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ABSTRACT

This thesis proposes a single-phase grid connected axial flux permanent magnet
(AFPM) generator system with switching loss reduction and compensation for reactive power
and harmonic current for various types of nonlinear loads. Hysteresis current control with zero
crossing technique generates PWM signals to control IGBTs of a single-phase grid connected
full bridge inverter with active filter functionality. As a consequence, IGBTs in one leg of the
inverter are switched with ¢rid frequency and those in the another leg is switched with high
frequency resulting in unipolar PWM output voltage. This thesis aims at studying, designing
and implementing a converter system to connect a five phase AFPM generator to a single
phase grid system including nonlinear loads connected to the grid. The description, design
and construction of such generator is provided. A method of current reference generation
for required real power and reactive power and harmonic compensation is given. With the
inverter control, the grid waveform is nearly sinusoidal and the near unity power factor is
achieved leading to the improved power quality of the electric system with the non-linear
loads. In addition, the design and construction of a two-channel interleave boost converter
for increasing the DC link voltage with free ripple for the inverter is given. The
synchronization with the grid employs a simple technique based on a sinusoidal look-up
table. The whole system is implemented on a low cost dSPIC30F4011 microcontroller. The
simulation and experimental results confirm the validity of the proposed system with

satisfaction under various conditions.
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Fundamental (50Hz) = 2.699 , THD= 140.90%
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Fundamental (50Hz) = 3.526 , THD= 55.21%
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dunesiwesniaundlunisiienseualudissuunsalnia 1 wia33] Nluiinandudunesiunia wana

AaguT 4.1 uaggun 4.2 uanInIsuaIsIRnnINnsElas1BaneluraulUnBaLA T3 U

Single-phase
Grid system
v

IGBT
Inverter

JUT 4.1 NIAUANNTEUALUUARMINYDUIURBALNBT3TAl1L99TBUNeTMeT 1 wia
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dc

v

JUM 4.2 JUndunszuas1ede (i) wognsvuania (i) lumsidadyg auiad

s

L4 Y

N1TILATIEVNANNITATUANNTELALUURAMNYRUIIABANDISTA[33] Tndnn1saATIERNg
vihaueg 2 aanur Ao 1ilenszuanssvesuvasinglnarudamini i umaainged 1 Ui
2 Tnenspuarsaedoufinnveuima dluSmoviuauuiianduresnssnaduiu waganngad 2
Ughqail 3 nszudasandounnuauaULINgweuwamwlimItureInTzLaTanas ot

Gy, Gg Wae Gy, Gz AVIUSFUNU

4.3 WMALAYDINIINTDINEIUUULBNANTUN1TATUIUNINTZUAD19B
Fnsadunszuadadwsulsmnannenassad il 1-13],[35] Fsnanfansimihiiiu

fnsosuanfinnllamea vienlaozunsuweadiimsniugunszuaiinniifdsiumasliiuas snie

[

s a o o ¥ a a 4 ¢ a < [ = v [
g13ueln warrsasmadlnglimalnn1saindwuulnalrsnsduuaLou LL?I@Q@QEU‘VM.?) MINTIVIU

Ya

WSIAULATNSTWE BIRENNTI2ULN1590 Nk UUT AT AT LS IAURAENTERAN L NN SAUNUR?

=

lulaspoulvsaiass laenumsivasdyaannauasniiusineadaldiiaidudiegned 30 Us
WaNN15veIIsNIsAIVANNTERad nT UM nd i Aslivtazindnensuslind wiulnanluids

duatinenge Aeesiuninniy Lssiuvesrasdnglviinssuaadudsulansaunisi (4.1)

v, (1)=V, sin(ot) (4.1)



35

Single-phase
Grid system
Vo

IGBT
Inverter

<
3

Discrete Time
Integrator

JUN 4.3 vaRNlRBTHNIUVBINIIAMIVANKLALNRIMAIVDITLULITRND IS WRS 1 1ia

Wniunse 1 wldleeldsuuvunsaladuuululnarsfisuuditey

nszuavaslvanlili@adunsesiunia 1 wa aunsavilalneweulusvounsuisesladaunisi

(4.2)

i, (1) =S 1, sin(naot+ 4, @.2)

n=l1

NTElAT8UD DUV ULNULAAIBALNITA (4.3)

i (1)=sin(ar) (4.3)
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YUIAVBIANITIVBINTEALAATNIANLALAF AN SO bAMmEaNNTTN (4.4)

nszualvaniiurassiinnudyagiuaunsonililaeinvuavedassaveinseualnani

ANADYaTIUAMMIENTELaYE1EB ezl

I =0.0.(t

A N ’() h (4.5)
=1, cos ¢.sin (1)

NITLAYIOUNLNUNS WA ABInsaslUdanSanazlnanludadu 1 wa mlaainnseua

osdUsznoulasgean(i, ) anfunszLAmIEdsnIBa (i) faaunsd (4.6)
AN (4.6)
AszuarnEEIsuatinanansamlilaethannnsi (4.2) avainaunasdi (4.5) Ssawls
i =i (1) =0, (1) (4.7)

N3EHaRIUANE1IBINARINITENNISaIIINRAYINYBIN S T e URkMUAE T NFoIns

dvludanIawazinanliigadu 1 wia (i) Aunsswavaesnsuaiin (i,,) 399zl

com

icfre_[ = irs (t)+ ieom ([)

=i, (1) +i.(1)=i, (1) (@8

o0

=i (t)+ .1, sin(nwt+¢,)~1I, cos ¢ sin(wr)
n=1
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v, fe ussfuitvuzvesszuUnda 1 ia
V, A8 usaiugegauedssuunia 1 wla
i, (1) o nszualvanlsiiBadu 1 wiaidoulugoynsuyiSes
i, fe nszuay1lonede
i, fo vnevesATiwoInszualvaniiaudyagiu
i, fo nszualvaniidumaiefiauiyagiu
fio nszuameiiunuindsliihideansdsludeninuasinanlsiadu 1 wia
i, e nszuandusznaulinsigegn
Ao NITLAYALYEBNTLBTN

lC()Hl

i . PD NTPUAAIUANDINEN

nNzuanIuANseda(i,_ ) asgminlulddndedimsvnivqunszuadanaiidalunisadia
Fyanadisuuansy (Pwm) wethluldmusunisinuesiiasiatdunesdunedines 1 wadld
Feusteundalily 1 wladeld Tneluguil 4.3 uansudonlaezinsuvesnismuguiaziasindses
svvudoudunesines 1 iadriunia 1 wialagldzunuunisainduuulnarsisuudady laglunis

lvasraassldmlulasreulnsaiaasives dSPIC30F401 18 eiis1Agnlun st ldussniananis

YUVBITEUUTULEUD
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4.4 WAlANIAIUANNTELALUUTANET3Ta lae Td5ULUUNsaIntawuululnans

AAuUAdY (Bipolar PWM)

sUuuunsEiadwuulna1sisuududu(Polar PWM) dmsugunsaldidnnsedndidsluns

AIUANYBULANSELATANDTITavTnva R Tanaisdansiuandluguil 4.4

V,I v
A

' >1
P rof HB }Jpper band \V

T\ -ﬁm@r 3 q .

Lower band i Y L A

G, L,
D, X
G, ()
D, I
G, ¥
D .
G

~
Y
~

D

6

JUN 4.4 InuenisvihuveawaiianisauaunszuaLuugame valagliguuuunisainduuulnens

[ a @

APuuaweY (Polar PWM)

AUNITUIANUDVDINSAINTI[11] VdlaFTAluI9asdUIBS MBI aNNTaMIbAaINaNNST (4.9)

B 0.25(V[,L.2—vx) - m’L,

/i (HB)L3 (Vdc2 _Vs)2

£ A9 AUREInT
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Vio Ao ussdulrinsadonles

Ve A wsarunsalada 1w

HB @® Y0Ulunddanessdd

Ly o menuwmienideulesssninedunednesuasusadundalui 1 wia

¥
=

FuAF m Ao AUTUTeIN TS BTN ( dic wor/df) 2ldauN15T (4.10)
d 2
m’ :[d—lf; sin(a)t)} =0.50"I;, (1+ cos(2ar)) (4.10)
!

RNNANNN (4.9) wae (4.10) AEdaIntasani @r=0, T 3nluamayili v=0 awnsn

o

wilganaunsi @.11) §el

0.25V Y A
fcmax = - 1_ >t ;1 : (411)
: (HB)L% Vdo2
mm?ﬂa’im%aqqqngﬂamumiaqﬁ’aaumﬁﬁ (4.12)
PR 0.25V,.,
Fogy 117 M (HB)lg (412)

M19197 4.1 NFBONLUVAIAN VOIPRAIUANNTELATALN DS ITA

drydnwal WIsdiaes A
Ve wsaulvnsaudesles 400 V
HB VOULINTAN O3V 0.5
Vi WSITUFIEATDITTUUNTA 1 Lol 311V
Ls Aanumienindeulesenindunesines 20 mH

LATLSIAUNSANAN 1 e

Je.max ANUDEINTIE9aR 10 KHz

fe,min ANUDEINTIAER 22 kHz
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4.5 WAlANIAIUANNITLALUUTANDT3Ta ae Td5ULUUMIaTIntawuug ilnans
AAUUADN (Unipolar PWM)
vaenlaezunsuvesnsmuauazaasidsesssuudondunednes 1 wa Whiunda 1

walagldsunuumsadnduuugflnansiisuuandu(Unipolar PWM) wanasiaguil 4.5
Single-phase
Grid system
v,

IGBT
Inverter

Discrete Time
Integrator

'y y ¢
1

rs i

'
&

JUN 4.5 UGonlnovunINUDINIIAIUANLAZIIITMAIVBITTUULTRNBULIDIMES 1 1la

6 o a <

Whiun3a 1 ialagldsusuunisdinauvgdinansiiduuandu(Unipolar PWM)

sULuUMsaInfanuugllnansiiduuandu(Unipolar PWM) diwsugunsaldidnnsetindrings

lumsaiuauveulnnTELaTanesITasinvaulundamneSiTanuanslugun 4.6
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V,I %

- >
e e HB  Upper band \/
L H /
e e
g B @r -1
Lower band T mvy - )
G, .
D, .t
G, -1
D
4 >1
G
3 .
D, X
G, g
D,
6 >

JUN 4.6 InuamsvirnuvesnainnsauaunseLaluugawesIgalagldsuuuunmsaindanuuyil

InansAnuuaadu(Unipolar PWM)

lnainaiareinsaIuALnsadIndivegunsadidnnsedndiduileddnluyaduiesines

Tumsdaumdsinihanesosdndasuuidunswivnnemusuanunanlugansalui 1 wai

A v a [ o/

flvaalidadusiasiuniamewuugilndrsiauududu (Unipolar PWMIUSUUalv illedanalvan
MIVNUTIUN G, U G, siinsvinusnsugudaduiulugana idygraussuniadugud

'
sl a U =

43U Gs N G W NUATUAUAUFY I UAIUANNTERARUUTANBSITa Ae3UN 4.6 Tnsuwuuildl
Aaslihgadeiiosninnisaindevesgunsaldidnnselindidsluiasdunesnesifoudonsa 1
watesniuuuminauendnnisaaaufeutunUiulsulse ninsldmadianisavaunisiieu

3B UNBSMasNTINITAINTIUUINANSTNSUUADY
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4.6 sumsfiasluigedeiiainnsaings

a a o fa & A g0 w ° v
ﬂqigiy}aﬂLu@\ﬁlfmﬂqiﬁjmﬂjﬂma\?a‘ﬂﬂﬁmaLaﬂV]iEJUﬂaﬂflaﬂ (E ”T) [13] mmmmmmwﬂm

[@

INHAUINVDINSNNUNF UL EING “On” mﬂwﬁwuﬁLﬁmmﬂmsﬁiﬂé’%’umié’auﬂé’u(E

ontTi

) Hu

lalen Freewheeling  wagnasuiliinannsilasunisdeundu(E

ontTi

)Wulalan Freewheeling

aunsam I laeeaaNnIsn (4.13)

tri—tfu

EU”T - J‘ ut‘é’ (t)'ic (t)dt = E(mMi - EonMrr (413)
0
nszuanumdounduasgnanansavnlaseaunsh (4.14)
V70N
Drrpeak = (414)
trr
wasuralalominszraindsiuinanmsiuduuudounduiluvinaun (E,,) m
einvaunsi (4.15)
tri+tfu 1

EonD % I & (t)'iF (t)dt ~ EonDrr :Z'er‘urr (415)

U, @o ussiulwihesaulalealutisiusmdoundu Tunisussunanisiiunausssulning

anunsaldapeaiuussiuliweswmaddels (U, =U,,)

wasugadslugunsaldibnnsetindindamluledtn (1GBT) anunsadualigudesiu

ddlnihgaydelulalonvazngminssuaenaaziaglihunfingan (E,, ~0) fuly

tru+tfi

E, = '[ u, (1), (¢)dt (4.16)
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'
o w v a1

Aaslihaydeluledtil (GBT) uazlalendugunsaididnnsetindirdsiineliiinainy

= 3

goydemasliinitieninnsainga[13] Inganunsamlaanaunisn (4.17) uae (4.18)

Py = (EMM +E, ).fsw (4.17)

P = (EonD +E,; )'fsw ~E,p-fo (4.18)

4.7 N1599nUUULUSUATUNTITNIU

e RO T PTG O I e LRI RIS 10 BTRTRTIT: VT RTTRNIRYE- /0% R PITIRVRTIEVRV IR
(AFPM-Generator) Whiun3abniin 1 wlaluuvneunt @1u150tandeudslusunsunisinauves
ilalnsaeulnsalaes(dsPiIC30Fd011) Iefuandlugui 4.7 Gslumsiemuvestusunsnvazisusiu
%ﬁmsgqmwa%m@uwmmﬁwm fudasArannazuudeniufines uaziaulaiA1ainfinea

I @ Y o 5 T [ o 1 Y 1 1 1A ~
Jueruudan laglasanauian Timer 1 L“LJ‘L!G]’J@’J‘Uﬂmﬂﬂﬁﬁjﬂﬂ’m’)@ﬂ’]ﬂﬂ’ﬁ@’]u@’] UEUNEUNITLLE Y

n5733u lundldaniarlunisguitednaien 30 Hs nednisiiuardyginedudiuig 500 A1
91999 ulUswnsuiathen g Uy MenguIn1sinvedushnsy  1nUuaryinn1stalasbugiu

szuunsalagldnannisinauiiudedermguiniunaindasidyanaainoswudenduiinea

2IUADIFY Y IUIEUINNTT AT IuﬁﬁwmLaaﬂumizjuﬁaasmﬁm 40 Us Fedeindany
azduaiiiivamed miunmsdueassiionsddasiuddunesmesidiiusyuunia 1 ia ngldss
a1 Timer 2 WusAiuaun1sduaAIdieg19n1se A @y uegugIuae 500 A1 Tudiues
TWsunsugesyinmiiiaiuaunisaindefinnudsivesdiledti 6; uas 6, vesyndunesines
Feudenda 1 wla AmuANNTTUALDIANATRIABUIIDNADEI) dmFumsfunAInTsLad1sds uas
vhuthiimueunszuasamesdadvivanedyaaduinluiasidmudu  elidyyrauii
ulvsidnsuAaud B iy mmduargnininsiuiigaiEudulg uazlsunsuazviiauouly

13989 AUNTANLANTTYINUVDILUTUNTY



Initial port
Initial timer
Initial ADC
Initial DAC

v

Start Timer 1
Interrupt 30 ps

2
I Read ADC values I‘—

Zero Crossing
ine counter =0 2,

Start Timer 2 No
Interrupt 40 ps

Sine counter =0
Stop Timer 2,
Clear flag timer 2

Sine counter+1

>y

Low frequency switching
If Sine counter >0 and <250
G5 Turn on , G4 Turn off

Else G5 Turn off , G4 Turn on

A 2

Calculation

=1 +1

v

Bang Bang
I con> BAND_UP
Gg Turn off , Gs Turn on
1. con>BAND _DOWN

Gg Turn on , Gs Turn off
|

I
I

c_ref

com

c_ref

Send DAC Values
for Monitoring

U 4.7 famsviauveddusunsululasaeulvsataes(dsPIC30F4011)
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4.8 unegy
n15UImALANIIAIUANNITERARUURRAINTB VIR BN DI Tau1UsTendldausuiumate
103N13n509 N UTenAnluNS A IMIINSERad 19D Az TAN1sARTswuUluINAT SRS U LAY
Bu(Bipolar PWM) Tumsmuaunisinuvesdunesinesidendensa 1 wa ulilunsmununis
ureduneiwesuiaalunisiienssualudssuundalui 1 wia vlddinsvaweansueind
Tlnanllidadusieg sosauniala LLazmﬂﬁwmaﬁﬂmiaim%ﬂLLuugﬁIwm%ﬁﬁuuﬁ’;Lﬁm(UnipoLar
PWM) uldununisaindewuululnasfisuudnsuBipotar PWM) gy lvianunsasanmugeyLde

\Weannnsaindla laglinstaueaunisiadliihagdeliesainnisaindegnigluuniud,



una 5

NANT51ADITTUULYANABNGA 1 Wd WINULASDINILTALUULEUY

v

WIAUMANWIANLUILNWNAT ITN1TanAUgyLde
19931NN5EINTY wazdnsvaEansualinial

Inanldidadunngg Aasiunsa

5.1 unin

Tuunilznantmanissiasddagldlusunsy MATLAB/Simulink tnsludauneaiosiuin
AFPM  Sinstiguenanisdraessuaduusillniindioma nsdiaesnudnvazvesiigueidnase
wafuussiulwihse sia wesnanissiassgunautsssulinsnadwavesiadesidaliii 5 ia
LU S An IR L LIRnIwaT (AFPM) ludiurensasyadneuesinosiuuyinaueaauiu 2
N4 ﬁmiﬁwLauamamﬁwaaﬁué’mmmgﬂﬂﬁ'umzLLaﬁlwamuﬁamﬁmﬂﬂuu@iazﬁaﬁﬁﬁmuimqm
Tuduvenssdunesinesidoudenin 1. i instiauenanisdiassdusuadudyaimuaiunm

lo3d7luirvsynduniesweslaeldsuuuunsaindeuuue illna1iiisuudaudu(Unipolar PWM)

52  nisansasludiuvasaiosiiialniiuuuidunsausivanijeniuuuannuman
(AFPM) %iln 5 wid
5.2.1 n1sdnaesguaduusssulnfiadema
nsdrassgundugUaauusssulniidemaiiolifnArnnugaidslag lunagauad iile

AnuA Lo INLuNANSITOU 250 FeUsDUIT A likan1sINaeUanIAITUT 5.1
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0 o2 0.04 0.06 D_:‘.'II O.IID 0.;2 ﬂ;d 016
Time (Sec)
JUT 5.1 HanisinaesgurfuLsssusaiavenazosiulaliilt 5 iwanuu AFPM Tunnsgauai

anawseeu 100 V/div, dnavial 0.02 Sec/div

5.2.2 MIINa8IRMENYMZYRINIaLednasamanussaulirasaeE
Slothidalwiltordwasdowmaias osiduihadinalsnoistussiasesiadosinfialudi
5 wlawuy  AFPM vasnnsfaninundnaednadnuasresindwamnaneinaiulssiuluihdeia
IenanisdiaeaduanduganInumMiansdssUi 5.2 Tasimuaranaiilsimeuil 200 400 600

800 way 1000 S8UADUIMRILAIGU

200 T T T T T

T T
—w— Calculated result

R0 = N i\l 1/ p— Hg—— ") —g—Testing result

Terminal voltage ofcoil per phase of AFPM Generator (V)

Output power of coil per phase of AFPM Generator (W))

JUN 5.2 wansinassmanednssdeaiussiuliihveamavesasesinialndii 5 wlawuu AFPM
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523 nsinassguadunseiulnsuatdnavaaadaiudalui 5 wlawuuiduuse
WHLHANWIANLUILAULNET (AFPM)

Tumsdraesnsgeuniiiloinioafidaluliy 5 anuudulsasivanyianiuuuunumwal (AFPM)
vhaudglninuisesyauiadisndlng ldnanisdiassdusuaduussiulunssondnnsiiuians
Wauindisnlnsveaedesiudaluliin 5 WanuuidunssulvanyimaunuIunUNaT (AFPM) Wanads
gﬂﬁ 53

400

wolob b1 DEouphtoffullblidge! | |

H H H H H H

oo H k) H 1 H v ]
gl Sy ey, . By, ", g S S AT e gy ey ey S

H H H H H H H

H a H H H v H

' H ' H ' ' i
o N S ER a g_f LLD Phe e O PSS S R

e AT YR AV fa VA VI
a o O 008 O0OO0OB O10 012 014 018 OIB 020

Time (Sec)

JUN 5.3 Hamstiaesdusuadulssiulinssetsmausausadisnalnivenseeinin i

5 ANARUULA LRSI HIRLUUILN WNET (AFPM)

5.3 11591899 MUEUVDIINTYAARIULIDIAR TUUUYINIUFAUR 2 N9
msfiﬂaaﬁué’iymyﬂmgﬂﬂ?{umzLLaﬁluamuéhmﬁmﬁﬂuu@iaz&hﬁv‘hmﬂmwa fiaud

0% 10 kHz fianlsmesvonnsosiaida 1,000 rom VLﬁmamiaiwamLLamﬁquﬁ 5.4 Tagan

HAN1331aMAT LA UITYEAR LI SIMDT VUV IWESUAY 2 MnadvunUsyana 800 W

Fansewalranusmteninuaazniauseunm 4 A Ausaeulnda 200 Vv

Inductor currertt (A)

7 7 Time V(Sec) ) x 10%
JUN 5.4 nan1sinaesdudyauguadunseuanivaruiimiesdiluwsiassnyianuluies
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5.4 N159189987UVBIINRIBUND NS VIUADNIA 1 1N
541  nsdnaesduzuadudyaunuguledtitlurasyaduiefineslaglésuuuunis

dndeuuugilnarsiauuaudu(Unipolar PWM)

]
] 000 001 OO D02 D02 003 003> 004 0045 006

(9

JUN 5.5 wansdtaesiuuadudyaiaemunuleduiluinsynduiesinesingldsuuuunsaini

o

wuvgiinansiisiuuaadu(Unipolar PWM) awna: Time 5 ms/div, Vi~ Ved(5 V/div)

o 1

5.4.2 N15918093UHUUNNANSS LazAnURANeUYBINTELaaNSuatninda 1 W

WiademaaliBudunuuisasiseanszudinaduilulinsswuuyauiadlalonlnanauBnasuaz
AN
dmsulvanliladuslion 1 nsdnaedusdaiunssiunia(v) nsguansaly) nssuanau

eSMBs() waznseualvan()  linan1sdnaeuantisgun 5.6 dusulnanligaduyiion 1 4

= a

nszuansalanvaelndifssleiadininiuRa o INYeInTERasIsuting wasnsewaliyus s

fuwsasy 180 03 B dunavilidineunasinasinntnndsmasluiiaseduludinsaludi 1 wia
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i i i i i
0.005 D.01 0.015 0.02 0.025 003 0035 004 0.045 0.05
Time (Sec)

gilﬁ 5.6 wamszﬁwaaﬁugﬂﬂﬁuLLiwﬁ’uﬂ%(vs) NSTMANIAG) NITWAABULIDILADI(.) WATNTYLE
nan() vesszuuinauelndilvanldi@auduadon 1 aesaunsa

dlna:Time 5 ms/div, v(500 V/div), i{20 A/div), i(20 A/div) wag i (20 A/div)

dnsulvanlutFadusing 1 HAN15918099UTUARULTIAUNTA(V) NTELan3Al,)

NILUARDULIBTINBS(,) LAZUIIIUABULIBINEI(Y,) LaRIAagUN 5.7

o 0005 0.0 0015 0.02 0.025 0.03 0.035 004 0045 0.05

UM 5.7 nan13910043U3UARULTIAUNIAY,) NSELANIAG) NTzuanaunasimesiwas
LSIRUABULIBSIMBS(V,) VassruLTauslneilanlildadurdad 1 Aesiunia
a@na:Time 5 ms/div, v(500 V/div), i(20 A/div), i (20 A/div) hag Ve, 500 V/div)
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alnnsuasuetinlazlosISudAURALNEUSINNTLITNUDINTLLANTARINNITINADT AR

'
[V

fasUN 5.8 azwiuladniinisinanesusinaisusinuzUusanluvinlvanussidudanuiaiisusiy

Y

3 a

a _a ~ ~ = Y} ° A
8'1511@‘UﬂsﬂaﬁﬂﬁguaﬂﬁﬂﬂﬂqaﬂaﬁLN@LU?EJULWSUﬂUNaﬂqi'ﬂqaaﬁiuzUV] 3.4

5

IS
T
1

©w
T

%THD;=30.78 % 1

Source current (A)
L)

O_J.IJJJ_lj_IJJJJ.uMM

0 10 20 30 40 50
Harmonic order

JUN 5.8 alUneiugnsueiinvesnssuaninainnisinaedlagiilvanliiudusiion 1 deviunia

5.4.3 NN331899TUAYY 1A wazAIANRAMEUYeINsTLEg Suaindingn 1 Wi
Jiaselnanliidudusuuaesesnssualaauidulnasauvvaanldlniawas 1 67 Twandn
Frumusazfawmiieni

dsulnanldiBudusind 2 miﬁﬂaaﬁugﬂﬂ?{ul,mé'fuﬂ%ﬂ(vs) NIZUENIAvL) NTTUAADU
L95WB5(.) wavnszualnan(,) iﬁwamif&ﬂaamamﬁqgﬂﬁ 5.9 -dwsulvanldi e durind nsvua

a A

nsndlanvaglnaipeslouddiainnuRaieusInvenseldsuetingl wasnseuadyunisadu

WS 180 99N FUDUNATIIAEIRBUIBSWas TN TdsiIaslniaSeRuludnsalud 1 e

S00

500 I i i i I i i i I
ool . DOD5 001 0045 002 0025 003 D035 004 0045 005

20 i i i i i i i i i
2|:'D 0.005 o.04 0o.o015 D02 0025 0.03 0.035 0.04 0.045 0.05

o 000 001 0Oo1s 002 0025 003 0035 004 0045 005

gﬂﬁ 5.9 mamsfﬁwaaﬁugﬂﬂﬁul,mﬁuﬂ%m(vs) NSTWANIAG,) NSTUARDULIDIMDI(,) LaLNITTua
Wan(,) vossyuuminauslaeiilvanliBadusdon 2 esiunsa

ana:Time 5 ms/div, vJ(500 V/div), i(20 A/div), i(20 A/div) wag i, (5 A/div)
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dusulnanlauldadusing 2 HaN15318093UFUATULIIFUNTA(Y,) NTELANIAG,)

NILRARDULIBIINBI.) wazUIIFUABULIBSMES(Y,) UaAIRIgUT 5.10

o 0.005 001 0015 002 0025 003 0035 004 0045 009
T T T T T T T

2DD 0.005 001 0015 002 0025 003 0035 004 0045 0.0

20 i i i i i i i i i
o 0.005 0.01 0015 002 0025 003 0035 004 0045 0.05

-500
o 0.005 O0041. 0015 002 0025 003 0035 004 0045 0D.D5

5UT 5.10 nan13dnaesdugdpdiuunsatunialy,) assuaninly) nszuanauiesinosi.) washsnuy
ABULIBSLMBS (V) TBssruUTi L auelnedlvanllidudusind 2 Aesi1n5a

ana:Time 5 ms/div, v.(500 V/div), i(20 A/div), i (20 A/div) Ua¥ Voo 500 V/div)

ﬁLUﬂ@%MSW%ﬁJE}ﬁﬂLLﬁ%LU@%L%U&W’J’WQ@Lﬁﬂuﬁ%mﬁﬁ%&l@ﬁﬁm@ﬂﬂi%LLﬂﬂ%ﬂ%Wﬂﬂ’]ﬁ"ﬁﬂaaﬂ 519N

Maguil 5.11 azmuliidnisddnesusiindrsusafidgdusenluilinnvesidudamuiinmensi

gnsuetinvenszuansailrnanadilaissuiieuiunanisinasslugun 3.7

o
1

S
1

%THD;=8.67%

Source current (A)
M ]

—y

0 L L . 1 e . i, == - ._
0 5 10 15 20 25 30 35 40 45 50
Harmonic order

JUN 5.11 awnesugnsueiinvesnseuaninainnisiiaedesiilnanli@edusind 2 desunia
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5.4.4 N13318DTUAYYINAY HAZAIAIURALNEUVBINTTREBNSUBTNNANGA 1
P P a v a v & 2% a ¢ a ¢ o
Wasaluanliiudunuulasiseanszudlnaduildulwasswuvisuindaivaulviames 2 6o
WanRIATUNIULEZALU TN

dmsulvanliladusioN 3 N159a0ugUARULIIRUNTA(Y,) NTERANTAGL) NTELARDY
oSl waznseualvan() Mnan1531aeuanefagui 5.12 dmsulnanlidaduriind nssua

a A

nsnfidnuarlnafesleuddainnuraisusinvenseagsueingn waznszuaiyuiisnadu

w5 180 99rn FadunavilifreuasinasinntnNderidsluiraseauludinsaladn 1 wa

500 T T T T T T

0] D005 001 0015 002 0025 003 0035 004 0045 005

gth'?i 5.12 mams’oﬁwaaﬁugﬂﬂﬁmmﬁun%(vs) NsELaN3Al,) NTTLAMDULIBSLADS(.) WasATELLE
Wan(,) vesszuuiivhieuslaslnanldifaduedaii 3 desaunse
awna:Time 5 ms/div, v(500 V/div), i{20 A/div), i{20 A/div) wag i, (5 A/div)
dusulnanliidadusdad 3 mamafﬁwaaﬁugﬂﬂﬁumaﬁuﬂ%m(vs) nsyLansa (i)

NITLAABUBSIABS(.) wazlssnuapuLIsInas(v,) meé’fﬂgﬂﬁ 5.13

poos 001 0015 002 0025 003 0035 004 0045 005
T T T T T T T T T

con

500 1
1] 0005 001 0015 002 0025 003 0035 004 0045 005

JUT 5.13 nan13dnaesduguadulsadunialv,) nseuaninl) nszuanauiesinesi,) Lasusenu
ABULIDILMBS(V,) YassyuuTiauelaeiilvanliiduduydad 3 Aesiunsa

ana:Time 5 ms/div, v(500 V/div), i(20 A/div), i, (20 A/div) wag VL 500 V/div)
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alnnsuasuetinlazlosISudAURALNEUSINNTLITNUDINTLLANTARINNITINADT AR

'
[V

fa5UN 5.14 azmiulaniinisidnasusiinasudnuzUusanluvinlnadesidudmnuiaieusiy

Y

3 a

a _a ~ ~ = Y} ° A
8'1511@‘UﬂsﬂaﬁﬂﬁguaﬂﬁﬂﬂﬂqaﬂaﬁLN@LU?EJULWSUﬂUNaﬂqi'ﬂqaaﬁiuz‘UV] 3.10

4

3.5 b
3H 4

2.5H b
%THD;=19.31%

Source current (A)
15

0.5 N

0 Bom m m W m W e W W m, L m e Bl |
0 10 20 30 40 50

Harmonic order

JUN 5.14 awnnsuansueinvesnseuaninannnisdaedlaeiilvanliidadusilnd 3 desiunia

5.4.5 N15918993URNYYIUA99) wazANRAARINEUTDINsELaT Suadndinga 1 la
iadelvanlilaudunuursasiteinssudlusduduluassuuuyauiadaiuanlviames 4 9
nanfdunusasimiea

dvsulnanliidwdusied ¢ ﬂﬂsa"wam%“UEﬂﬂﬁ'uLmé’uﬂ%(vs) ATEUENIAG) NITLAADU
LB3LMas() waznsyualuan() lﬁmamﬁwaamamvﬁ”ﬂgﬂﬁ 5.15 dwmsulvanliBadunidnd nseua

nsndianvarlnainesleddadlainauRaiieusInvanseuasIsuetngl warnszuadyudsnady

WS 180 991 Fudunavinludinauiesinefinutnndsiidslniiasauludinsaluda 1 wa

500 T T T T T T T T T

o I A S i S S A
o ooD5 001 0015 002 0025 003 0035 004 0045 005
T T T

; A A S AN SN S S A
200 0005 001 005 002 0025 003 0035 004 0045 006
JUN 5.15  Han15918093UFURRULTIRUNTA(Y,) NTERANIAG,) NTELanauIesines(y) wagnssua
Wan(,) vossyuuminauslaeiilvanliBaduydod 4 esiunsa

ana:Time 5 ms/div, v(500 V/div), i(20 A/div), i{20 A/div) wag i, (5 A/div)
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dusulnanlaldadusiing 4 HaN15318093UFUATULIIFUNTA(Y,) NTELANIAG,)

NIELARBULIBTMEI(,) LarlITIRuABULIBINEI(V,) WaRdfaIgUT 5.16

500 T T

1 i i i I i i i 1
o 0005 001 0015 002 0025 003 00% 004 004 005

20 i i i i i i i i i
,) 0005 001 0015 002 0025 003 003 004 0045 005

500 _ i 1
0 D005 001 0015 002 0025003 0035 004 0045 0.05

5UN 5.16 nan1sdnaesdugaauulseduniaiv,) nselanial,) nszuanouiasinesi,) waglsenuy
ADULIBILADS (V) T89Tr UL ELalneflvan i@ uduried 4 aesiunse

auna:Time 5 ms/div, v(500 V/div), 720 A/div), i- (20 A/div) Wag V.5, (500 V/div)

mﬂmm%uaﬁuaﬁmmzL‘LJa%w‘?juﬁmmﬁmﬁaui'gmaﬁmaﬁmaamzLLaﬂ%mmﬂmiﬁi’ﬂam 519N

[

AaguN 5.17 aziulaniinisidnensuetindisuanUslusantuvinlieues@udanuRALN U
6 a a a1 4" =l = % o d'
gniuetinvemnszkanialrianauileiiouiisuiunanisdnaadlugyun 3.13

& T T T

%ITHD=12.95%

Source current (A)
[#+]

-
1

0 1 1 1 M,

0 10 20 30 40 50
Harmonic order

JUT 5.17 awnasusnsueiinvesnseuaninainnisdtaedesilvanliidadusind 4 desiunia
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5.5 unagd
quwﬁlé’ﬁwmia‘]’waaﬂuéfmmmLﬂ‘%@ﬁ’lLﬁﬂlWﬂ’lLLUULé’uLmLmmﬁﬂw'mmLLmmewm
(AFPM) %@ 5 L@ Imaiﬁwamﬁﬂamgﬂﬂ?mLmﬁuIWﬂWiaLWa 5 lalianwazdygiaaisnanu
Uszana 72 aemlin uazivunnaanveuseiulndifiesiy wagannkanIsTaesvinAnENyMEYes
Adnednpromaiuusuliiidoavonniosiudaliin 5 wauuy AFPM danauiulginile
Tnasmslilfinfintuusiuiitivenaiosidalniiesanasiierundiseumanlsmedaneg  wavan
nansiasadusURduLswiuliinseinnruIIsauIndisnalnsve e esiudnludi 5 wauuy
uussutlmanismuiuknunan (AFPMazdsinaiiulisinisnssfionvesdygnilvasadnios
fmﬂmamﬁwam%’ué@mmgﬂﬂﬁuﬂizLLaﬁlwamuﬁ’smﬁafsﬁﬂul,wia5ﬁaﬁﬁwmﬂmq%gaéﬂauna%
wasuuuyheaduiu 2 s fianuiainds 10 kHz Aeuislsmesveaadestauia 1,000 rpm 9z
diildindinszudlvanuimioniusarmessnia ¢ A Auseiuliiin 200 v defuiuanm
Sdalninfidshuiiiiuseanm 800 W dnnanissiaatdinvesiasduiesnasidensansa 1 wiai
ManliBaduriindne desiunia 4 ada aviiulaindnisdsitunigslidaludessuundaluiii 1

Wa wariin1svavensewagnsuatinlaasa



unin 6

NANISNAFDUSTUULTDNGAANSA 1 W LUNAULASDINILEALUULEY

=

WIAUMANWIANLUILNWWAT ITN1TaaAUgyLde

v

199NN INVY LAz VALYYIITUDUNNN

Inanldidadunngg fasiunsa

6.1 unin

Tuunilaznandmanisnaaeuludsing sl Tngludiuaeansosinin AFPM §
mMshiauenansnaouTuUaduLTsLlWIAela nsneaumANAnYMz eI L dAse
wlatuusssuliiihdewa wasnamsvaaeudusUaaunssiulinsownvesipsosiuialiidi 5 wia
LU S AN L LIRnIWaT (AFPM) ludiurensasyadneuesinosiuuyinaueaauiu 2
714 ﬁmiﬁﬁLauawam5‘1/1@6%%5@@1@43%3%33LLaﬁlwamuéhmﬁmﬁﬂumazﬁaﬁﬁwmﬂu
2995 ludiureneasduneinesidonsenin 1 wa dnsduausransnaaeuTugUadudayyi
muAledTiflunsasydunesineslnelisunuunisaindanuuginarffisuudnduUnipolar PWM)
wazludugavheinsiiauonsmsnngoumeanugydeidesnnnnsaindesszuuiiiiaue
uazransUIsuiguofifudusyvin e Bunesinesuesszuuiminausiagldinadanisaings
wuvgilnarfiduuanduUnipolar — PWM) Fukuusaiduiildinadanisaiugunisvinsures

dunesnesninisaindanuululnaisinuudadu(Bipolar PWM)

6.2 nimadauludiuvaaasasindalniiwuuidussusitnanneniuuuaunumwa,

(AFPM) viln 5 s
6.2.1 mmagauiusuaduussaulnidams
n13dnaesguAausUAduLsuliihdewadiolifnAiaugadelag Tunsanuad e

Amualilsinesnyuiausiseu 250 seuneunl aglinansdiaewansiagudl 6.1
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'0;“"’5“""

Time (Sec)

JUN 6.1 HamInadeUduFURAULSIWRamaTanaTasmllaliia 5 wawuu AFPM

anaussnu 100 V/div-, d@navian 0.02 Sec/div

6.2.2 NMInAaUANANENEYRIMALIdnadaafiulseiulvisela
nanedeumananwuzvaaiaiii e denomawazusssuliihsamave eIl
i 5 wlawuu AFPM linan 1 svnageudua iR aukandfIgual 6.2 lneimunnanusalse

¥vaIuA 200 400 600 800 WA 1000 FOUABUTIA AU

200 T T T T T

—w— Calculated result
—&—Testing result

Terminal voltage of coil per phase of AFPM Generator (V)

] 50 100 150 200 250 300 350 400
Output power of coil per phase of AFPM Generator (W))

g‘dﬁ 6.2 mami‘wmaaumﬁﬁﬂw%meﬁwWiaLWaﬁULLﬁaﬁuMﬂwiaLWaﬁumLﬂ%qﬁ%ﬁmlWﬁﬂ 5

Wawuy AFPM f121315261199)
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6.2.3 minaseuiusUadunsssuliasuadnavenatafidaluiin 5 iauuuidunse
WHLHANHINULUILAULNEN (AFPM)

Tunsnasouirieasiudalndi 5 wlauuuiduusauslmdnraniuuuuaua (AFPM) ey
Pelwrussauiadisndlng Iinansmaaeuduguadunssiuluasaorinariuiasiauiadisnd
IniSvoardosiudaliiin 5 wanuuidunsusivanyamuuuunuman (AFPM) meﬁqgﬂﬁ 6.3
3 (S /)

DCéoutpul of full-bridge

R s R R

Time (Sec)
JUN 6.3 wanmsnadeuIugUaaulssaulins e dnarIuIsasausadisnalnsvesasosiniialif

5 wlawuuiduusvinueaiuuntma (AFPM) ainakian 5 ms/div wazuses 100 V/div

6.3 NM15NAFUTUAIUYDIINITYAAADULIDINBTUUUIINITLEAUAN 2 N9
mamaau%’ué’@@mgﬂﬂéuﬂwLLaﬁl‘mar;huﬁamﬁmﬁﬂmwﬁazﬁaﬁﬁwmuimwa fiaud

#Anda 10 kHz Namisalsimesveaaioaduin 1,000 rpm lWnansmageuLanafisgu 6.4 Tngain

nan1svageuaziulinlmasluindwinssyadneunesinesuuuinaudduiy 2 ndlawn

U5zl 800 W f9Nsewa trianusmiientinwaasniauseunn 4 A ausagulniin 200 v

;iLl 1 KiLZ' : l

&

Inductor current (A)

Time (Sec)

JUN 6.4 nan1snaaeuIudyyIngUadunssuanivai i luudagiininulunems

a@naran 50 ps/div wagnseid 2 A/div
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6.4 N1SNAFDUAIUVDIINATOIULIDILADSLTONADNTA 1 Lid

n1snadeudugundudnyiudieg laeldsluuunisaindauuugdlnarsiiduudandy

[

(Unipolar PWM) fis1gasidendsluinten 6.4.1 89 6.4.5 dwnisnageuiusundudayayiamie

<

Ingldyunuunisadadauuululnansiiduuandu@ipolar PWM) fisneazidunddluiiden 6.4.6 G

6.4.10

6.4.1 nsnasauduzuAudyrunlIuguledTilutsasyaduliasinesiagldsunuuns

a <

aangenuugilnaauuadu(Unipolar PWM)

A o

nsnaaeudusUAdudaunIuguleddnlunesynduiefneagldsuiuunsaindauy

gfilnasiauududu(Unipolar PWM) iieinatiniesiiliavyuiinnuiiseu 1,000 seusounil

(5ms /div)

A

Stopped

JUN 6.5 wansvadeuiusUadudy g mniuauledTluRs Rt ueswesTagldsUuuunsaing

wuugdlnansiisiuuanduUnipolar PWM) aina: Time 5-ms/div, Ver- Vas(10 V/div)

6.4.2 NMINAFDUIUAYYINUAIN HAZAIAIURANEUVDINTZHATISUBUNTNGA 1

wa edalnaali@adunvulsasieanszualiaauiduluasiwvuyavindlalonlvan

¢

a@Bmasuazdadiunu laeldsuuuunsadndauwuugilnarsiiduuaadu(Unipolar PWM)
dmsulnanliuduriion 1 nMsnaaeuIugUaduLssiunIaly,) nsswaninl) nsvianau

Lesmesi) wavnszualvan() lonan1sVedeUwansAIgun 6.6 dmiulnanliladusiiai 1 9

= a

nszuansalanvarlndifeslaiddidnnuiaiiousinvenseuagsueiingl wasnseualiyusigna

Aunsasy 180 09 Fadunavilidireunosinasinntnnderiasluinaseduludinsaladi 1 wia
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Fal

Stepped

(5ms /div]

CH1: ON
B00Y fdiv 10001

ON
101

ON
101

ON
101
0.0v

Record Length

kain: 10K

Zoom: 10K
Filter

Smoothing:  OM

BW: FULL
Trigger

kMode: AUTO

Type: EDGE

Source; LINE

gﬂﬁ 6.6 maﬂmnmaauﬁugﬂﬂﬁmmﬁuﬂ%ﬂ(vs) NSYUWANSA(,) NTTLAABULIBILADI(L) LaLNTTuE
aa(i) vasssvuinauelasilvanlii@udusidag 1 sesiunsa
ana:Time 5 ms/div, v(500 V/div), i(20 A/div), i{20 A/div) kag i (20 A/div)

dusuinanldidadusion 1 - wanisnadeuTusUATULIIAUNTA(Y) ATELENIAG)

NILULARBULIBTLABS(.) UAZLSIAUADUIBINDT(V,) WHRIAITUT 6.7

-

Stopped (5ms /div]

CHT: ON

500 fdiv - 100:1
Ac

CHz: OM
20V /div 101
AC

CH3: Lol
20V fdiv 1001
Ac

CH4: 0N
500 fdiv 10001
DG oy

Record Length

kain: 10K
Zoom: 10K
Filter
smoothing: ON
EW. FULL
Vv : : : 2 : Trigger

conv : : : : : Mode: AUTOD

: : | ‘ ; : : Type: EDGE

& ‘ o : | : : ‘ al Source: LINE

JUN 6.7 nanInAauIUTUARULIITIUNTA(Y,) NTELANIANL) NTERARULIBIINBS( WAL
LSIRUABULIBSINBS(V,) VesTrULTLEuelneilnanliduduriad 1 Aesiunia
awna:Time 5 ms/div, v(500 V/div), i(20 A/div), i. (20 A/div) wag V. ( 500 V/div)
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aunnsussuatinwaziUas i uAnURAMEUSINE1TUBTNYRINTLLANTAINNITNAFDU
LanIAIIUN 6.8 aziuliindnismdnansuetindrsuinusUusenluvilirnlesidudanuiiameu

s PN a A ~ ~ ~ Y} ° N
53N3731~|9Uﬂ%@§ﬂ35LLﬁﬂ'ﬁﬂllﬂ'TaWaﬂLllaL‘lJ'ﬁEJULV]ﬂUﬂUNaﬂqi"ﬂqaaﬂiugﬂm 3.4

5 T T

=
T
!

(75}
I

%THD;=32.72%

Source current (A)

—
1

0
0 10 20 30 40 50

Harmonic order

5UN 6.8 awUnasussuelinvasnseuansaannisnageulnellnanlidaduyiind 1 desunia

o/ '

6.4.3 NISNATIUIUAYYIUAIN wazAANUAARELYaINSUETSRadindinga 1

wa WadeTvanludadunuulasFesnszualwadulvinassuveminnldlniames 1

Tnandadumiunasiamieni  Teldsuuuumsainteuuugiinarsiguuaiidu(Unipolar
PWM)

dwsulnanlidadusion 2 ﬂﬁmaaué’ugﬂﬂﬁuLLieﬁUﬂ%m(VS) NIZWANIAG,) NTTUARDU

95995()) waznseualvian() iéfwamsmaammmﬁa;ﬂﬁ 6.9 Fwsulnanliidadurind nszua

n3nfidnuaslndifesletdsdidmnuiinfiunuainssas uaind waznseuadynmaany

w599 180 99r FLdunaviligreuasinasimtnNdemasluiraseduludinsaladn 1 wa

Stopped q (5ms fdiv)

CHT: ON
500V /div 10011
AC

CHZ: ON
20V /div 101
AC

CH3: ON
20V /div 101
AcC

CH4: ON
5V Adiv 01
DC 0.00v

Record Lengih
Main: 10K
Zoom: 10K
Filter
: : : : Smoothing: ON
N S PPO N PSS PPE SRS SRS S BW: FULL
: : : : : : : : Trigger
: : i : e~ Mode: AUTO
o CUNI— : " y - : - - Type: EDGE

Source: LINE

gﬂﬁ 6.9 wami‘m@ﬁau%’ugﬂﬂﬁul,mﬁuﬂ%m(vs) NSTLANIAGL) NTTUARDULIDIADI(,) WATNTTLE
an() vasszuuinauelasiilvanlii@udusdan 2 Aasiunia

ana:Time 5 ms/div, v.(500 V/div), i(20 A/div), i.(20 A/div) wag i, (5 A/div)
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dviulvanldiadusiinf 2 wan1sveaeuduUaduLTIdunIa(v) nIzwan3a)

NITRARDULIBIINBI.) wasUIIRUABULIBSMEI(Y,) UaAIRIFUT 6.10

Stopped L (5ms /div)

: : CHT: ON
s00% /div - 10001

AC
' ACHZ: ON
20 fdiv 101

AC
CH3: ON
20% fdiv 101

AC
CH4: ON
500% /div - 100:1
DC v

Record Length

kdain: 10K
Zoom; 10K

Filter
Smoothing: ON

BW: FULL
Trigger

kode: AUTO

Type: EDGE

Source: LINE

JUN 6.10 HamMIVAgauTUTUAGULTIAUNTA(Y,) NS8UANTAG) NSeuARBLIBILND(,) Wag sy
ABULIDILABI(V,) VB9TTUUNWNLEUBLnei lran LU dduation 2 Aasiunse

dwna:Time 5 ms/div, v,(500 V/div), i{20 A/div), ic (20 A/div) waz V. L 500 V/div)

ﬁLUﬂ@%ﬁHﬁ?%N@ﬁﬂLLaSﬁLU@%L%U@@?WNQ@LﬁEJU?’J&IEI’]%&IE]‘DﬂsUE]Qﬂi%LLﬁﬂ%@‘\]’]ﬂﬂ'ﬁ‘Vlﬂﬁ@U

'
[ o

LanaRegua 6,11 aziulaaninisidaesueinanudi vz Uuesnluvinlin e sifudaiy

Haulusinesueiinvesnszianialiranaulawsguinguiuranisiaesdugui 3.7

%THD;=10.90%

Source current (A)
L¥5)
1

0 10 20 30 40 50
Harmonic order

JUN 6.11 awWnnsusnsueinvasnseuaninainnmmegeulasilvanldidadusiinh 2 sesiunia



64

o/ ]

6.4.4 NSNATDUIUFYYIAUAIN uazAAURRLNEUTRINsZUAa SR Tniinga 1

wis adelvanliiFudunuursesizeanszudlwaduiiulwaswuuisiindasugulviawmes 2 6

Tnaadadumuuaziamieair  Taeldsuuvunisaindauuugilwansiduuaadu(Unipolar
PWM)

dwsulnanliidadusiiad 3 ﬂWimaaué’ugﬂﬂ?ﬁ'mméﬁ’uﬂ‘%ﬂ(vs) NIEUANIAG,) NTZWERDY

nasmas(y) waznseualvan(,) lﬁmaﬂwsmmaaULLamé’quﬁ 6.12 dmsulnanliidadurind nszua
- -

nsndidnvarlnafesleuddiAinnuraiisusinvenseassueingn waznszualyuiisnady

w59 180 99en Faunavilvifraunosimesimmtndemaslniiaseauludainsaladn 1 wa

Stopped b (5ms /div)
: : 5 E ; CHT:
v : T : 3 ; 500V Adiv  100:1
s 5 - 2 nc
¥ oS e 2 gy 5 CH2: on
; ; ; ; 20V /div 10:1
T : ¥ : B ac
I : £ g : CHa: oM
: : : : : 20V fdiv 101
lv o i B s Ac
i ; \ : ] SV /div 101
: 1 : DC 000V
......... ; i ) s £ =
i : : : : T : : : ; Record Length
c : [ N i T i : Main: 10K
AEW - a 'W iy "‘w oy e
i . : = : : Filter
: ; i 2 1 3 : : Smoothing:  OM
¥ ol i o s bW 2 M 4 f N5 Bw FuLL
P i i : t B : ; Trigger
1 L H 3 /—’—‘1“-\‘ i E KP—N\L $ Mode: AUTO
gy LSRR B LN, A e Rt Pt : gE) Nl Type: EDGE
'L U : H U b Source: LINE

gﬂﬁ 6.12 mamwlﬂaaué’ugﬂﬂﬁul,tﬁqﬁuﬂ%@(vs) NSTUANSAGL) NSTUARDULIDSLADI(.) WagNITLE
Wianl) vossyuuminauslnedluanlidaduydog 3 fasiunsa

awna:Time 5 ms/div, v(500 V/div), (20 A/div), i(20 A/div) wag i, (5 A/div)

dwiulvanlu@adusiinn 3. Kan1sUAaUTUIUATULIIAUNTA(Y,) NTELANIAG)

NILUARDULIBSINDS(L) WATUIIVLABULIBSIABI(V,) LaAIRITUN 6.13

Stopped B (5ms /div)
v : P : : CHI: ON

500V /div 100:1
nc

CHZ2: ON
20% sdiv 101

CH3: oM
20 /div 101
nc

CH4: oM
500V /div 100:1
DC ov

Record Length
Main: 10K

Zoom: 10K
Filter
Smoothing:  ON
BW: FULL

Trigger
Mode: AUTO
; | " Type: EDGE
Source: LIME

gﬂﬁ 6.13 wams‘mmaau%’ugﬂﬂﬁul,mﬁuﬂ'%m(vs) NSTWANIAGL) NTTUAMDILIDIADI(.) WATLIIFY

conv

ar

ABULIDILMBS(V,) YassruuTiauelaeiilvanliduduydan 3 Aesiunsa

ana:Time 5 ms/div, v,(500 V/div), i(20 A/div), i (20 A/div) Uag Von( 500 V/div)
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alnasussuatinuazilosidudnnuiiniieousi1ue1sueinYeINILLANIAINNISNAFDU

= o w s a [ °

Lananegual 6.14  azdiuldindnisidagisusindrdudiinvedueenliinliandesisudaiy

a & s a a a =~ ~ ~ o ° ]
NG]LWEJu’ﬁ'JlI?J'ﬁlI'EJUﬂ?J@QﬂiBLLaﬂ'ﬁﬂllﬂ']ﬁﬂaﬂLllaLUiﬂULV]EJUﬂ‘UNaﬂ'ﬁ"ﬂ']aEN&LUEUV] 3.10
4

3.5 B

w
T
I

¥}
in
I

%THD;=21.33%

Source current (A)
(%)

14 4
0.5 &

ol Il..-l-l-l-.l.“.nll..-.l—l.-ll.-l—-lll.l-—.-l
0 10 20 30 40 50

Harmonic order

JUN 6.14 awWnnsugniveiinvasnseianinainmvegeulaeilanliigadusiinn 3 sesiunia

6.4.5 NSNAHIUIVTYYIUAI wazAAMURALREYaINSUasuedndinga 1
wa Wassnanli@aduliuuasesiienszualvaduiiulvinsanuuauindasuaulvisines 4 ¢
Tnandadumiusasdamilenii Tagldguuuunisaintisuuugiinansiduuaandu(Unipolar
PWM)

dmsulnanbidadusiiof 4 ﬂWimaaué’ugﬂﬂ?ﬁ'ul,mé’w’uﬂ‘%m(vs) ATEIANIAG,) NTEWERDY
LB5LMas() waznsyualuan() 1ﬁmaﬂﬁmmaauuam§ﬁ§ﬂﬁ 6.15 dvsulvanldidaduing nszua

a A

nsndianvarlnaifesleldadlainanuRaiieusInvenseuaaIsuetngl warnszuadyudsnadu

WS 180 091 Fudunarinludiroulesinefiutnnasiidslniiasmuludinsaluda 1 wa

Stepped d (5ms /div)

CHT: OM
500 /div 10021
AC

‘A CHZ: ON

20% fdiv 101

AC

| CH3 ON

20% fdiv 10:1

1 CH4: OM
SW Adiv 1o0:1

DC 0.00v
i : a Record Length
-

: . i g a H E kain: 10K
ar WM W% Zoom: 10K
- : : : : : : * Filter

Smoothing: ON
i : : : : : : : Trigger

L : : : : : : : Mode: AUTO
Type: EDGE
Source: LINE

gﬂﬁ 6.15 mams‘vlmaau%’ugﬂﬂ?}ut,mﬁuﬂ%m(vs) NSTUANIAGL) NTTUARDULIDILADI(,) WATNTLLE
an() vasszuuninauelasiilvanlii@udursdad 4 aasiunia

ana:Time 5 ms/div, vJ(500 V/div), i(20 A/div), i(20 A/div) wag i, (5 A/div)
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dwiulvanldiadusiinf 4 wan1sveaeuduUaduLsIdunIalvy) nzwan3nli)

NITHARDULIBIINBS(.) wasuIITUABULIBIMDI(V,) LaRRaguUT 6.16

Stopped q (5ms/div)
: : : : : CHT: ON

500% fdiv  100:1
Ac

CHz2: ON
20% /div 101
nc

CH3: ON
20V Adiv 10:1
nc

CH4: ON
500V /div - 1001
DC oV

Record Length
Main: 10K
Zoon 10K

Filter
Smoothing: ON
BW. FULL

Trigger

Kode: AUTO
Type: EDGE
Source: LIME

5UN 6.16 namsnaapuTUTUARULTIAUNTA(Y,) NTBUANTAG,) NSELARDLIBSADI(.) WATLIIAY
ABULIBSLABS(V,) YBsssuUN L aLelnsdluan i adusiad 4 nosIunsa

dwna:Time 5 ms/div, v,(500 V/div), i{20 A/div), ic (20 A/div) iaz V.o, L 500 V/div)

AUnNASTUESUBRNLA DS UARINRAL N UIILENSUBLNYDINTLRANTAVINNTNAFDU

'
[ o

LanInegua 6,17 aziulaandnasiidaensueinanudiive dueanluvinlin e sidudaiy

HawiuTInesuelinuesnseianinliianauienseuiguiuranisdiaedbusun 3.13

=
"

=
T
L

w
T

%THD;=14.30% 1

Source current (A)
[}
.

—
"
I

0 _...I_.-..-d..-..-—_l—-ﬁ-—-l—_—.ﬁ-—....—.-..l—_..-..—_
0 10 20 30 40 50
Harmonic order

JUN 6.17 awnnsusnsueiinvasnseianinannnmmegeulasilvanliidadusiinh 4 sesiunia
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6.4.6 MInadauIuzUndudynIuaIuaNleadTiluIRsYRduIesinasineld

sUnuumsEagawuululnansiiduuaaidu(Bipolar PWM)

-

nnadeudusURdudyaunIuauledilusyndunesnesingldsuuuunsaindauuy

g7}

Tulwansiidiuuaandu(Bipolar PWM) llamaesesniinvyuiianiiiseu 1,000 souseuil

Stopped L (5ms/div)

JUN 6.18 namsnaaeuiuguedudnaniuauledvilviasyndunesiwesiagldsuuuunisaings

wuululwansiiduuaaudu(Bipolar PWM) ana: Time 5 ms/div, V- Vea(10V/div)

6.4.7 NSNARDUIV YA wazAANAALRETaINszuagSuadndinga 1
wa iiladelvanliifadunuuisasiisnssualvaduiiulvasauuyauiadlalanlvan
amhdmaiuaziagun Taslésuuuumssindauululwarsisuuaadu(Bipolar PWM)

dusulnanklidaduednd 1 mamaau%’ugﬂﬂé"mméfuﬂ'%m(vs) NIZUANIAG) NTELAADY
L5LRas() waznseualran(,) lé’fmamimaaw,amﬁdgﬂﬁ 6.19 dmsulnanliiBaduried 1 4§
¢ o~ a

nszuaninanvarlndifeslei@eddrnuiaiiusinvenseuagsueiing wasnseuadiyusina

Aunsasy 180 09 Fudunavilidineunosimesimtnndirasluinaseduludinsalndi 1 wia



Stopped

FEd

(5ms/div)

I R TS

S PSPPI S

gﬂﬁ 6.19 wamimmaauﬁugﬂﬂﬁut,mﬁuﬂ%m(vs) NILUANTAG) NITWARDULIDILADI(,) WAaTNITUE
Wan(i) vaenisanndawuululnarsisuuandulneiilvanldidadusiion 1 Aesiunie

ana:Time 5 ms/div, v(500 V/div), i(20 A/div), i(20 A/div) kag i (20 A/div)

dusulranliidadusiad 1

CH1: ON

S00V /div 10001
AC

CHz: ON

20V /div 10
AC

“|CHa: ON

20V /div 10
Ac

CH4: ON

20V /div i
AC

Record Length

Main: 10K
Zoom; 10K
Filter

Smoothing: OM

BW: FULL
Trigger

Mode: AUTO

Type: EDGE

Source: LINE

68

mamimmaaué’ugﬂﬂﬁuLLiaé’Tuﬂ%m(vs) nsguansad,)

NILUARDULIBSINDI(,) LATUTIFUABULIBSINES(V,) UaAIRITUT 6.20

Stopped

A

(5ms /div)

CH1: ON
500% fdiv  100:1

CHz: ON
20¥ /div o1
AC

CH3: ON
20 /div o1
AC

CH4: ON
500%/div - 1001
DC o

Record Length

Main 10K

Zoom: 10K
Filter

Smoothing: ON

BW! FULL
Trigger

Mode: AUTO

Type: EDGE

‘ Source: LINE

JUN 6.20 HANINARDUTUTUAULSIAUNTA(Y,) NTERANTAG,) NTTLAADULIBSIND I IazITesu

ABULIBSLMBS (V) Yaansantewuululnansiisuuandulaeivanlidadusied 1 de

unsAana:Time 5 ms/div,v(500 V/div), i,(20 A/div), i(20 A/div) wagV.,,(500 V/div)
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aunnsussuatinwaziUas i uAnURAMEUSINE1TUBTNYRINTLLANTAINNITNAFDU
Lananegua 6.21  aziuldindnisidagisusinddudiinvedueenliinliandesidudaiy

a & s a a a =~ ~ ~ o ° N
NG]LW‘EJu’i'JlI?J'ﬁlI@Uﬂ?J@QﬂiBLLaﬂiﬂMﬂqaﬂaﬂLﬂaLﬂiﬁULV]ﬂUﬂUNaﬂqiﬂqaaﬂiug‘UW 3.4
3

2.5
2

1.5 %THD;=51.5%

1

Source current (A)

0.5

1]
0 10 20 30 40 50

Harmonic order

JUN 6.21 avnmsusnsueiinvaanszianinannmsnaaeunsaiadasuululnan siduuiudy
Tneilvankiwadusion 1 fesiunia

o/ 3

6.4.8 NINAHBUIUAY IR wazAAMuAALETaInsuasSuedindinga 1

wa iadeTnanldi@adunuuasasseenszualnaaudulnsswuvavinldlvdanas 1 69
Tnandadiummuuazimieni Tagldsuunuunsaindauululnarsitduuaadu(Bipolar PWM)
dmsulvanliiaduniad 2 mimaauﬁugﬂﬂ?{mmﬁuﬂ%m(vs) NIzLaNIal,y) NITLanDY
na5Mas.) waznseualan() VLﬁwamswmaaULLamﬁagﬂﬁ 6.22 Fwsulnanliidaduring nszua

nsnfianwuglngpesleidlinnnuRaieusInueInsekagIsuolngl wazn s kadyudanaiu

WS 180 09N FudunavinlviroulIasmesyiudsi1dslnihasehuludnsaludy 1 wa

Stepped d

(5ms/div])

i : : : : : : : Record Length
: . : i i 10K
10K

I : : 5 1 : 5 T : Mode: auTo
ofl S . o i : S S i g Type: EDGE

T 3 Lin B | e

gﬂﬁ 6.22 wami‘mmau%’ugﬂﬂﬁul,mé’uﬂ%ﬂ(vs) NIEUEN3AG,) NTTLERDULIBSIADS() Lagnseud
Wan(,) vaanisanndasuululnansisuuidulaeilvanldi@adusiion 2 Aesiunin

awna:Time 5 ms/div, v(500 V/div), i(20 A/div), i(20 A/div) wag i, (5 A/div)
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dviulvanldiadusiinf 2 wan1sveaeuduUaduLTIdunIa(v) nIzwan3a)

NILRARBULIBSINBI,) wasUIIFUABULIBINES(Y,) UaAIRITUT 6.23

Stopped 3 (5ms /div)

CHT: 0N
S00% fdiv 10001
AC

L/ CHZ: ON

20V fdiv 101

AcC

| CHE ON
20V fdiv 101
Ac

CH4: 0N
500% /div 10021
DC o

Record Length
Main: 10K
Zoon: 10K

Filter
Smoothing: ON

B 47 4. . . ZWNANNY LS o e | BW: FULL

i i Trigger
v('()nv i ‘ : ‘ ‘ : E : Mode: AUTO
] ! : : ] : Type: EDGE

‘l‘ i ‘ " Source: LIME

JUN 6.23 HamsvAreUTUIUARULSIAUNTA(Y,) NSEUaNTAl) NTsuanauosnesl,) Lagusamu
¢ 13 a a 3 ML ak )=~ Ia v a A ]
AauLIBSIMB(v,) YasmsaInduuululnansiiduuduaulaedlivanldidaduyiian 2 se

A7 dlna:Time 5 ms/div,v.(500V/div), i(20A/div), iL20A/div) wag V.., (500V/div)

alnasussuafiniagilesidudnuRaL g UsILEISUATNYDINTLLANSAINASNAFDU

'
[ o

LaneRagun 6.24 aziulalnfinnsAdngisuetinaisusinus Yuesnluvinliadasidudainy

AaeusensuelinuesnssuansnilmanadiaUSeuiisuiunan1sdaedusui 3.7

5

1}, J

%THD;=32.72%

[75)

]

Source current (A)

—

0 10 20 30 40 50
Harmonic order

JUN 6.24 aunmsuansuelinvaanszuaninainnisnaaaunsaindauululnansisuuiudy

Tneilvanlil@adusilod 2 Aasiunsa
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o/ ]

6.4.9 MmanagauudyyIuAe uazdauRaiBuTessTussueaiindinia 1

wia WassnanlifadunuursasFesnssualnadudulwasauuiauindasuaulniames 2 #a

Tnandaduniunaziamilenir  TeeldsuuuunisaindanvululnansiiguuaaduBipolar
PWM)

dwiulvanliBaduiind 3 mvaaeuiuguaduussiunialv,) nszuaning,) nszuaney

nasmas(y) waznseualvan(,) lé’mamamaawaméﬁ’qgﬂﬁ 6.25 dmsulnanliidaduring nszua

a A

nsndidnvarlnafesleuddiAinnuraiisusinvenseassueingn waznszualyuiisnady

w59 180 99en Faunavilvifraunosimesimmtndemaslniiaseauludainsaladn 1 wa

Stopped 3 (5ms /div)

CH1: OoN
500V 7 div 100:1
AcC

CH2: OoN
20V /div o1

CH4: ON
BV /div 1o
DC 0.00v

Record Length
MMain: 10K
Zoom: 10K

Filter
Smoothing:  ON
BW: FULL

Trigger
Mode: AUTO
Type: EDGE
Source: LIME

gih?i 6.25 mamsmﬁau%’ugﬂﬂﬁuLL’Nﬁuﬂ%(vs NSERANSA(L) NTTLAABULIDSLABS() LAaZNTLLA
Wan(,) Teanmsaindasuululnaisisuudnsulneiluanliidadusdad 3 vosmnia
awna:Time 5 ms/div, v,(500 V/div), i(20 A/div), i{20 A/div) wag i, (5 A/div)
dmivinanldiBaduriod 3 - manimaseuiuIUaduLTiFunIn(y) nTELaN3AG)

NILUARDULIBIINES(.) LasuIINUABLLIDINDI(V,) keanariazui 6.26

Stopped. N (Sms /div)

CH1: on
S00W sdiv 10001

: e e D)) /S Zor
\-Lv/ \‘__/ e \\v/ Cz‘:ﬁ;aiv 1(1::‘:“1I

v

[

ac

CH3: on

i E F 2 20V s div. o
< z 2 3 : Ac

ar WWW CHa: on

B £ H : : S00V Sdiv 1001

: g i DC ov

c ) p 5 Main: 10K
- . s ¥ . | s A1 Zoom: 10K
L 3 1 2 2 Filter

T s e I ] B
" " Trigger
V‘_m”, Mode: AUTO
ar Type: EDGE
- Source: LINE
'

gﬂﬁ 6.26 wams‘mmaau%’ugﬂﬂﬁul,mﬁuﬂ%m(vs) NSTUWANIAGL) NTTUAMDILIDILADI(.) WATLIIAY

AEULIDIMDS(V.) veensEinduululnansisuuansulneilnanlddaduriad 3
FBIIUNIA ana: Time 5 ms/div, v(500 V/div), i(20 A/div), i- (20 A/div) uag
Vi omd 500 V/div)
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alnasussuatinuazilosidudnnuiin i usius1sueneINIZLaANIAINNISNAFDU

= o w s a [ °

Lananeguan 6.27  aziuldindnisidaeisusindduiinledueanliinliandesidudaiy

a & s a a a =~ ~ ~ o ° r-:l'
NG]LWEJu’ﬁ'JlI?J'ﬁlI'EJUﬂ?J@QﬂiBLLaﬂ'ﬁﬂllﬂ']ﬁﬂaﬂLllaLUiEJULV]EJUﬂ‘UNaﬂ'ﬁ"ﬂ']aEN&LUEUV] 3.10
4

350 B

%THD;=35.79%

Source current (A)
[S¥)
1

0 10 20 30 40 50
Harmonic order

JUN 6.27 avnmsuansuelinuaansenaninainnisnaaeunsaindauululnansiduuiudy

Toeilvanldadusion 3 Aasaunin

q.l 3

6.4.10 NIINARBUIUARYYIUA HazAIAURALNEUVBINITHAT1SURTNTINGA
1 wia dedelnanlidadunuulsasfeanszudlnadudulvasiwuuyauiadaruaalniawmas 4
o v oy o a ° v a a ¢ & aa < .
a7 Waaaafiuniuuazimienti lagldsuiuunisaintauuululnarsnauudndu(Bipolar
PWM)

dmiulnanli@udusiian 4 nedeUduTUARULIIAUNTA(Y,) NSELENTAG,) NTTULARDY
o5l waznselalvan(y) lAran1smMedauLanIAIIUN 6.28 dmsulnanlidudusiind nszua
nsnfianvarlnaifueleudadiiinnuRaieusmveInsskaansueiingn waznszualyunsnady

w59 180 9arn aLdunavilifaauasinasintnNdetidsluiraseduludinsaladn 1 wa

£

Stopped | (Ems./div]

CH1: ON
500V sdiv 1001

CH4: ON
5V Sdiv 1001
DC 0.00v

i Record Length

: Main: 10K
%mew% o 1o
y ; : 5 5 : 5 5 : Filter

Smoothing: ON

BwW!: FULL
Trigger

Mode: AUTO

Type: EDGE
L WM Source: LINE

gﬂﬁ 6.28 mam'ﬁwmaauﬁugﬂﬂﬁuuﬁﬁuﬂ%m(w) NSTUENSAG,) NITLAMDULIBSIABI(,) WazNTELa

nan(,) vasnsaindawuululnansinuududulneilvanldBadusiion 4 sosiunsa

ana:Time 5 ms/div, vJ(500 V/div), i(20 A/div), i(20 A/div) wag i, (5 A/div)
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dwiulvanldiadusiinf 4 wan1sveaeuduUaduLsIdunIalvy) nzwan3nli)

NITHARDULIBIINBS(.) wasuIIRUABULIBIMDI(V,) kaniagunl 6.29

Stopped q (5ms /div)

CH1: ON
500¥ /div 10001

CHzZ: ON
20¥ /div 1o
AC

CHz: ON
20V fdiv 1o

CH4: ON
500V /div 10001
DC oy

: ] - i
vcr)n v : ‘ ‘ | ‘ § §

CJ; ‘ ....... -i‘l

Record Length

: ) g s ; : Main: 10K
IMWMWWW% o
- } : : : : g Filter

Smoothing:  ON

.| B FULL
Trigger

Mode; AUTO

Type: EDGE

Source: LINE

5UN 6.29 nan1snaaeuTUTURARULIIAUNTA(Y,) NTSUANTAG,) NSEUARDULIDTABT(.) WazLIAY

ARULIBSLNBS(v,) vasn1sa@indakuululnansiisuuaidulaeilnanldddusiind 4

AIBINIA - @na:Time 5 ms/div, v(500 V/div), i(20 A/div), i. (20 A/div) e

V.o 500 \V/div)

alnasussuatinuazilo s udauiat e us 11815 u el NYDINTLLANIAIINNSNAFDU

'
[ o

Lananegui 6.30 - amwiuladafinnsiidaarsusinaidusiinlsduesnluinlin e sifudaiy

HawiuTinesuelinvensvianialifanauiieissumsviunanisdiaedlugui 3.13

%THD;=21.33%

Source current (A)

0 10 20 30 40
Harmonic order

g‘dﬁ 6.30 A UNMSUE1SUBINYINTLRANTAINNTNAARUNITENRT UL UTNANS RS UUA DY

Tneilvanlil@adusilod 4 Aasiunsa

50
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6.5 n1sSeuiisulasidudussansnneasduiasinasvasssuuinunaualaely

wadian1sadndeuuugilnarsiauuaandu(Unipolar PWM) fiunuuaafuiildimadia

(% a =3

N13AUANNITN19IUVBIBUIBSINRTNHNNTaTInTIuuUTNasHAUUAQLAU (Polar

PWM)
NNSNAFDUSTUUNU AU ot el L dusiad 1 u1sesiunsa Lat1AIn1aY

InakaziesidudUsEAnSnmveduesinesiousenia 1 wanldmedianisainuuvedinas

LY a <

Auuandu(Unipolar PWM) wazuwuululnaisisuuawdu(Bipolar PWM) inwdennsviiUSeuiiiau

[

W lonauanafiagui 6.31

100 ! ! . ] = i ] ! !
i t Unipolar Technique; o — — TN
P ' : ‘ - rr : ]
£ ; : ~ Bipolar Technique :

@ B8O+ S5 i 5 T g Ty R forre iy g S £ itk U x
, L] |} Ll 1 II- ll 1] ; L]
£ : % : r : : : :
- | AN W \C WY mEh
bt : &F : : . : [ }

@ o g ——— R /A G Vo § ey 8 F |
o BF oy : : : '. ; : ; |
(4] . 1 i ' | ' i '
= ; : : 3 : '
| — " " i P W H
i : : : : : : E ' :
o Y LRl s ad L
> : . : ! ! y . :
Q ; ] { : : } { ]
= ; E : ; : E ; : :

:E 20 _.-.....E.........E.........J:........-:,........E.-- --':p- -E- r E- -
= : H i : : ' :
w ; i : i ; ; :
0 i i i i | I i i i

0 100 200 300 400 500 600 700 - BOO ~ 900 1000

Output powe

—_

of inverter(W)

JUT 6.31 namilSeuifisuiduerdnpnaslosiduiusedrnmussduesinesitousnonia 1 wia
Aldinalinnsainuuug Tinasfiduuandu(Unipolar PWM)  waguuululwansiiduuin
\du(Bipolar PWM)
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6.6 A131UTBULNBUANINAA199 Yasszuuinauenldnaiianisainuuugilnans

AAUUAdU(Unipolar PWM) waziuululwaisiinuuiadu(Bipolar PWM)

A I o w1

PMNNINedeUTE UL Lauailsi nanluidadusided 1 umesiunia WelA1n&aewee
voen1slfinaiiansainuuueilnansisuudindu(Unipolar PWM)  wazwuululwarsiduuandu

(Bipolar PWM) 1L UT8UBUAULARSAINITINT 6.1 UagmIs199 6.2

o a

A5 6.1 Mdafiansng o veunalansaindawuululnansiinuuandu(Bipolar PWM)

9

Pdc Peonv Parid PLoad Nconv Thdis Ifun

569.73 W 500 W -457.72 W 42.28 W 87.76% 7.78% 2.40 A

o a

A13197 6.2 MdsTigasing 9 vesmatinnsedndauuuedlnalsiauududu(Unipolar PWM)

9

Pdc Peonv Périd PLoad MNconv Thd; Ifun
559.41 W 508 W -465.28 W 43.12 W 91.01% 10.21% 2.57 A
6.7 unagy

Tuunildvinisnasouludruveaaioa il uuuduns sudimdnranuiuaunuina
(AFPM) wila 5 wid Imalé’mamwmaaugﬂﬂﬁumﬁﬁﬂw%mma 5 Walidnwuzdygiusmanu
Usganal 72 esmlniin waslivuinasgarewssiulnalAueiy wagannanIsnadeUnIAMaN Bs e
fdsednpraimatiuussulnihdeavonniosiuialiin 5 wauuyu AFPM dalnadiildinile
Tnaadlaiiiistuussuiitarenatosiidaliinasnnasiionusseumailamedingg  uazan
nansnageUiugUAduLssiUlWRssI R s auTadlanAlnsvoseSosiudalitin 5 wia
LuULduLTaLmAn R mLLILnuLINEY (AFPMRzdanmdiuldindnnsnszimenve sdyanallingg
\dntley 91nnan1sadeuivdyyiusndunssuailnaituiivieniluudagdaiviianuly

ATYAAABULIDSLADTL ULV NMUATUAY 2 113 NAuBainge 10 kHz fianusilsnesvadasos

o a

Al 1,000 rpm awiulainiinseudlmaniudimtieniudasnieUsyana 4 A Aussiulvd 200 v

%
v o o o

FatiuA UMW R A uTiAIUSEUN 800 W @dUNANISNAARUAIUTDIINATOUIDSLADS
Wouransa 1 wanilvanliidudusiinene aesiunsa 4 via azdiulaindinsdaumaslaialy
Faszuunsalviln 1 wia waziinnsvaensenaansuadnlaass d@unan1sneasulun1s1en 6.1 way

= & I a a a a s a & a s & & a a
BTN 6.2 'R]SL'WL!VLW'NW]ﬂu@ﬂ']'ﬁa'lmsﬁﬂLL‘UU%UIWﬁ']iWﬂ‘U‘Ua’JL@NNLU@?L%U@U?%ﬂV]ﬁﬂWWT@Q

s 1

dueswasaininlesiduduszdninmeesduiesinesildimaiianisaruaunisvinauees

Y

sala a a

duaswasninisaindawuululnaisa

[ a <

UUAOUBIpolar  PWMKuusnau Taeaguidunisng

Wsueulanamisnan 6.3
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A151991 6.3 Wisuilunsadndauuugilnarsiiduuindu(UniPolar  PWMkuUUSUUTiuRU
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WanAM9l Digital Oscilloscope (YOKOGA)
34 DL1540 /DL (4 Channel)
51992198a 150 MHz Analog Bandwidth
200 MS/s on two channel
8 bit vertical resolution
DC to 30 MHz, 850V
(DC+AC peak)2% DC accuracy,

Internal low pass filter

WANNDIN Power Quality Analyzer (FLUKE)
34 FLUKE 43B
518021009 5 to 600 Vrms. 1.00 to 1000 Arms
Up to 600 kw., 6 Hz to 99.9 Hz.
8 bit vertical resolution
Indicates fundamental to 13" harmonics
Measures crest factor, PF, DPF, K-factor

%THDIi, %THD-R

Nan N "ﬁ Digital Multimeter
4 Fluke 115/EFSP
FREGETLL
- Maximum Voltage Between any Terminal and Earth
Ground 600V
- Surge Protection 6kV peak per IEC 61010-1 600 VCAT

I, Pollution Degree 2




WAANMN Current Probe (FLUKE)
71 80i-110s AC/DC
516021889 10mV/A, 100mV/A
Input 100A peak Max
Frequency: DC to 100 kHz .(@3 db)

Output 10 mV/A, 100 mV/A CAT III

HAAAYH True RMS Multimeter
U LM 1005
31901089 + Total rms value (RMS-AC+DC)

 Ripple rms value (RMS-AC)

o Arithmetic mean value (AV-AC+DC)

* Permanent moving moving-coil
instrument class 1.5 / double scale
Scale 1: measurement range 0 - 10
Scale 2: measurement range 0 - 3

* Internal resistance: current path
10mOhm, voltage path I0MOhm
Voltage ranges: 3; 10; 30; 100; 300;
1000V

* Current ranges: 0.1; 0.3; 1; 3; 10; 30A
Crest factor: 10

* Measurement accuracy: 2%

» Operating voltage: 230V, 50Hz

» Dimensions: 210 x 90 x 130mm
(WxHxD)

* Weight: 1kg




Waﬁﬁm“ﬁ’ Differential Probe (YOKOGA)
JU 700925
s1gaz9en  1/10V, 1/100V

500V Peak Max

noaBaooe

-

|

HaAf A PZ4000 Power Analyzer

EREGETGLL

- Wide measurement bandwidth (DC, up to 2 MHz).

- Accurate capturing of input waveforms using high-speed
(maximum 5 MS/s) sampling.

- Voltage and current waveform display and analysis
functions to enable power calculations on fluctuating inputs.
- Harmonic analysis (up to 500th order) and Fast Fourier
Transform (FFT) functions to enable high-frequency

power spectrum analysis.

- Multiple channel, synchronized measurements using
multiple units and Master-Slave trigger function simplifies
complex investigations.

-Environmentally friendly design based on YOKOGAWA's
Guidelines for Designing Products for the Environment and
Criteria for Environmental Assessment in Product Design.
-Sensor input module option enables evaluation of motor

efficiency and total efficiency including the motor drive.
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Abstract — This paper proposes the implementation of a single-phase low cost grid connected axial
flux permanent magnet (AFPM) generator system with harmonic mitigation functionality for
various types of nonlinear loads. The design, construction and testing of the AFPM generator are
given. The method of current reference calculation derived from a combination between power
transfer and harmonic compensation for nonlinear loads is described. The synchronization with the
grid does not require phase locked loop(PLL). It employs a simple technique based on a sinusoidal
look-up table The whole converter system is implemented on a low cost dsPIC30F4011
microcontroller. The simulation and experimental results confirm the validity of the proposed
system under various conditions. Copyright © 2018 Praise Worthy Prize S.r.l. - All rights reserved.

Keywords. Permanent Magnet — Generator,

Synchronization

Harmonic

Compensation, Nonlinear Loads,

I

An AFPM generator is widely used in directly wind
systems for low speed since it offers several advantages
such as lightweight, small size, simple mechanical
construction, easy maintenance, good reliability, high
efficiency, and absence of moving contacts[l].
Direct-coupled wind turbine AFPM generators offer
various advantages such as mechanical gear elimination,
low maintenance and installation, low noise and quick
response to the wind fluctuations and load variations. As a
consequence, the AFPM generator seems to be attractive
for low speed direct-driven solutions[2]. Various types of
AFPM topologies can be found in [3]-[7], for wind
applications.

There are two means of use namely stand-alone for
remote arcas where a grid is not available and grid
connection for supplemental energy. Unlike a self-excited
induction generator for stand-alone applications suffering
from overvoltage and over current problems and
undergoing the process of voltage build up, the AFPM
generator does not need capacitors to provide
excitation[1]. Generally for large-scale grid connection
applications, induction generators and synchronous
generators play an important role. The small scale AFPM
generator is likely to be employed for a wind energy
conversion system. Most of applications of AFPM
generator are used for stand-alone. For a grid connected
system, there are a few publications. A single-phase
multifunctional  voltage controlled grid-connected
photovoltaic(PV) system offering power transfer and
power quality conditioner functionality for voltage dip
and harmonic compensation can be found in [8].

Introduction
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However this technique is somewhat complicated.
Although a single-phase half bridge grid-connected
converter offers switching count reduction in a front end
of a grid connected asymmetrical two-phase induction
generator, the DC link voltage is too high with high ripple
[9]: A single-phase grid-connected system using vector
control of active and reactive power was proposed in [10].
However asymmetrical sinusoidal grid current waveform
is present due to lack of elimination of the dc component
for some nonlinear load types. Although there are so many
publications focused on grid-connected converters, a
simple control technique for a grid-connected AFPM
generator system - offering satisfied operation under
various conditions has not been reported yet. The
proposed AFPM generator is a laboratory made set which
is formed by a twin permanent magnet rotor disk.
Five-phase stator windings are fitted in a stationary disk.
It can be ecasily built in a laboratory[11]. In this paper, the
designed AFPM is used to convert mechanical energy
from wind energy into electrical energy. Then, the
electrical energy is transferred to the grid and nonlinear
loads by using a converter system consisting of an
interleave boost converter and a multifunctional inverter.

The proposed system for wind energy applications is
shown in Figure 1. The main system consists of a
five-phase axial flux permanent magnet (AFPM)
generator including a full-bridge diode rectifier, a
two-channel interleave boost converter, and a
single-phase full bridge IGBT inverter connected to a grid
and nonlinear loads. The full-bridge diode rectifier
converts such AC voltage to DC voltage. Two-channel
interleave boost converter increases DC voltage level with
low ripple.

https://doi.org/10.15866/iree.v13i2.13839
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Fig. 1. Proposed system for wind energy applications

At point of common coupling there is nonlinear load.
Each type of nonlinear loads such as a single-phase diode
bridge rectifier with R-C load and a fully controlled type
bridge rectifier with R-L load is considered. Each
nonlinear load connected to the single-phase grid system
has low power factor and high total harmonic current
distortion. The whole control system is implemented on a
low cost dsPIC30F4011 microcontroller.

II. Design, Construction and Testing of
5-Phase AFPM Generator

AFPM generator parameters are given in Table I. The
5-phase laboratory AFPM generator was designed to
generate electrical power.

A rotation part consists of twin rotor disks fitting 12
pieces of magnet bar per disk (i.e. 12 poles) on the outer
edge of the two disks. Each magnetic bar is arranged with
30 degrees between each other producing axial fluxes as
shown in Figure 2.

Concentrated type stator coils consist of 10 sets which
two sets are connected in series to be five-phase coils and
one end of those is connected together to be neutral and
the other ends are terminals as shown in Figure 3.

TABLE
SOME DESIGN RESULTS OF 5-PHASE AFPM GENERATOR
Symbol Parameters Value
J Current density in 4 A/mm’
the conductor
L Maximum output A
current per phase
Neoit Number of stator coils 10 coils
p Number of ma'gnenc pole 12 poles
per disk
4, Cross sef:tlon of 0.001 m2
magnetic pole
Maximum flux density
Bn of linking coil 12771
R, Armature resistance value 53630
per phase
X, Armature reactance value 4200
per phase
- Wire size SWG.21

Copyright © 2018 Praise Worthy Prize S.r.l. - All rights reserved

Fig. 3. Stator coils of 5-phase AFPM generator

The prototype of a 5-phase AFPM generator set which
the stator is between two rotor disks is shown in Figure 4.

A simplified per phase equivalent circuit of an AFPM
generator[ 1] is shown in Figure 5.

Fig. 4. Prototype of the 5-phase AFPM generator.
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Fig. 5. Simplified equivalent circuit of an AFPM generator.

Per phase induced voltage[3] can be expressed as

NP
E, =444k N 2 1
g w ph¢51( 120 j ( )

where £, is the fundamental winding coefficient, N, is the
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number of turns of stator coils per phase, ¢5 is the
fundamental flux per pole, P is the number of magnetic
pole per disk and N, is the rotor speed. The per phase
terminal voltage can be determined by:

I/t:Eg_]a(Ra+an) (2)

where /, is the armature current of stator coils per phase.

III. Design and Testing of Two-channel

Interleave Boost Converter

Due to low AC induced voltage of the generator and in
order to increase DC voltage with small size of the filter
capacitor C; at the output, the two-channel interleave
boost converter is employed. There are two parallel
converter channels but operate in an interleave mode and a
continuous mode.

The first channel consists of L;, D; and S; whilst the
second channel is composed of L,, D, and S,. In the
analysis, the boost converter is assumed without any loss.
The DC output voltage can be determined as:

Vdcl
188

A3)

Vch =

where V. is the DC input voltage of the two-channel
interleave boost converter and D is the duty cycle. The
proposed two-channel interleave boost converter is
designed with parameters which duty D = 0.5, capacitor
C, is equal to 1320 pF, inductor L, and L, are equal to 4.8
mH and rated current output current (Z,) is 10 A. The
switching frequency is 10 kHz.

IV. Power Transfer and Various Types
of Nonlinear Loads

1IV.1.  Power Transfer

An inverter connected to a single-phase grid system in
the proposed system offers multi-functional operation
namely power transfer and harmonic mitigation. An
equivalent circuit for power transfer between the
single-phase grid voltage (V) and the fundamental
component of the inverter output voltage Vi ,ny1 including
a nonlinear load and its corresponding phasor are shown
in Figures 6.

For inversion mode with unity power factor, where 6, is
the angle between the converter voltage and the converter
current at fundamental frequency, the real power and the
reactive power of the converter can be expressed as
follows:

P =7

convllclcosec

“4)

Qc = VCDnVIICISinec (5)
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NonLinear
Load

(b)

Figs. 6. (a) Equivalent circuit of power transfer including a nonlinear
load. (b) phasor diagram in an inversion mode with unity power factor

From the equivalent circuit of Figure 6(a), using

Kirchhoff's Current Law (KCL), the current equation can
be written as:

ig (1) =i, (t)+i, (1)

The fundamental converter current in a phasor quantity
can be expressed as:

(6)

p | Vs _Vconvl

| 7N

= JoL,
where V; cosd = V,,,,1 (see Figure 6(b)). Using (4), (5) and
(7), the real power and the reactive power transferred from
the converter to the single phase-grid system and the
nonlinear load at fundamental frequency can be written as
follows:

2

P = L(l—cos&)cosécos@,
oL,

®)

c

and:

2

— S

[0)

0,

(1—cos&)cosSsind, 9

C

In this work, the reactive power is kept at zero.
Consequently 6.is 180° and the sign of the real power is
negative which means that the converter delivers the real
power to the nonlinear loads and the grid.

IV.2. Various Nonlinear Loads

There are several types of nonlinear loads for a
single-phase system. Four types which are common used
in industrial and residential applications are considered.

International Review of Electrical Engineering, Vol. 13, N. 2
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Type 1 is a single phase diode bridge rectifier with R-C
load as shown in Figure 7(a) widely used in many
applications for a front end converter like switching power
supplies, UPS, variable speed drives etc. Type Il is a fully
controlled thyristor bridge rectifier with R-L load as
shown in Figure 7(b) which is widely used for
two-quadrant DC motor drives. Typical current
waveforms and corresponding harmonics for each
nonlinear load type and a certain load level can be given as
follows.

(@)

Figs. 7. (a) Single-phase diode bridge rectifier with R-C Load: Type L.
(b) Fully controlled thyristor bridge rectifier with R-L load: Type II

The waveforms of vy and i for the single-phase diode
bridge rectifier with R-C Load are shown in Figure 8(a)
and the corresponding harmonic spectrum of the source
current is shown in Figure 8(b). It consists of odd
harmonics with high distortion about 141 % in this case.

Oppase
hd '
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1.5
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o | [ O e
o 10 20 30

Harmuonic grder

Figs. 8. (a) Waveform of vy, i, and i, of single-phase diode bridge
rectifier with R-C Load, Scale: Time(5ms/div), vy(500V/div),i; and
i (10A/div). (b) Harmonic spectrum of source current for single-phase
diode bridge rectifier with R-C Load

Map

The Fourier series of the load current can be expressed
as:

I, = i C,sin n(wt —¢,) (10)

n=1,3,5,..

where C, is the amplitude of the n™ harmonic current and
¢ 1s the phase angle between fundamental voltage and
current. The waveforms of v, and s for the single-phase
fully controlled thyristor bridge rectifier with R-L load
and the corresponding load current harmonics are
illustrated in Figure 9(a) and Figure 9(b), respectively.
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Figs. 9. (a) Waveform of vy, i; and i for single-phase thyristor bridge
rectifier fully controlled with R-L load, Scale: Time(Sms/div),
v(500V/div), i; and i (10A/div). (b) Harmonic spectrum of source
current for single-phase thyristor bridge rectifier
fully controlled with R-L load

The Fourier series of the load current for the fully
controlled type thyristor bridge rectifier with R-L load can
be given as:

I,= > C,sinn(awt—b,) (11)
n=1,3,5,..

where 6, is the phase shift angle depending on the delay
angle a for the »™ harmonic. It is composed of odd
harmonics.

V. Reference Current Calculation

The method for generating reference current is
modified from [12] dealt with only a single active filter
functionality. The proposed block diagram of a current
control method for dealing with multifunctional operation
is shown in Figure 10. The voltage and current sensors
with isolation are used to achieve appropriate voltage and
current for a microcontroller via A/D. The principle of a
current control method for power transfer and harmonic
mitigation functionality for any type of nonlinear loads is
as follows. Purely sinusoidal source voltage is given as:

v (1) =V, sin(wr) (12)

Single-phase nonlinear load current for any type of a
nonlinear load can be given in the Fourier series equation
as:

i (t)=i[n sin(nwt +¢, ) (13)

n=1

The reference sinusoidal equation is represented as:

i, (t) =sin(wt) (14)

International Review of Electrical Engineering, Vol. 13, N. 2
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Fig. 10. Block diagram of current control and main power circuit

The amplitude of the real part of the fundamental load
current can be represented as in Eq. (15):

ly

% RAGAGL
=1, cos¢

(15)

The real part of the fundamental load current can be
obtained by multiplying i, by 7,(f) and it is represented as:

i=i it
A&, (16)
=1, cos ¢y sin (1)
The sinusoidal current representing required power to
be transferred to the grid and the load can be obtained by

multiplication between dc component (i *,g/) representing
the peak current and sinusoidal reference current (7,) as:

i, =iy, i (1) an
= I, cos ¢ sin (1)

The harmonic compensation current can be obtained by
subtracting (16) from (13). It is shown as:

fom =11 (t) —z’p (t) (18)

The required reference current can be obtained by the
sum of the sinusoidal current representing the required
reference transferred power and the harmonic
compensation current. It can be represented as:
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lj = irs (t)+ icom (t)

U ([)+iL ([)_ip (t)

= irgty (£)+ 21, sin (neot +, ) =1 cos ¢y sin (o)
n=1

(19)

This current will be a reference for hysteresis current
control to generate PWM signals for the main power
circuit. These equations will be used in the dash line box
ofthe control as shown in Figure 10 for implementing on a
low cost dsPIC30F4011 digital signal processor.

VI.

To achieve the functions as described earlier of the
single-phase grid connected AFPM generator system, the
flowchart for programming PIC microcontroller is shown
in Figure 11.

A look up table contains 500 per unit sinusoidal values.
This is highly sufficient resolution for sinusoidal synthesis
equivalent to 40 ps sampling time which the Timer 2
controls. Initially, port, timer, ADC, DAC are set. ADC
values of the grid voltage signal, the load current signal,
and the converter current signal are read every 30 us,
controlled by Timer 1. The synchronization with the grid
voltage is performed by zero crossing check. Then the
look-up table of the sinusoidal values is read every 40 us
controlled by Time2. Whenever the zero crossing is
detected, the sinusoidal values will be read at the
beginning of the look-up table. Then the read sinusoidal
value will be used in subroutine of /., compensation for
calculating the reference current and bang-bang hysteresis
current control for generating gate signals of the main
power circuit, respectively. Then DAC values of the grid
voltage signal, the load current signal, and the converter
current signal are sent to a monitor for displaying those
signals. If the request of the manual stop is not present, the
process will return.

Program Design

VII.

The experimental setup is shown in Figure 12. Various
load conditions have been tested. The rotor speed is kept
constant at 1000 rpm. The DC input voltage is 200 V
which is the output of the AFPM generator and the DC
link voltage is 400 V which is the output of the
two-channel interleave boost converter greater than the
peak grid voltage.

For a case of Type I, the simulation and experimental
results for grid voltage vy, grid current i, converter current
i., nonlinear load current i; are shown in Figure 13(a) and
Figure 13(b), respectively. Both simulation and
experimental results are almost identical. The grid current
is nearly sinusoidal with low THD and out of phase with
respect to the grid voltage. It means that the converter
delivers active power to the grid and the load. These
results confirm the correctness of the proposed system.
The harmonic spectra and % THD of the grid current from

Simulation and Experimental Results
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the simulation and experiment are shown in Figure 14(a)
and Figure 14(b), respectively. They are in a good
agreement. Low order harmonic contents are mitigated
compared to Figure 8(b).

For a case of Type II, the simulation and experimental
results for vy, i, i, i; are shown in Figure 15(a) and Figure
15(b), respectively.
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2

Start Timerl

Read ADC value:
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Fig. 12. Photograph of the proposed system
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Again they are almost identical. The firing angle () is
about 10 degrees resulting in continuous load current.
The grid current is nearly sinusoidal and out of phase with
respect to the grid voltage. Also these results confirm the
correctness of the proposed system.

The harmonic spectra and %THD of the grid current
from simulation and experimental results shown in Figure
16(a) and Figure 16(b), respectively. They are in a good
agreement. Low order harmonic contents are mitigated
compared to Figure 9(b).

For a step change in current command (i.e increase and
decrease), the voltage, current and instantaneous power
waveforms of the grid when rotor speed of the AFPM
generator operates at 1000 rpm are shown in Figure 17(a)
and Figure 17(b), respectively. Clearly experimental
results are in accordance with simulation results. They
confirm that the proposed system operates satisfactorily in
dynamic response.
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Figs. 13. (a) Simulation results for v, , i, 7., i, in case of a Type I
nonlinear load, scale: Time(10ms/div), vi(500V/div), i;(20A/div),
i(50A/div), i;(20A/div). (b) Experimental results for vy , i, i. , i in case
of a Type I nonlinear load, Scale: Time (10ms/div), v,(300V/div),
1(20A/div), i(50A/div), i/(20A/div)
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Figs. 14. (a) Simulated harmonic spectrum of the grid current (b)
measured harmonic spectrum of the grid current
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Figs. 15. (a) Simulation results for v, i, ., i, in case of a Type II
nonlinear load, scale: Time(10ms/div), vy(500V/div), i,(10 A/div),

i(10A/div), i,(10A/div). (b) Experimental results for vy, i, i, i; in case of

a Type II nonlinear load, scale: Time(10ms/div), v(300V/div), i;(10
A/div), i. (10 A/div), i,(10 A/div)
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grid current and instantaneous grid power; scale: Time(100ms/div),

vy(200V/div), ii(10A/div) and P3(2000 W/div)

In order to verify the proposed simple synchronism
performance, a transition between off and on grid is
performed. Figure 18(a) and Figure 18(b) show the grid
voltage and current during on and off grid, respectively.
Note that during the off grid or stand-alone operation, the
load voltage waveform (output converter) is square wave
which its amplitude depends on the speed of the generator.
This is because of the current control mode. A voltage
control mode for stand-alone operation is beyond the
scope of this paper. The simulation and experimental
results are again in accordance. During the transition from
stand alone operation to grid connection operation, the
system can synchronize with the grid without loss of
synchronism.
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Figs. 18. (a) Simulation waveforms of the grid voltage and current
during the transition between on grid and stand alone, scale:
Time(50ms/div), v(200V/div),v,(200V/div), i(10 A/div). (b) measured
waveforms of grid voltage and grid current during the transition between
on and off grid, scale: Time(50ms/div), v,(200V/div), v,(200V/div),
i(10 A/div)

VIII. Conclusion

This paper has dealt with the implementation of a
single-phase system grid connection for an axial flux
permanent magnet(AFPM) generator with harmonic
mitigation functionality for various types of nonlinear
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loads. The synchronization technique is simple. The
design, construction and testing of a S5-phase AFPM
generator have been given. The theoretical power transfer
and nonlinear load characteristics have been described.
Various conditions have been investigated. All simulation
and experimental results are in closely good agreement.
According to the results, the proposed system is able to
operate correctly under various conditions. However the
weak points of the proposed system are moderate total
harmonic distortion of the grid current due to the
limitation of digital control of hysteresis band and lack of
constant DC link voltage control.
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Microcontroller based Grid Connected Inverter for
Axial Flux Permanent Magnet Generator

P. Wannakarn and V. Kinnares
Electrical Engineering Department, Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang,
Bangkok, Thailand, 11520, Email: w_poonsri@hotmail.com , kkwijit@kmitl.ac.th

Abstract-This paper presents a single-phase grid connected
inverter for an axial flux permanent magnet generator. The
power is transferred by using a microprocessor based IGBT
inverter to a 220V, S0Hz single-phase supply via a transformer.
The five phase axial flux permanent magnet generator provides
dc voltage through five bridge diode rectifier sets. The
converter circuit operation is described. The performance of
the proposed axial flux permanent magnet generator under
various speeds and loads is demonstrated. The system
performance is investigated which appears satisfactory.

Keywords- axial flux permanent magnet generator; inverter

L INTRODUCTION

Generally, applications of an axial flux permanent magnet
(AFPM) machine can be found in wind and hydro turbines.
The axial flux permanent magnet machines are formed by a
rotor disc carrying magnets that produce an axial flux and a
stator disc containing the phase windings. Many variations
in this basic are possible including single-side in [1], double-
side in [2], torus in [3] and multi-disc designs in [4]. This
paper proposes the constructed axial flux permanent magnet
generator aimed at applying to a wind energy conversion
system. It is designed and constructed on the basis of the
two-rotor and one stator topology, where a single stator is
placed between two permanent magnet (PM) rotor discs, as
shown in Fig. 1.

The proposed system for the axial flux permanent
magnet generator to transfer energy to a single-phase grid
is shown in Fig. 2, a full bridge IGBT inverter is used to
control power transfer. The control method used for the
converter operating in an inverting mode is hysteresis
current control [5,6]. The reference current is set to be out of
phase and synchronized with the mains supply voltage
reference. The requied power to be transferred can be
controlled by a current command. A dsPIC30F4011 Digital
Signal Controller (DSC) is used for all processing and

controlling the system.
Trailer axial bearing

Front Plate

l

Stator |
Magnets

Fig. 1 Two-rotor and one stator topology of axial flux magnet generator
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Fig. 2 Proposed grid connected system for the axial flux permanent
magnet generator.

11. AFPM GENERATOR DESIGN

A.  The induced voltage of winding in a generator

The induced voltage of a concentrated winding per phase
can be determined by

E, =444k N .4, (N, /60) (1)

where £, is the fundamental winding coefficient, N, is
the number of turns of stator coils per phase, ¢, is the
fundamental flux per pole and N, is the rotor speed of the
generator.

B.  The fundamental flux per pole of AFPM Generator
The fundamental flux per pole can be determined by

¢ = AB )

51

Where 4 is the cross section of pole and B is the
maximum flux density of linking coil.
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C.  Design parameters of AFPM Generator
Table I shows the parameter details obtained from the
design results of the AFPM.

TABLE I
DESIGN PARAMETERS OF THE PROPOSED AFPM GENERATOR

Axial Flux Permanent Magnet Generator

Parameter Value
Current density in the conductor 4 A/mm’
Bridge rectifiers 35A-700V per phase
Maximum output current 10 A
Copper conductors S.W.G. 21
Number of coils of stator 10 turns
Number of turns of stator coils per phase 300 turns
Number of poles 12 poles
Cross section of pole (4) 0.018 m*
Maximum flux density of linking coil (B) 05T
Fundamental winding coefficient 0.7
Maximun rotor speed of the AFPM generator 1500 rpm

D.  Construction
The assembly of the AFPM designed as in [7], [8] is
shown in Fig. 3.

Stator with
airgap windings

Stud

I~ Yaw pipe
=il

Tail hinge
inner pipe

Permanent Rotor
magnets

Fig 3. Assembly of the AFPM

111 THEORETICAL POWER TRANSFER

An equivalent circuit and its corresponding phasor
diagram of power transfer function between grid voltage and
the output voltage of inverter (v,,,,) is shown in Fig. 4 [9].

Fig. 4 (a) Equivalent circuit of the power transfer.
(b) General phasor diagram
(c) Phasor diagram in the inverting mode with unity power factor

From the equvalent circuit in the Fig. 4(a) by using KVL,
the voltage equations can be written as

Ve = Vo TV 3)
di

v, =L — 4)
Codt

From the phasor diagram in Fig. 4(b), the following
equations can be obtained.

V. cos@=wLl cosO@=V sind %)

V. sinO=wLl snO=V -V _cosd  (6)

convl

By using (5) and (6), the actual power and reactive power
transferred to the converter can be written as follows.

2
P=V]I, cosb= v Msin(% @)
oL \ V.
V? V
O=VI, sinf=— [1 — —coml, 0058] (8)
o oL, f
and
V-V
[Vl —_s . convl (9)
‘ JOL,

where [, is the fundamental current of the grid system
and L_is the inductance between the grid system and the
converter.

V. GRID CONNECTED INVERTER

As shown in Fig.5, a Single-phase full bridge inverter
employs IGBT as a switching device. The current command
is synchronized and out of phase with the grid. The adaptive
hysteresis current control technique is used to generate
PWM patterns for switching of all devices. G1 and G4 are
turned on at the same time for positive pulse of PWM output
voltage as G2 and G3 are turned off. For negative pulse of
PWM output voltage, G2 and G3 are turned on as Gl and
G4 are turned off. The inductor is used between the conveter
and the grid to allow power flow between different
characteristic sources. The variac is used to step up AC
voltage for the reason of low DC voltage of the AFPM and
abritrary of seting appropiate AC voltage for any speed of
the AFPM.

Inverter circuit

Grid
syster

Fig. 5 Block diagram of hysteresis current control in the inverter circuit

For example, as shown in Fig.6, the actual current tracks
the reference within hysteresis bandwitdth. In a switching
period, when the actual current hits the lower hysteresis
bandwith at point 1, the PWM pulse is generated leading to
turn on of Gl and G4. As a consequence the PWM output
voltage is switched from — V, to + V, resulting in an
increase of the actual current untill it hits the upper
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hysteresis bandwidth at point 2. As a result, the PWM pulse
will be generated leading to turn on of G2 and G3. As a
consequence, the PWM output voltage is switched from
+ V4 to =V leading to a decrease of the actual current untill
it reachs the lower hysteresis bandwidth at point 3 in which
the swiching process for a period is complete. Then, the next
cycle of a switching process will be repeated.

G2,
G 3
=V,

Fig. 6 Actual current waveform and PWM output voltage

Note that due to inherent current control, the switching
frequency varies over a fundamental period. This is
disadvantage of the adaptive PWM current control. However
it offers simplicity of control. In order toget better
understanding of the circuit operation for whole
fundamental period in the inverting mode. The conduction
interval for each device in the main circuit can be seen in
Fig.7. The corresponding circuit operation can also be seen
in Fig. 8. The operation modes of the inverter can be
described as follows.

(a) Mode 1: The converter voltage v, is equal to —V.
since G3 and G2 are switched on whilst the current flows
from the grid to DC link source through D2 and D3. As a
consequence, at this interval the DC source absorbs energy
from the grid.

(b) Mode 2: The converter voltage v,,, is equal to +V.
because G1 and G4 are turned on. With the conduction of
G1 and G4, the current flows from DC link source to the
grid. As a consequence, at this interval the DC source
delivers energy to the grid.

(c) Mode 3: The converter voltage v,,, is equal to —V,.
because G2 and G3 are turned on. The current flows from
DC link source to the grid via G3 and G2. At this interval
the energy is transferred from the DC link source to the grid.

(d) Mode 4: The converter voltage v.,, is equal to +V.
since G1 and G4 are switched on whilst the current flows
from the grid to the DC link source through D1 and D4. As
a consequence, at this interval the DC source absorbs energy
from the grid.

I
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D4 B 2 ot

Fig 7. Swiched mode converter model inverting mode type
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(a) Inverting Mode 1
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(d) Inverting Mode 4

Fig. 8 Switched mode converter of power transfer between inverter and the
grid voltage in inverting mode.

V. EXPERIMENTAL RESULTS

Experimental setup of the proposed system is shown in

Fig. 9. A servo motor drive is used as a prime mover to
emulate wind energy.

Fig 9. Photograph of the proposed system

The testing results of the proposed AFPM under various

speed and loads are demonstrated in Figs. 10 and 11 for DC
output power and DC output voltage, respectively.
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&~ Constant rotor speed at 100 rpm
=4 Constant rotor speed at 200 rpm
=+ Constant rotor speed at 300 pm
=@~ Constant rotor speed at 400 rpm
=== Constant rotor speed at 500 rpm

4001

DC output power (W)

L

10 15
DC output current (A)

Fig. 10 DC output power versus dc output current of the AFPM under
various loads and constant rotor speed at 100, 200, 300, 400 and 500 rpm .

100:

T T
—#— Constant rotor speed at 100 rpm

=4~ Constant rotor speed at 200 rpm
—+— Constant rotor speed at 300 rpm
—&— Constant rotor speed at 400 rpm
—— Constant rotor speed at 500 rpm | -|

809

60"

40
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j

20

L
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0
0 5

1II[;C output currer:t5
Fig. 11 Variations of DC output voltage with dc output current of the AFPM
under various loads at constant rotor speed of 100,200, 300,400 and 500 rpm.

From Fig.10, as can be seen that when increasing loads, the
output power increases until it reaches maximum point. After
that the output power decreases. The higer value of the speed,
the higher power can be obtained. From Fig. 11, the capability
of voltage regulation can be seen. When increasing loads, the
output voltage gradually decreases. Fig. 12 illustrates the AC
grid voltage and current waveforms. The phase shift is 180
degrees. It confirms that the power is transferred to the grid
with the nearly unity power factor. Fig. 13 shows current and
converter voltage waveforms. The corresponding harmonic
spectrum of the grid current is shown in Fig. 14. The total
harmonic distortion is approximately 17.6 %.

Clearly these experimental results confirm that the
proposed system is able to transfer power from the axial flux
permanent magnet generator to the grid.

Fig. 12 Voltage and current waveforms of the grid system; Scale:50 V/div
and 2 A/div respectively.

Fig. 13 Grid current and output voltage of inverter waveforms; Scale: 2
A/div and 50 V/div, respectively.

%THD; = 17.6%

Source current (A)
1

0.5 *

sl

0 . c sl gk - - L L A
0 20 40 60 80 100 120 140 160 180 200
Harmonic order

Fig. 14 Harmonic spectrum of the grid current

VL CONCLUSION

Grid connection for an axial flux permanent magnet
generator using microcontroller based inverter has been
presented. The design and construction of an axial flux
permanent magnet for a wind energy conversion system is
given. The converter circuit operation in inverting mode is
given. The proposed system is simple and able to transfer
energy from the AFPM to the grid. The further work will
use a boost converter to step up DC voltage obtained from
the AFPM for various speeds.
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Single-Phase Grid Connected Axial Flux Permanent
Magnet Generator System with Reactive Power
Compensation Functionality

P. Wannakarn
Faculty of Engineering
King Mongkut’s Institute of Technology Ladkrabang
Ladkrabang, Thailand
Email: w_poonsri@hotmail.com

Abstract— This paper presents a single-phase grid connected
system with reactive power compensation functionality for an
axial flux permanent magnet (AFPM) generator. The proposed
system offers bi-function namely not only transfers energy
generated by any kind of mechanical power sources via an AFPM
but also feeds reactive power to compensate the reactive power
drawn by loads. The proposed system includes 3 main parts: the
5-Phase laboratory made AC AFPM, full bridge rectifier and an
IGBT full bridge inverter. A current control technique based on
fixed hysteresis band is used. All control algorithms are
implemented on dsPIC30F4011 Digital Signal Controller (DSC).
The proposed system is able to transfer energy supplied from the
proposed AFPM to a 1-phase, 50 Hz, 220 V mains supply. Apart
from the power transfer, the proposed system also provides
reactive power compensation for resistive-inductive load to
improve power factor of the grid to nearly unity. The system
performance is investigated which appears satisfactory.

Keywords-reactive power;
generator

axial flux permanent magnet

i

Presently, renewable energy has been increasingly focused
since non-renewable energy resources such coal, natural gas,
etc. are limited [1]. In order to produce electrical energy from
such renewable energy particularly wind, a suitable electrical
machine is required to achieve good energy conversion. AFPM
is one of the most electrical machines attractive to researchers
for being applied to renewable energy due to simple structure
and simple assembly [2,3]. It can be easily built in a laboratory.
Generally, applications of an axial flux permanent magnet
machine can be found in wind and hydro turbines. In this
paper, the designed and the laboratory built AFPM is used to
convert mechanical energy into electrical energy. Then, the
electrical energy is transferred to the grid by using a converter
system. Basically, a great deal of reactive power drawn by
loads can cause low power factor resulting in power loss and
under voltage of the power source. There are various ways to
overcome such problems. An active power filter is considered
as one of the most good methods to compensate the reactive
power and to eliminate harmonic currents for non-linear loads.
The proposed system can also operate as the active power
filter. Both functions namely the energy transfer and reactive
power compensation are available in the proposed system.

INTRODUCTION

978-1-4673-4584-2/12/$31.00 ©2012 IEEE
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The proposed system is shown in Fig. 1. It consists of the
laboratory made AFPM, a full bridge rectifier and an IGBT
full bridge inverter. The current control method based on fixed
hysteresis band current control is used for generating PWM
signals for the inverter [4,5]. This method is simple to
implement. The load current /, and converter current /. are

used for calculating the reference current /.. The grid voltage

is also detected for synchronization and phase reference. The
required active power and reactive power (VAR) can be
controlled by a current command. A dsPIC30F4011 Digital
Signal controller (DSC) is used for all processing.

Grid
system
5 phase AC Vs(Grid)
Axial flux permanent

magnet generator
Rectifier

Inverter

+

E

Vc'()nlv
G4
o

D2 D4

G1,G4 G2,G3

tt

| Current Controller'—)l Gate Drive |

Current
Detector

«— |

1

dsPIC30F4011(DSC)

Comparator

Voltage
Detector

Figure 1. Proposed grid connected system for the AFPM
with VAR compensation functionality.
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II.  PARAMETERS OF THE BUILT IN-LABORATORY AFPM

Generator

Table I shows the parameter details obtained from the
design results of the AFPM [6].

TABLE 1. DESIGN PARAMETERS OF THE PROPOSED AFPM GENERATOR

Axial Flux Permanent Magnet Generator

Parameter Value
Current density in the conductor 4 A/mm’
Bridge rectifiers 35A-700V per phase

Maximum output current 10 A
Copper conductors S.W.G. 21
Number of coils of stator 10 turns
Number of turns of stator coils per phase 300 turns
Number of poles 12 poles
Cross section of pole (4) 0.018 m*
Maximum flux density of linking coil (B) 05T
Fundamental winding coefficient 0.7
Maximun rotor speed of the AFPM generator 1500

III. THEORETICAL POWER TRANSFER

An equivalent circuit and its corresponding phasor
diagram of power transfer between the grid voltage and the
output voltage of inverter (v.,,,) [7] is shown in Fig. 2.

Vcon vl

©

Figure 2. (a) Equivalent circuit of the power transfer.
(b) General phasor diagram
(c¢) Phasor diagram in the inverting mode with unity
power factor

From the equivalent circuit in the Fig. 2(a) by using KVL,
the voltage equations can be written as

v, =V, T, (M
di

v, =L — (2)
‘ Cdt

From the phasor diagram in Fig. 2(b), the following
equations can be obtained.

V. cos@=wLl cosO=V sind 3)
V. sin@=wLl sin@=V -V  cosd (4)

By using (5) and (6), the actual power and reactive power
transferred to the converter can be written as follows.
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V(v . .
P=VI, cos0=——| —2lgin§ Q)
: ) wL\ V\
y? V
=V, sin0=——|1——Lcosd 6
Q 57 sl (DLS( I/S j ( )
and
V-V
[Sl —_S - convl (7)
JOL,

where [ ,is the fundamental current of the grid system and
L is the inductance between the grid system and the
converter.

IV.  GRID CONNECTED INVERTER

The grid connected inverter acts power transfer from direct
voltage source to single phase grid system via inductor and
single-phase variac (autotransformer). The Block diagram of
current control method and the main power circuit are shown
in Fig. 3.

Grid

system
Vs(Grid) L

Inverter ‘
v
+ O- l_}
f i
- G
Vdc 1 N ]
Rioad
— 0—
Lioad

Figure 3. Block diagram of current control method and the main power circuit

The analysis of operation of the inverter circuit can be
found in [6]. The principle of a control method for power
transfer and reactive power compensation for linear load is
modified from [8]. The related equations are as follows.

v, (1) =V, sin(w1) ®)

s



The load current equation can be written as

i, (t)=1 sin(wr +6) 9)
A reference sinusoidal equation is represented as
i, (1) =sin(wt) (10)

The amplitude of the real part of the fundamental load
current can be represented as

I, :% LTiL ()i (1) dr

1, cosb,

(11)

The real part of the fundamental load current can be
obtained by multiplying / by i, (t) and it is represented as

()= 1,(1)

= [ cosé,.sin(wr)

(12)

The reference compensation current can be obtained by
subtracting in (9) from (12) and it is represented as

()= iy (£)-1,(1)

=/ sin(wt +6)—1, cosf,.sin(wr) - (13)

where

V, is the instantaneous voltage of the grid system.

Vp is the maximum voltage of the grid system.

l': is the current command for current control to the grid

system.
i,nis the reference compensation current from the
reference current multiply by current command.

o . . .
I, is the current from sum signal of compensation current

versus reference compensation current.

Z'S is the current for control IGBTSs in inverter circuit.

V.

To achieve the functions as described earlier of the single-
phase grid connected axial flux permanent magnet generator
system, the flowchart of programming PIC microcontroller is
shown as Fig. 4. Initially, port, timer, ADC, DAC are set.
Then the synchronization with the grid system using zero
crossing is performed via ADC. The look-up table of the
sinusoidal values is read. Then subroutine of Ic compensation
for calculating the reference current and bang-bang hysteresis
current control for generating gate signal of the main power
circuit are performed respectively. These procedure will be in
accordance with the block control diagram as shown in Fig. 4
which has been mentioned earlier.

PIC PROGRAM DESIGN

Initial port
Initial timer
Initial ADC
Initial DAC

Read ADC values

Read sine table
No. value n => Sine

!

I Increase count sine value I

Read sine table
No. value 1=> Sine

Count sine = 0
Stop counter,
Clear integrated values

Figure 4. Program flowchart of PIC microcontroller

VL

The experimental setup of the proposed system having a
RL-Load connected in series (R=12 Q, 1L=0.86 H) with the
grid system at a low voltage side of a single-phase auto
transformer are shown in Fig. 5. A servo motor is used
providing mechanical energy to the axial flux permanent
magnet generator.

EXPERIMENTAL RESULTS

Figure 5. Photograph of the proposed system

The result of voltage and current waveforms of the grid
system when keeping the rotor speed constant at 1100 rpm is
shown in Fig.5. Quite clearly, the phase shift difference is
equal to 89 degrees as shown in Fig. 6. It is shown that the
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RL-Load absorbs both small active power and higer reactive
power from the grid system. Due to dominant inductive load,
the load power factor is approximately 0.02 which the load
power factor is quite low.

Rl (5ms/div)

V

2

Figure 6. Voltage and current waveforms of the grid system;
Scale:100 V/div and 2 A/div respectively at time 5 ms/div.

The output voltage and output current waveforms of the
inverter are shown in Fig.7.

VCOVIV

Figure 7. Output voltage and output current waveforms of inverter circuit;
Scale: 100 V/div and 5 A/div respectively at time 5 ms/div.

The grid voltage and the source current waveforms are
shown in Fig. 8. Clearly the grid current is out of phase with
the grid voltage. This means that the proposed system can
transfer energy from the AFPM to the grid and provide the
nearly unity power factor for the grid. The corresponding
harmonic spectrum of the grid current is shown in Fig.9. The
total harmonic distortion is approximately 12 %.

Clearly these experimental results confirm that the
proposed system is able to transfer active power from the axial
flux permanent magnet generator to the grid is approximately
334 watts and compensate reactive power at 50 Var with keep
the grid power factor to be nearly unity.

R (Sms/div)

Ve(Grid)

7

Figure 8. Voltage and current waveforms of the grid system;
Scale: 100 V/div and 5 A/div respectively at time 5 ms/div.
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Figure. 9 Harmonic spectrum of the grid current.

VII. CONCLUSION

This paper has presented a single-phase grid connected
axial flux permanent magnet generator system with Dbi-
function for transferring energy and for compensating reactive
power. The proposed system is implemented on
dsPIC30F4011 Digital Signal Controller (DSC). It is simple
particularly synchronization with the grid system. The
proposed system is able to transfer energy from time the
AFPM generator to the grid system at the same it can
compensate the reactive power due to the RL-Load. As a
consequence, the power factor is nearly unity. The further
work will use a boost converter to step up DC voltage and
apply to wind applications.
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