P =variq +vprip +veric = P

where v, v, ,and v, are instantaneous line-to-reference point voltages

3.2.1.2 Active power (W)

1 T+kT
P=— t
I HL pd

P=3Tcos8=yf3V,Icost
where

v is line-to neutral rms voltage

Vieg 15 line-to-line rms voltage

14
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3.2.1.3 Reactive power (var)
O =3WTsin0 =3V, Isin0

I 1Ql=As"-F’

where S1s definedin 3.2.1.4

3.2.1.4 Apparent power (VA)
|8 =307 = 437, I

3.2.1.5 Power factor
=
&

3.2.2 Three-phase sinusoidal unbalanced

In this case, the three current phasors I, ;. and I, do not have equal magnitudes, and they are not shifted
exactly 120° with respect to each other. Load imbalance leads to asymmetrical currents that in turn cause
voltage asymmetry. There are situations when the three voltage phasors are not symmetrical. This leads to

asymmetrical currents even when the load 1s perfectly balanced

The line-to-neutral voltages are as follows:

v, = ﬁ!’ﬂsm(mt +o,)

v, =1V, sin(wt +ay, —120°)

v, =2V, sin(ot + o, +120°)

where at least one of the three line-to-neutral amplitudes #@Va 3 \'EV;, ,or \f?f/'c has a value different than

the value of the other two amplitudes. The same may apply to the phase angles o, , &, and o, . If one

s
phase angle has a value different than the value of the other two, the system 1s losing its symmetry and is
unbalanced.

The line currents have similar expressions. They are as follows:
i -\Efﬂ sin{wt +f,)
iy = 42 Ty sin(wz + B, —120°)

i, =2 Lsin{wt +B, —120%)

15
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NOTE—In the case of three-wire systems, the line-to-neutral voltages are defined assuming an artificial neutral node,
which can be obtained with the help of three identical resistances connected in Y.
3.2.2.1 Instantaneous power (W)
For three-wire systems, ig +ip +i, =0, and the instantaneous power has the following expressions:
| 7 =Vapia +Vepic =Vbaib +Vealc = Vacla +Vbelb

where v .V, . and v, are instantaneous line-to-line voltages.

For four-wire systems,
|2 =vaig +vpip +veie
If the voltages are referred to an arbitrary reference point r, then the expression of the instantaneous power

15 as follows:

| 2 =varig +vepip +veric

where v, v, ,and v, are instantaneous line-to-reference point voltages

3.2.2.2 Active power (W)

1 pEHE
12~ ], e
T

|P=Ff+Fy+F

where F,, B, and P, are phase active powers

1 kI
8= vatad =V 1, cos,. B = o, —f,
T
1 ekl ;
1B = T vylpdt = P Iy cosy ; By =0 3
kI
HP‘=E v,i,dt=V_I cosH,; Bﬂ=“‘a_ﬂa

*

3.2.2.2.1 Positive-, negative-, and zero-sequence active powers (W)
In systems with four-wires there are situations when the use of symmetrical components may be helpful
The symmetrical voltage components ¥*, ¥, and 7® and current components 77, I, and I° with the

respective phase angles 8%, 87, and 8° yield the following three active power components

The positive-sequence active power

16
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P* =31 cosf™

The negative-sequence active power

P~ =371 cosB™

The zero-sequence active power

PP =370 cosg®

The total active power is
P=pP*+p 4+PD

3.2.2.3 Reactive power (var)

Per-phase reactive powers are defined with the help of the following expressions:

=kl
0. =" [[udtat=.1,sine,

w ek
[N =E ip [!vbdt]dt =V, sin By
.
@ kT
o= Hv a’z]dﬁ =7,1,sin8,

For the imaginary component of the vector apparent power Sy (see 3.2.2.6), the total reactive power C 15 as

follows:

[€=Ca+Cp+Cc

NOTE—The previous expression of O cannot be used in conjunction with the arithmetic apparent power S,, which 1s

17
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3.2.2.3.1 Positive-, negative-, and zero-sequence reactive powers (var)
The three reactive powers are as follows:

The positive-sequence reactive power

G =3 " sin Bt

The negative-sequence reactive power

@ =31 smB”

The zero-sequence reactive power

0" = 31721 5in 67

The total reactive power is

g=0*+0 +0"

3.2.2.4 Phase apparent powers (VA)

3.2.2.5 Arithmetic apparent power (VA)

Sa=8,+5,+5;
NOTE 1—The arithmetic apparent power cannot be resolved according to 3.1.1.4,
=)
where
Pl S B R
and
Q=0 +0p+0C;

NOTE 2—It 15 recommended to renounce the arithmetic apparent power definition and replace it with the effective
apparent power, see 32.2.8

13
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3.2.2.6 Vector apparent power (VA)

gy =yPr 10’

Sy = Pa + Py + P + j(Qa +Cp +Cc) HI P+ Q|

sp=Pt e +P ot 0+ oY)

NOTE—It 15 recommended to renounce the vector apparent power definition and replace 1t with the effective apparent
power; see 3.2.2.8

A geometrical interpretation of Sy and Sy 15 presented 1n Figure 3

Figure 3—Arithmetic and vector apparent powers (VA)
3.2.2.6.1 Positive-, negative-, and zero-sequence apparent powers (VA)
s =87 = PY 4o
5T =8T =P 4507
s%=5% =1 PP +0" |
Sp=|ST+57+87)
S8t 48 +8°

3.2.2.7 Vector power factor and arithmetic power factor

19
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P
PF,=——
SA

NOTE—A three-phase line supplying one or more customers should be viewed as one single path, one entity that
transmuts the electnc energy to locations where 1t 1s converted mnto other forms of energy It 1s wrong to view each
phase as an independent energy route. In poly-phase systems, the meaning of power factor as a utilization indicator is
retained (see 3.1.2.16). Unity power factor means minimum possible line losses for a given total active power
transmutted. The following example helps clarify certain limitations pertinent to the outdated, old apparent power
definitions 5y and Sy

EXAMPLE:

A four-wire, three-phase system, Figure 4(a), supplies a resistance R connected between phases a and b.
The active power dissipated by R is as follows

and the line current J; = ﬁ}'{n / R. Assuming each line has the resistance 5, the total power loss is

AP= 6:'(};—)
R

Now, let us assume a second system with a perfectly balanced three-phase load, Figure 4(b), consisting of
three resistances Ry connected in Y. This system dissipates the same active power as the unbalanced one;
hence,

thus, Ry = R and the line currents flowing within the three lines, Figure 4(b), is

sl
R

4

The line power loss for this balanced system 15 as follows:

g
r

APy = 3r-[LJ =05AP
R

20
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. S T
A, —M-W——r‘\Mq \ A

Hp
A

a: |
=
AAJL
vy
b~ ]

Rp

Figure 4—Unbalanced system: (a) actual circuit, (b) balanced equivalent circuit,
and (c) phasor diagram

The power loss dissipated in the unbalanced system 1s twice the power loss in the balanced one. This
observation leads to the conclusion that the unbalanced system has PF<1. The balanced system operates
with minimum possible losses for a given load voltage and active power; hence, its power factor 15 unity.

For the unbalanced system, the arithmetic and vector apparent powers have the following components [see
phasor diagram in Figure 4(c)]

. A3 . anor_ Lo o
Py =V,i,cos(300="0F,  Q,=V,I,sin(30°=_VI, S, =V, =VI

B, =T, 1, cos(~30°) = £VI; Q, =Vl sin-309=2201,  §, =V, =71

The total active power is
32
P=P,+P, =J§rf=—R
The total reactive power 1s

Q=0 +Q+0, =0

The vector apparent power 15

Sp=P
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The arithmetic apparent power 18

-2
S4=8,+85,+8, =3VI=3J§%

The power factor computed for the unbalanced system using Sy gives PE, = P/ S, = 1.0 The power factor
computed with S, gives PF, =P/ 5, = Jgf 2=10.866

If the unbalanced load consists of a resistance connected between line and neutral, then §, =5, = P and
PFy4=PF; =10

These results indicate that both the arithmetic and the vector apparent powers do not measure or compute
power factor correctly for unbalanced loads. As arule, PF, < PFp.
3.2.2.8 Effective apparent power (VA)

This concept assumes a virtual balanced circuit that has exactly the same line power losses as the actual
unbalanced circuit. This equivalence leads to the definition of an effective line current J, (see Depenbrock
and Staudt [B4] and Emanuel [B8])

For a four-wire system, the balance of power loss 15 expressed in the following way-

rI2+ R+ +pIl =307

where
r 1s the line resistance
Ly 1s the neutral current (rms value)
M
n
p=
#
"y is the neutral wire {or the equivalent neutral current return path) resistance

From the previous equations, the equivalent current for a four-wire system 15 obtained

N P
1, = ’M:J@f‘f+(}‘)3+(1+3P)Uﬂf

In case that the value of the ratio p isnot known, it is recommended to use p=1.0

For a three-wire system, _‘,-EI =0 and

2 2 2
17, =y et tle ”3*’ e ey

22
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NOTE—In practical systems, p is time dependent The complicated topology of the power network as well as the
unknown neutral path resistance, that 15 function of soil meisture and temperature, make the correct estimation of p
nearly impossible Since the zero-sequence resistance of three-phase lines 1s larger than the positive sequence

resistance, 1t can be concluded that p>1.0, and taking p=1.0 will not put the customer at disadvantage when
computing 7, (see Pajic and Emanuel [E16] and DIN 40110-1997).

The equivalent voltage is obtained assuming that the active components of the load consist of a set of three
equivalent resistances Ry connectedin Y, supplied by a four-wire line and dissipating the active power 5

The remaining active load consists of three A-connected equivalent resistances, R, ., that dissipate the

power P, . The power equivalence between the actual and the equivalent system 15 expressed as follows:

1,72 12 -2 -2 -2 3
VgV +F7 Vo +F +Fg, 3;;@- o}
+ =3—+—

where

- is the effective line-to-neutral voltage.

With the notation

g B R 3Ky
o o
B R, W} R,

results

2 -2 L2 -2 2 2 0.2
HI;=J3““ IE 4T >+¢(Lab+h,c+rfm>_\/m+):+g,,jg+(f )

9(1+8) +&

In case that the value of the ratioc & is not known, it is recommended to use £=1.0, thus leading to the

following expression:

(V+)2 4 G.—)Z‘ +

B e v vk v
Ve = = =

NOTE—In most practical systems, 7% /77 <004 and the rano £ does not affect the value of ¥,

For practical situations where the differences between o,, 0%, and o, do not exceed £10° and the differences
among the line-to-neutral voltages remain within the range of +10%, the following simplified expression
can be used

The error caused by this simplified expression is less than 0.2% for the above conditions. This equation
gives accurate results for three-wire systems

23
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The effective apparent power (see Buchholtz [B1] and Goodhue [B7]) is as follows:

IS, =4,

NOTE |—Applying the conecept of S, to the unbalanced circuit descnbed 1n the example given in 3.2 2.7 results in the
following:

Hence the power factor is as follows:

P 1
PE, =—=—m=0 T07< PF4<Ffy
7

. N
NOTE 2—When the system 1s balanced, then

Ve=Vy=V,=¥ =7,

I,=L=I=I
I,=0

and
Sp=5,=5,

NOTE 3—When the system 1s unbalanced, then
R ey

and
PF, < PF , < FF,

NOTE 4—Both the vector and the anthmetic apparent powers do not satisfy the lineanty requirement of system power
loss versus the apparent power squared (see Emanuel [B8])

3.2.2.9 Effective power factor
|PE, = P/ 8,
3.2.2.10 Positive-sequence power factor

PF =P 1§
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This index has the same significance as the fundamental power factor PE (see 3.1.2.15). It helps evaluate

the pesitive-sequence power flow conditions.

3.2.2.11 Unbalanced power (VA)

Sy =S2-h?

e

It evaluates the amount of VA caused by the system unbalance. It should not be confused with the voltage
unbalance. It reflects on both the load unbalance and the voltage asymmetry

where

st=3rtrt is the positive-sequence apparent power

s =2H? +0h)?

3.2.3 Three-phase nonsinusoidal and unbalanced systems

This subclause covers the most general case. It deals with all the situations presented in the 3.2.1 through

322

3.2.3.1 The effective apparent power and its resolution

In the past, S, was divided into active power P and nonactive power N as follows

g2 =p?4N?

This approach, however, does not separate out the positive-sequence fundamental powers. The approach
usedin 312 8to 31214 and 3.2.2 8 can be expanded for this situation

For a four-wire system, the balance of losses in the actual line and the fictitious one 13

2 y 2 2 r |
30y =g Z Koo, + 15 + 15 )+ Z Konly,
h h

The equvalent resistance r, = K;yry. (1,2, the line resistance measured at fundamental frequency), where
rge 1s the dc resistance and K 1s the skin and proximity effect coefficient at fundamental frequency

(most common being 60 or 50 Hz). Thus, the equivalent current will have the following expression:

1 Lo pr 02 2y, Ko Tnie 12
I, =_|— T Ot ¥ SR el B SR L
e z © o+ Tan Lo Ko e ™
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where

Ko Ko are the skin and proximity effect coefficients of the supplying line conductor and

the neutral current path, respectively, computed for the s harmonic order, or any
frequency component present in the currents spectra
Tnde is the dc resistance of the neutral current path

The rms effective current can be separated into two components—the fundamental [, and the
nonfundamental [,z , (see Emanuel [B8] and IEEE Working Group [B14]

L=Jii+Iy
Bocns = B ¥
I =J— T+ L+ I+ o051 = —nl nde
el 3[( a i+ 1)+ iy ] 21 Ky 12
1 R S 1 K E_.r
Ly =47 Z[kix(frdx+Ibh+1<:h)+pi:fnh:|; .
3 Ll £, Ky Ta

In most practical applications, the ratios py, p,, and &} are not known. Moreover, these ratios are function
of temperature, network topology, and leading. Until toels that allow the correct determination of such
values will be available, it 15 recommended to use the values p) = pp, = &, =1.0. This approach leads to
simpler expressions that do not disadvantage the user (1 e, yield for the effective current a value smaller
than the value obtained from the exact expression). The practical expressions are as follows:
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The practical expressions for the effective voltage are obtained 1n a stmilar manner

Ve=Vathm

. LB T L T ,2]
v, =\Iﬁ[3““ TV AV Vo Ve AV

5 Vilisen g smae ma sma a3
Va1 =JE[3 ol +;b1 +L€1)+Pab1 +Pbcl +Pm1]

" 1 R T ,2 ) ,2 252
e JE[S(MH oy V)t 0n *Ven ”m’f]: Ve Tl

For three-wire systems

The resolution of &, = 3V,J, is implemented in the manner shown in 3.1.2.9t0 3.1.2.14.

2 2 2
S =85 +8on
where
|8 =3Fala is the fundamental effective apparent power and Sy
is the nonfundamental effective apparent power. The

resolution of S,y ts identical to the resolution of Sy
givenin 3129

2 2 2 2 2 2
|| e =82 —Sa=Da +Dep + 5o

The current distortion power, voltage distortion power, and harmonic apparent power are as follows:
Doy = 3o leog
Doy =3Vegla
|Serr =3V omienr

and

27
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2 2
| Doy = §/Sem — Fomr

By defining the equivalent total harmonic distortions as follows:

Vou
THD,, ==
I o 2
i
|| THD,, ==&
]'1

practical expressions, identical to these found in 3.1.2.10 through 3.1.2.14, for the nenfundamental
apparent power Sy and its components Doy, Doy, and S,z are obtained.

S = JrHDf_, +THD., +(THD,, THD,, )’
[| Doy =5, (THD, )
| D3 =51 (THD -}

1S =81 (THD - )(THD ;)

For systems with THD,_, <5% and THD,; = 40% , the following approzimation 1s recommended (see
IEEE Working Group [B14]):

S =5, (THD, 1)

The load unbalance can be evaluated using the following fundamental unbalanced power:

2

150 = 52 - )
where
S'1+ is the fundamental positive-sequence apparent power (VA) This
important apparent power contains the following components:
B =377 I coseft is the fundamental active power (W)
of =3I sing 1s the fundamental reactive power (var).

Together they result in

s =J<P1+?2 +eh?
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and the fundamental pesitive-sequence power factor

-
IPR =—
Sl

that plays the same significant role that the fundamental power factor has in nonsinusoidal single-phase

systems
The power factor is

P
|PF=—
&,

e

The most important definitions are summarized in Table 2.

Table 2—Summary and grouping of quantities for three-phase systems
with noensinusoidal waveforms

Quantity or indicator Combined Fundamental powers Nonfundamental
powers
Se St Sy
arent 5, i 5, 5
App (VA) el A LN 234
P I Py
Active 1
(W) (W) (W)
. N o Dy
Non-active (var) ) Da (var) Denr
Line utilization PF=P/S5, PR =R /5 s
Harmonic pollution — = Sar! Sq
Load unbalance — Sy 157 =

Table 2 lists the three basic powers: apparent, active, and nonactive. The columns are partiioned into three
groups—the combined powers, the fundamental powers, and the nonfundamental powers. The last three
rows give the following indices: power factors (1.e., line utilization factor), harmonic pollutien facter, and

load unbalance factor

29
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Annex A
(informative)

Theoretical examples

A.1 The effect of the integration interval

Table A 1 summarizes voltage and current phasor values at the input terminals of a nonlinear load taking a
total active power P=4072.716 W. The oscillograms are presented in Figure A 1

Table A.1—Phasors and the active powers of the studied load

h f Pl o 5B B, =Vl cos(f, — oq,)
@) I\ ) (W)
0.0217 1302 35107+ /1000 1.48/80.2 _51734 .10~
0.0433 2598 14107 /1073 2.26/-84 _40507 10~
0.057 57.42 0.16/-755 0.92 /1735 -0.0208
0.078 58.68 0.56/-07.2 2.24/-1932 -0.1329
10 60 7071/-12 7071/-424 408572
1.022 61.32 0.46/-82.9 1.75/-178.9 -0.08425
1.043 62.58 035/-1043 091/-2023 -0.04488
30 180 5.02/=76.0 19.09/18.3 ~7.18671
4.268 256.1 0.95/176.4 5.43/-87.0 -0.59210
5.0 300 318/-114.0 7.64/-158 -346588
70 4120 2.33/-142.0 3.68/-43.2 ~1.31261
0.0 540 1.13/-165.0 1.41/-69.0 -0.16724

The voltage and current waves contain harmonics (fundamental, 3rd, 5th, 7th, and 9th) as well as three
intertharmonics (h = 1.022, 1.043, and 4 268) and four subsynchronous intetharmonics (h = 0.0217, 00433,
0.957, and 0.978).

Figure A .2 graphs the theoretical error

ljvz’a’z

Yoep = ~1{100

i
4072116

versus time for 200ms <t <3000 ms. At ¢t = 200 ms, the error is approximately —4%, and as the

measurement ime reaches 3000 ms = 180 cycles, the error is significantly reduced.
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Figure A 3 presents the error obtained when only the power of the interharmonic of order & = 4268 13
measured. In this case, the error can be significant, reaching approzimately 112% at ¢ = 300 ms and
converging toward +8% around ¢ = 3000 ms

>
—
>
>
—

PR | (R——,

80 e v[12)

L

0s 100ms

Time

Figure A.1— Studied voltage (upper trace) and current (lower trace) oscillograms

Error (%)
(=]

i i i i i
1 ‘50 500 1000 1500 2000 2500 3000

Time (ms)

Figure A.2—Total active power measurement percent error versus measurement time
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Figure A.3—Interharmonic of order h= 4.268: active power measurement percent
error versus measurement time

A.2 The use of varmeters in the presence of distorted waveforms

Varmeters that use 90° phase shift in time of fundamental may measure correctly the reactive power under
sinusoidal conditions. When the voltage and current waveforms are highly distorted, such meters yield a
reading that has questionable significance (see Filipsk:, and Labaj [B9]; Filipska et al. [B10], Cataliott: et
al. [B2], and The IEEE Standards Dictionary: Glossary of Terms & D@ﬁmt:onsa). The theoretical
expressions of the measured results depend on the definition on which the meter design is based

Case A:
1 prekT
0= ON-TIN=Q 4R -B1G-RG
where
G =Vlsm(8) , By =Vply . =Vl cos(By) | 05 =135 sin(By)
Case B:

o= %J‘HW[IW’{[!({)& =0 +kn Ry +% +%+---%

¥ The IEEE Standerds Dictionary: Glossary of Terms & Definitions is available at http://shop.icee orgl.
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Case C-
25 ) J-HH &

Q=m 1§d1=Q1+2Q3+3Q3+---th

T
Varmeters that operate according to Budeanu's definition (see Czamecki [B3] and Lyon [B15]) will
measure

Cp=01+0y +03+--0y

Because O, =V, I, sin(B,) can be positive or negative, it results that Q< Z | Oy |: hence, Qé is not a
h=1

reliable indicator of the thermal stress caused in the conductors by the reactive power (see

Pretonius et al. [B18]).

In conclusion, when the wvoltage or the current waveforms are highly distorted, none of the previous

methods yield a correct value for the fundamental reactive power or for the nenactive powers defined in
this standard (see 3.1.1.3 and 3.1.2.9).

This standard emphasizes Oy , the fundamental reactive power, and Q1+ , the fundamental pesitive-sequence

reactive power, as separate quantities.

The effective apparent power is separated in five basic components (see 3.2.3.1 and Annex B):

S ssind o B 3 0 2
Sy =R +0Cy +D;; + Doy + 5o

The terms D,p, D,p and a large part of S,z are nonactive powers that correctly correlate with the line
power losses caused by instantanecus power compenents that oscillate between the measured load and the
voltage source

These components (except the harmonic active power Py = 5‘33 7D§H ) do not transfer net energy to
the load.
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Annex B
(informative)
Practical studies and measurements: A detailed explanation of apparent

power components

A load is supplied with a nonsinusoidal voltage

V=1 g s g = NG 2 ¥y sin(hot — ou,)
h=13,5,1

has a nonsinusoidal current

i=11+i3+i5+i7=-\/3_ Z I, sin(hot - ;)

h=13,5,7

(To simplify the explanations, the eventual presence of dc components was 1gnored )
In this case, the instantaneous power has 16 terms that can be separated in two groups

P=Vi=Pppt Pyn

where

Py, = Wii) +Valg +Vsls +vgip = Z Vily
h=1,3,5,7

is the instantaneous power that contains only direct products (i.e, each component is the result of

interaction of voltage and current harmonics of the same order)

P =W (3 Fis i) #us iy +is +i) $vsliy +is +i) + v Hig ik = Y v, > 4,
mal357  nelis?

nem

i1s the instantaneous power that contains only cross products (1.e, each component i1s the result of
interaction of voltage and current harmonics of different orders).

The direct products yield

viin = A2 T, sin(hot — o) 4f2 T, sin(haot — B,) = B[1— cos(2hmt — 2a,)] - @, sin(2hot — 2o,)

where
B, =V, 1, cos(By,) and Oy =1, I, sin(8)

are the harmonic active and reactive powers of order h, respectively, and 6, = 8, — o, is the phase angle

between the phasors I, and I, .
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The total active power 13

P= > B=R+F
h=13517

where
B =111} cos(6y) is the fundamental (power-frequency) active power

By =R+ B3k
h=l

3 is the total harmonic active power

For each harmonic order, there 1s an apparent power of order 4

The cross-products of the instantaneous powers have expressions as follows

Vil \IEI',,, sin(mmt — am)ﬁf,, sin(nt —B,,) = D, {cos[(m —n)wt - o, +0, 1+ cos[(m +n)wt — o, — B, ]}

where

Dyn =Vl

The total apparent power squared

ST =P @R v 4V TR + 1 413 4 1E)

may be separated in the same manner as the instantaneous power, 1n direct and the cross-products:

=R i n v B vt e 2 s B2 v 4
+2 2 v v w22 avil vt

or

§ =50 +87 +87 +57 + D} +Dp + D5 +D}; + D5 + D4 + D3 +Dis =57 +5%

where
52 -7 +0

with 8 ,F ,and Oy are the apparent, active, and reactive fundamental powers, and

8% =D} + DR +8%
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where

2

D} =733 +13 +13)

is the current distortion power

S B S W
Dy = {0 A5+ 0) is the voltage distortion power

2 2 2 2 2 2 2 2 2 2
S =83 +87 +87 + D35 + D37 + D353 + D57 + D73 + Dy
=P} +P} +P? +0} +0} +0} + D} + D}, + DY + DL + D} + D3, ®1)

is the harmonic apparent power

If the load 15 supplied by a line with a resistance r the power loss 1n the line 15

[SE+S§,)_ (PIE+Q12+D12+D%+S§{J B2

B
-2

It 15 learned from this expression that every component of S contributes to the total power loss in the
supplying system This means that not only fundamental active and reactive powers cause losses but also
the current and voltage distortion powers as well as the harmonic apparent power cause losses.

The following numerical example is meant to facilitate the understanding of the previous explanations:

The instantaneous voltages and currents are

v, = 2 100sin(we - 0%) i =2 100sin(wz - 30°)

vy =+f2 8sin(3wt - 70°) iy =2 20sin(301 - 165°)
vs =~f2 15sin(50r +140°%) is = 2 15sin(50¢ +234°)
vo =42 Ssin(Tan +20°) iy = o2 10sin(Tot +234°)

The calculated active powers are summarnized in Table B.1

Table B.1—Active powers

RW) BW) A (W) B (W) P (W) Fy (W)
8660.00 —13.94 -11.78 -1.74 8632.54 -27.46

The total harmonic active power Py = —27.46 W < 0 15 supplied by the load and injected inte the power
system. This condition is typical for deminant nonlinear loads. The bulk of the active power 1s supplied te
the load by the fundamental component H = 8660.0 W

The four reactive powers are given in Table B.2.
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Table B.2—Reactive powers

g (var)

G5 (var)

O (var)

Q (var)

5000.00

159.32

—224.69

4997

Of interest 1s the fact that Q5 < 0, whereas other reactive powers are positive. If one incorrectly defines a

total reactive power as the sum of the four reactive powers (1n accordance with C. Budeanu’s definition):

Cp =01 +0Q3+0Qs5 + Q7 =4984.67 var

and assumes that the supplying line has a resistance » =1.0 L) and the load is supplied with an rms voltage

V' =240V, the power loss due to Op inlineis

1

3

4984.67% =43137TW

Accerding to the previous analysis, [see Equation (B1) and Equation (B2)], the correct way to find the
corresponding power loss dueto 0, O3, 05, and Oy is

i ( 2 b 2 2
ap=-lof +0} +03 +0})=43538 W>ap

The reactive power Qs , despite its negative value, contributes to the line losses in the same way as the

positive reactive powers. The fact that harmonic reactive powers of different orders oscillate with different
frequencies reinforces the conclusion that the reactive powers should not be added arithmetically (as
recommended by Budeanu)

The cress-products that produce the distortion powers D;and Dy are given in Table B.3

Table B.3—Distortion powers and their components

Dy; (var) Dys (var) Dy; (var) Dy (var)
200000 1500.00 100000 2692.58
D, (var) Ds; (var) Dy, (var) Dy (var)
300.00 1500.00 500.00 1772.00

Finally the remaining cross-products that beleng te the harmonic apparent power are presented in

Table B.4.

Table B.4—Distortion harmonic powers

Dy (var)

Ds; (war)

Ds3 (var)

Ds; (var)

Dy3 (var)

Dys (var)

120,00

30.00

300.00

150.00

100.00

75.00

The studied system has the rms voltage and current

V=101.56 V and 7 =103.56 A wath the total harmonic distortions

THD, =0.177 and THD, =0.269
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The apparent power and 1ts components are represented in the following tree:

S=1051755VA
Bl = 8660W
" 5 =10 000 "

O =5000 var

Sy =3256088 VA Dy = 269258 var

Ly =1772.00var

Sy =477.13 VAT: Py =—2746W

Dyp = 476.34 var

The fundamental power factor (displacement power factor) 15 PF = £ / 5 = 0. 866, and the power factor 15
PF=P/5=0821. The dominant power components are J and . Due to relatively large distortion,

Sy 1s found to be a sigmificant portien of §, and the current distorion power Dj 1s the dominant
compenent of Sy .
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Annex C
(informative)
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