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ABSTRACT

This thesis proposes a new space vector pulse width modulation (SVPWM)
technique with - modified sectors for five-leg voltage source inverter fed two single-phase
induction motors. The proposed principle is adapted from a conventional SVPWM
method of three-leg voltage source inverter for providing balanced two-phase outputs
with 6 sectors to new modified 8 sectors. The new modified sectors are used in order
to simplify modulating functions in a general form. The proposed modulating functions
of space vector equivalent phase leg reference voltage are fully described and derived
mathematically. With this strategy, the balanced voltage magnitudes and frequencies
for two single-phase motors are independently controlled with constant ratio of
voltage to frequency. Software simulation of the proposed two single-phase induction
motor drive system is given. The correctness and validity of the proposed method
are confirmed by simulation and experimental results. The DS1104 dSPACE digital signal
processing board is used for generating PWM signals and space vector equivalent
phase leg reference signals. The testing of driving two single-phase induction motors
under open loop and closed loop of variable speed control is given. The experimental
results show that the voltage and current waveforms of main and auxiliary windings at
different operating frequencies can be performed and found satisfactory. In addition,
the advantages of the five-leg inverter can share the capacitor and dc bus together,
resulting in a cost reduction by decreasing the numbers of power switch and driver

circuit.
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1950UUn ngldlusunsy MATLAB/Simulink Tun1531889n1591UTeesEUY

undl 6 ndmamansnadeundnnTInuTeIAYAmeIa T uIINdunesines
LIRS ELIuAsd MU UL UUaLga WemuatenuEweine fvdnimiava
§1uau 2 fFiiasnSuandatu ﬁaﬁé’zy}mmammmLm@%ﬁﬂ%m%u%Lﬁmmﬂmﬂ%’
UainUsEuIanadyyINeRIviagu DS1104 dSPACE Tunisasadayayias PWM

il 7 agUnansideuardeiausuuy IfesuisaUnasdenvesnuidean
yufsloiaueuuramAdeiials



unii 2
LUUINADINIAAANEATUAZ I TANYAVD

UaLRasItgiNdaund

2.1 uni

Tunsemuguanuiiimavesemefionimdanalutlagtu Joudaulansasl
Jusewmaswuuaeala [91, [10], [22], [23], [29], [30] desnndufinguiid wewes
wilonhasuaszauaivg nusduietuseme fmdonhana wilunsdauag
vemesmtsnihmiamailUlndusewe sintorthasanatiu avsiildvunnvesauuulman
muﬁLﬁﬂsﬁuﬂgﬂaaw@a’mﬁﬁuumﬁhjaummﬁu ﬁﬁtﬂumammﬂm'ﬁa%ﬁwﬂmwé’ﬂLLav
Gu@mmnslmaammiwmwmmawawmmmm S uuaugalaivindy seduluuni 2
mﬂanm‘waﬂmﬁwuﬁmmmaummmaﬂwumamamaimummwmL‘V\IaLLavaaaLWaLLUU
auims nieuhansenuladiiunemesmiothasurauuldaninsmeduiiunud 5o
"L'Uﬁamiﬁqﬁ]ﬁﬁammé’mﬁuéiwiwmzLLaﬁy’qaawmmmazLmé’fuﬁ”’aaawmaammaamama%
willsrdigeana Ihiaussauzwiiunstundousomesmioithasanauuuannnsnig
DuNUALDY

22 wswaswmdyimilang (Single-Phase Induction Motor: SPIM)

Hagtuneinosimilenthmilaslagnisnldnufusgraunsnanslugunsaliedosldliin
Tuthuiinerde Tssnugaanvnsst uazmenuasnssy 1y feiidesmnlassadrediony
wdauss ¥ige¥nwiine s1ngn warlnstamzereds lulwnthuineds wievuun usongu
FamAvrunna1azIIngox (Small and Medium Enterprises: SME) ildszuuluidin 1 wa
frevasnslviuasvans wienslwiiaugfinafn demeiistiliieme fmieniwmiaa
Fauduiifenldinauietagiud Tufunsusssinmosuemedinienimilaa awiso
wiseanldmumiinvesuowesftiouldo 1¢ 4 wuuded

1. wawaswuuwenma (Split Phase Motor)

2. uamesLUUAIUTInesan13n (Capacitor-start Motor)

3. walRsLUUAIUIBLMBS5U (Capacitor-run Motor)

dmdunamesuuusenaiy fanudedlunsldoulussuulii 1o Tugaausng
uigerUAITUsEAVE A wazandUsznoufd s nelmswauuewesduwuumundiwes
wuuA1e9 Ui Tnslanizidesrfuszneuinds uarideuludesnisusndandeay
11071 A iuemesuuuLenansys) anAuleuasly

Tuduvewamasmindwesiuvaninesnuluededdlniussinntu dnnewes
wuuAUIBmesanisa-audwmessuagldlumneeumsawefindaslfuainadudiulvg
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dunamasiuurUBwassuasidunideuldiuuinlunininay w3esdnen dnsidudii

QNEAMNTIY ﬁlﬁu FARNVIYATIIU UarTeuarvaniIlTaudmyAa IMUNAUUTHNNUD
pgoBuaziUnNTUNATEIYRNE N UAD ALYSIR [43] T 2553 WU WA AIUUILNN
ndennUssnnesUsemalnednemun 20,285 UM Innizou At mnAnnzinuine1feii
Weaw warnteyaaiunaiadny nisldnasnuvensiizseu we. 2561 Tuitegunsaliinedly

[ v A 1 [~ % 1 'y} I3 st YV &
wasuuazaiTeud ulngiluavetanzludiuvesinaunazineiosay 98.6 ioUszuu
19,998,785 wiaaAsoU Aaduvnnauyfd nUnudmsldwnaunseuiuisUseme uagimuali
AdalndlneedsvasinautsaziaInalseunn 50 Y98/4e509 Awindudl aslgsaeluil
UsemAlaesi 999,939,229.9 4xe wsaUszana 1,000MW Fainniansaunasantudn Aaewuin
v v & a o 1 o ‘:’f( A A [ aa o W | | a
TusaenaanenaziinnauuinnIi 2 sl usatlvueneaundvnnnaalwilnunnninaeie
yisalinmsiduawesiuumuwessuluaI st i dund drdalidiuandulusn adiuledn
wowosyiaddunumilunsldnunn wasmniimsmusunsléndenuldaedSnsiivinzaun

~ Y o vy A a X v s A o P

seiiusslomilumsenunumsland sl lviliusedvianmanniu witweweswilenimilaaay
HvonetluFosesuaNewengni Wemsuiuninaniawig Aufvuewesiwilonia
wawe uandeanlunane i wu luduiiiauseiu Taewesilaavgldiiaussiulias
11N AI0E8 L 220V inlnidisldduesimesinmuruiddussiudalnnsaigaiies 311V A
~ P P & ° & AAa v ) ~ v v v =3
Weanana Ty vassntewe Tty iaaa@ il fidnussmy 380V - gewadduswiudalinssadis
537V Wsliieuewesin et wiiveae wardwihlimsideniinagunsal 1y 24a5n3eadndnas
71199 Al amsmuussiunawnuluiaeg vseiasanluiuredlaseswwawewesvilanad
Tugmwewesanuia lenaanzluduveddanes Jzamnsativsslevivosluuiamnuiey
(Moment of Inertia) NuNNAINLewasaWe Nazdiaiugelunisad ussintuas LiuwsIDn?

v o & < v \ o a
as19nnasuliinveswaweses Wunalrvlsannisangnasulwinvuslvanddsuwdas
nawviwiulddumils Wusu duiuluamAdeidsjsiunsmunumnuiswesewessiatidumdn
Tusnilpssas wasawesuumUTiwes sy aunsauteanidu 2 @ Ao

i ¢ & | N 1 ooy Y] ¢ <
1. dwaaines (Stator)  Wudiunegiunusznounie 1aTIMaings wnumvan uag
a9 Inefilasaamesyindmanuaeguniinszuannals grudiuadianvasiduiag
I@aﬁimqa%ﬁw‘imﬁﬂﬁ%’u%Lmumﬁﬂiﬁagﬁ’uﬁ AMSUBLAUMANTIIA IS LU A NLATE7a7
Tun wHuune e luduidudesaden indsvauiu Laundaimeiy diuvnainazil
2 daziiueglusoafonusawnuian Aeveainnan (Main -~ Winding)  uazunaingiy
.. . . ' [y O Y] {

(Auxiliary winding) Tagrnevineiunduys 90~ mnsluih Aananalugun 2.1

Auxiliary Winding

3UN 2.1 duamimesvawemasuuuaU1Binesiu



13

2. @ndlswes (Roton Hewldidulswesuuunsinsysen inmzadishelianumuni uae
g lneunulswesinuiumdnaifiiun dnvaznaudanaiuinduseswedonnsinalsais
sdmsuaonnan dwsuuiaininasduwiteaiiilendneglusesadonududeniiniuiiens
winuilanguisegiiiledlvidmeasiaiuluidazau iivelvisenaiuasuns duandugui 2.2

dMIURINITARYAAIATE LA YA InYILUY WeasnuusaiuliaduInumasdiy
WUU 1 la WWeaiu daun1sdnasasiadusuuvunudawanddugun 2.3 usillesainudinge

e’/’ [} Y O L ! ! { a 49/ % 14 a a
TNVAIANIERIVANAY 90 b wadiny wiauuuimanTietudsasaussaEumu
leakivimans szlodisudvauuudvannyuvesswme sindeaumaininaeiy
(@] o i ' ° v vy (@] 1 g

120" ysligudy wanlauuwdivdnyihyuineiuld 1200 naliihdmetuidunsienis
1 PN ! a I} (% O v = o vy 4 ! ! U
FrenszuaninaruunaIniilyuingiu 1200 maliisag Failamenisldunasnouwsediu
i ) = o § Y a 1 W O 1% o W
Muuuy 3 wlanues JesrinliAnauuwdmdnmuuiieiu 1200 nlwild usdmsu

s = o = = o LY ! ! [ I~ a = oA = o 4
wainafwlleniniang Fefuusaiuanunatiieladuiissnaded Jskiiomenagyili
a 1 =3 A o ! [ O Y v O = oo 1Y 1% ]
Anauuwdvdny vy 90 msliihle dsiuisdinsdnudadlivaainnsaesun
TrdABuiiwaudlduingu lngunasaganidnuaudludunien Salunavilinssua
P Y Y} o | °o § v wa v v ¢ 1
avaawssiull 90 malnin doruveaindngndziibidnaandidudaiiuniu Fadunald

= a [ v N < O v O Al ! ] I3
nsvuadyudumaiuussiu viadu 0 malwil dulunsenanlvaniiureainisaesuniag

i4 1 =3 val 1 Y >, 14 Ay A a v A
assanuwlwanlflyuineiy 90 Maliialiniundeants WeNasannisweaInnand
gnislutuaswessetaioniidanseustgunumanuinndl Jatunisadaunainnanlid
PwnsevinieuliAnfpnuviignhguazldvaaandnumindalvaivelvidau
AunUluYAaIneT 3UTRRINTIETIgNINATUULTBITBIAARTIAONTOUMEEINIANINNTT
Jutunisasamaglglilianuieatnies Tnen1siudiusevvnaiates wildunain

' o
aa A

niinunvhindeielinA Ui un gL

K Squirrel Cage Bar

o “H’f

5UN 2.2 dilsimesvesamesiuumUiBinessu

Auxiliary Winding

1 Ph
Pow‘;sre Main Capacitor
Supply () Winding Run

UM 2.3 20asmsdevainasiuuaUdinessu
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Auxiliary
Winding

Main
Windin,
o g

5UN 2.4 waweswienuuuasaia

23 wawaswileataana (Two-Phase Induction Motor: TPIM)
waweswisnihuuuassilaldndaudasiuemesmionihmafisrnudnediu
Fslidafuuszqoaynsuegiuanaintis (Auxiiary winding) fanandluguil 2.3 2Nt ¥
msnendiuvlszgeen Aezlduemesiilsniuvuaousa faguil 2.4 Fdaemludduiiuemed
YOWAMANENIRAT NI IBveaweswilThasuna azlABufiuaudldvingy Faviile
uemefvieniaoaasinaiidnuaziunutbiauna (Unbalanced Two-Phase Induction
Motor: UB-TPIM) w30138n31 watmesunisaiasunauuuliauuins (Asymmetrical
Parameter type Two-Phase Induction Motor) Ingfisasnissovnaindssudl 2.4 ol

2.3.1 laseas19uaz nanni1s919u

Tuns@nwIn1svie1uves UB-TPIM mulmaa%wﬁqgﬁﬁ 2.4 \flowsnRe1sanann
nszuailvadnluvaaandnuazunalntieEui Gt assiuLazaumavinaiu 90
sarmalitin awnsafusldselud fe

=1,,..cos(at) (2.1)

ia =1, cosot+(n/2)=1,, cos(ot+6,) (2.2)

a,max a,max

Tnoussadeuusindnfifintuluudazunainazdosdusynausauuusindnmuly
Treviiuavaususlindnuyunesvds fsnsiausuadouuindnlusnaisudndufmueld
uAeafuannsi (2.2) dvduusirdeunsivanluunainsagiiusumuendeaunisi (2.1)
dleimualidnIuTeuTeIUnaIAndn LazUnaInTIe fe N, wag N, audfu a1unsa
wandldaunissolud (o1 Ao

F(6,t)=F,0,t)+ F(6,t)
=N, i, cos(@)+N,i,cos(0+(x/2))

m-m a-a

=N,I,,.. cosat)cos(0)+ N I, cos(ot+6,)cos(@+(r/2))

m=— m,max a— a,max

=N, 1, o cos(wt)cos(0)- N, 1, o cos(ot + 6, )sin(6)
=N, 1, cos(wt)cos(8)- N, Y sin(0)cos(awt)cos(,)— sin(wt)sin(8, )]
=N, 1, s cos(wt)cos(8)- N, 1, o cos(8, )cos(wt)sin(8)

+ NI, sin(8,)sin(ot)sin(0)

a a,max
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= %N I, [cos(owt +0)+ cos(owt - 0))]

m= m,max

- % N1 cos(@a )[sin(a)t + 9)— sin(wf - ‘9)]

a” a,max

a” a,max

+ % N1, sin(8, )cos(wt — 8)— cos(wt + )|

= lN I, .. cos(ot+8)+ %N I, .. cos(ot—6)

2 m= m,max m= m,max

a” a,max

-=NJ, .. cos(@a)sin(a)t+<9)+%N I, cos(8,)sin(ot —6)

+—=N,, Sin(ﬁa)cos(a)t—ﬁ)—%N L, sin(@,)cos(ct +0)

a” a,max

FON=LN 1 “NI . sin@)cosiat+60)-[N.I

m= m,max a a,max

cos(0, )]Sin(a)t +6) }

,max

\9}

(2.3)
cos(6, )]sin(a)t -0) }

m= m,max a a,max ,max

+%{[N[ +N1, . sin(0,)|cos(wt —6)+[N I,

(%
S A

FaunNasIURILTIAADULVANTIARYTUlY UB-TPIM Weowduaunislassaludl A

-\ o ]
— (9,1‘ )UB—TP[M R L//‘,'UB-TPIM + '-/b, UB-TPIM, (2.4)
Wannuabin
T s P8 WSUAROUULIWENL TN AW IAN LWl vTiues UB-TPIM

T ooy 0 WIUAROULIMAN T INAUNLLIME NV e VIR UB-TPIM

2.3.2 sAATZENTIaULveamesmiyathdeuauuultauanas

mseT et ssausmsiumelangaiives UBTPIM asanduissannaluguil 25
Tnedithmmediefarsananuduiusvesussiuludiusng fdslaliludesernianisiie
use0amauilvan warnIsdunSensnIEilonvewssda [38, 40, 41]

n3UT 25 wssdulsifianasenvaalandnuazvnadntieisudunyuidsudy
anuduuglEmuaunsi el

E, | E,
V=12, +2,+2,)-J ; +j (2.5)
V,=1(Z,+dZ, +a*Z,)+ jaE,, - jaE,, (2.6)

Inei
a=N,/N, A9 8nT1dUTIUIUTOUITNINVAAIATIUAUIAAINNAN

Z, =R _+jX  #o e'duiiaudslavesunainvan

I a =

Z, =R, +jX,  fo A'duiiuaudiilvavesunaingie
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é :m Zsa
1 1
m J AL A AN 4_‘10
4 = r'y 4
Efm Zf azZ, Efa .
J E 3 3 Jjaky
JEw/at D) JjaEpm
AR 4
aZRb
Ebm 3 Zb azzb . Eba
Ep 3 &iXs 3 jaE),
ija/a + = 'jaEbm
o A v o

JUN 2.5 19sanyavesmawmaiivienhaouvawuullauinng (42]

wag b3 ulaITeIN T RIMAN T8N IANANKAZUAAINT I TUA UYL 1T18391N
= o o ——cs v v = =
awudmvannyullianhuasaunuwivinriuaesns wandlansaunisi (2.7) 8 (2.10)

£y, =a21a(Rf +ij) (2.7)
E, =a’I,(R,+jX,) (2.8)
E, =1,R, +jX;) (2.9)
E,, :]m(Rb +ij) (2.10)

[
A

A nsuusataniaiivantuiiues UP-TPIM Aunadlesadife

T :T,_J;:Pg'UB-TPIM Lyt (2.11)

lUB-TPIM /
o, o,

Tnedimdalnilugeseiniadasainauiuudivannyuludrmtuasauiunsiman
VYUDRENAAASLANNANNTTN (2.12) Uag (2.13)

Py =Py =Py (2.12)
Py, = Py = P (2.13)
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LAZINNAUNITA (2.12)  wag (2.13) anyduiusszuinandsbnidnlugasennia
\osnauuwdndnuyuludnamiuazaunuiivanuy uaoend 1WA IARa NLAZINEIN
FITUAULY Mrualansll Ao

P, =I’R, — Sl I (2.14)
gfin — TmtNf J a m .
2 . Eba *
Py, =R +j="1, (2.15)
a
P, =1.a’R, + jaE I, (2.16)
P, =I.a’R, — jaE, I, (2.17)

Tneil Py, A Mdsliliblutesenmeidesanaummsimanmuluirsihvesuaanandn
P 0 mdalntililudosornedlesainaunuusivanmunesndsveunaiavan
Py Ao dddlviifluresemeaieminauausivanuluiraimesematoEusum
Py, o frddliilugeseniadlomnaunsimanuossvd mesunaneEudugu
Fedudlounuannsd (2.14) f (2.17) adluaunisit (2.12) woy (2.13) a¢ldaunis

(%
o v v A A

Aaalndrlureso1niddInsu UB-TPIM f4ail Ao

(R, =R 12 +(ar, )+ (R, + R,)2aL, 1, 5in(6,— 6,)

(2.18)
+ j(x, = x,)2al 1, sin(0, - 0,)

P:g|UB—TP1M —

[

LAZINENNTN (2.11) wssDamausivaninilivas UB-TPIM Weuluaunislullaead

Tyup o = a)i [(Rf —R, Xli + (a]a )2 )+ (Rf +R, ) 2al 1, sin(@a -0, )](2-19)

Ineiusednnseionasivungeamdulusdiaunsn (2.20)

1 [l + (o, Y+ 2(ar1, V cos 2(0, -,

a-m

" o, [(RAijRb)ZJF(Xf_Xb)Z ]

elUB—TPIM

(2.20)

dlefiansanaunisin (220)  Hu nsnsziieuvesusidnazdandugud nadula o
Neduiarivuali

__Li+lary)

cos2(6,-0,) =-1 (2.21)

WoMNUAM 6,-6, = /2

I'Y (ar Y
I | p| Ha | 2 (2.22)
a[ll 1”1
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A8 NTIAIUTENINUAAINYIULSUAUVYU LAZUYARIANANTIIUBINTEUALALLTIAU
Weulgnatife
I =al, (2.23)
V.=aV, (2.24)
= o I = | ° 1 %
NENN1TN (2.24)  wiulainsalvewewesimieniuuulidauuing daunsa

AUANNTIELTRUli UL IUERdIUIIUINTEUIRAINYILARUARIAVAN (a) Frdina

ilinisnsziionvessinduaud lnewuimissenandaunsalsuaussiuednnas
wlawuulyaugaieangliiu UB-TPIM

2.3.3 uUUINaIMIInainvasuamasvtientdeananuunifnasliauuins

Tns9a¥19vee UB-TPIM  ansnsadinsisvingAnssunmanainfiondonuusiaemng
AMAPFIERIUDY SPIM LaziuualiauduiusludIuang o vesamananuaznaIntely
L'VlammLLUU’%]’laaﬂmuLLﬂumﬂLLa”LLﬂuﬂJ’m (Direct- a><is and quadrature-axis model or d- -
Model) mi‘d‘m 2.6 muuLuawmimwmmumﬂaﬂm (Stationary Reference Frame) LLmuu
ammwmuwmuamLmaiLLaumuIimas aunsidunsudmandenles (Linkage flux) 7
druamnesiavaiulsmes wazusadameudndnlain  (Electromechanical  Torque)
annsauansadnislaereluil [42)

aunsussLiduammesiardilswes mvunlivauniseauduiusldauaunis
i (2.25) 1 (2.28) e

Voo = Reglsg + dj;”’ (2.25)
. N2
v, =R i+ —dt” (2.26)
0=R.i, + dd;d +o, k4, (2.27)
d S
0=Ri’ +—L - L (2.28)
Tt ¢
ijq
—

Auxiliary V
Winding

Main
Winding

JUN 2.6 1a59a$19989 UB-TPIM Tulwinnufikazunufiuunsaudedunuils
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WATANNISLEULTILANYaUTaaduawashazdIulsmes wansldnuannis
(2.29) 4 (2.32) A

A = Logisg + M iy (2.29)
ﬂzq = qui;q + Msrqi;vq (230)
Ay =Ly + M i, (2.31)
/ﬁq = Lri:q + Msrqijq (232)

AusuusataniawsivantudrfvuaiduaunisanuduiuslumauuSunamn 19l
LAY NNAIRINENNITN (2.33) D4 (2.34) @B [9]

Te = p(i;qi:dMsrq [/ lssd i:qurd) (233)
Ty + B,
= —d—— > +17, (2.34)

Tagi
ViV AR WA S ULMALATUAZINUY N

&8, 1%, AD NTZUAARLIDTULLAUATILASUAUYIN

A Ay RO FULTIEAMDTULKAUATILASUATUYINY

A0 A0 @SS e s ULLAUATILAZ ALY

R, R, 5 AU UNIUASILADTUNLNUATILEZUNUTING

R A AUIUNIULIADS

L, L. #seanumisnhdiedianaeiuuunsiuasunueing

L fia Aaunilenidiesilsmes

M,.M, A AT IS IV LA TIUAZ ALY

w T, T, o anumdwewss wssdaneudianlii uezussdnluan

p.J, B fA® ai’wmu@%maﬂwﬁm, Tuudmniaes warduUssansuesanumiin

o s

uazdANalAIN s VUATWITITRDTANN 9 UNIED9 NTBUDNBIVURNUTY

v v Yy Y = ' < Y o o s =i o
aunsmanaindssuiuioninduaunismludmsunewasimieniaeaa lu
381704 B-TPIM  gnoenuuulidluuInlag i uIuTo UNYAR IANAN AL YA IAYIBTUR UMY
v oA ::1' I = 1 Y O
winu tuAe L, =L _,M_, =M, waz R, =R, lesfiveainisaesyaiyudisnaiu 90
q S sq 9 q

sq’
alni usilunsdlves UB-TPIM dananlwirdellrmniivesvesiewes L, # LM , =M,

sq’
wag R, # R, dzdwavihliiianisnsgitenvesussladndnenssuaauna i, =i 1Aty

YAAINNIEDI VOIUBMASWTUN [42] TeFunewiuldannaunisi (2.33)



undl 3
awgamasadinuagiadunazn1siaLlausanas

VDIDULIDSLADIUNAINYLSIAULUUEINN
d1usunatnasidytinans

3.1 uni

BunedwesunaseusiduLuUamAe (Threeleg Voltage Source Inverter, 3-leg VSI)
Jusunesmesyilaiinudsuilvldnuiuedtumsnats fdussuutuindeutewnes
Tiihnszuaadu 3w Wy veweswillonh uewesddasia Wudu uwarszuundaliiiann
uasr L landsnumaurunuuene wenand dsassatilutszgndldlumsaiunuivan
wuv 2 wialdiduiu tneluineninustdasiatuSasnmsiluldduedousemesuuuimieh
aoavladunan

dnsulaseadwedunesimesuuu 3 i (Three- Legs Inverter) ﬁﬂLLﬂﬂﬂugUﬁ 3.1 &
Hunssiiesflumseunsivan I@UﬁL’mL&]@%Lmﬁuﬁlﬁmﬂmsﬁuaﬁmsﬁé’myzymiugmwwiN ‘
Tnewnslunsaiselnanuuuaonns Mdusemesmiloaihasunail ssamnsaasslas
2 = 2% =8 suuvy uazliusafuluszuny d uay g Auandunne 3.1 Tnsanuvsneves
a03n “0” ety @ndinaluie a, b wie ¢ @fAe @Ind S, S, S WYY d
PYIINEURIRDRN “17 avvneds @dntsuuluns a, b e ¢ @RAeaInT S, S, So) azviau

Tnameianisadedyaaduivisedaiaduinn (Gating Signal) 1ty wenanayld
diemnuannsvhnuresintaidnnsedndidis 6 ud draunsaldmuaunisvhaui
Tudunsdudennuilasnde Junadianmsassdyanaiadineyld & 2 wuu fe

® wadanmsuogananunaiadiBeaduni (Carier-Based  PWM  Technique:
CBPWM)

¢ walianisuenanAUNaAEUgIAMeT (Space Vector Pulse Width
Modulation Technique: SVPWM)

Auxiliary 1 Phase
S S S's Win dinJ Motor
Vie/2 | | . j PR
de/e | lq
I (3 J VqT%
0 0
Ed b Common —>
Vae/2 | @ \ 7
T S, Sy S ) J
i il il
Main

Winding

3UN 3.1 Bunesmesaunsdreussiulvivewmesaoa
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A19799 3.1 sULUUNsERatLazlsnuluTzuIu d-q

e —————————————————————————
-nn----

C
0 0 Va2 | -Va/2 | -Va/2
V] 0 0 1 -Vu/2 - V2 + Vy/2 +Vdc O
V, 0 1 0 - Va2 + Vy/2 - V2 - Ve - Ve
Vs 0 1 1 - V2 + Vy/2 + Vy/2 0 - Ve
V4 1 0 0 + Vy/2 - Va2 - Va2 0 + Ve
Vs 1 0 1 + Vy/2 -Vai/2 + Vy/2 + Vye + Ve
Vs 1 1 0 +Vi/2 | + Va2 - Va2 - Ve 0
V; 1 1 1 +Va/2 | +Va/2 | + Va2 0 0

Tneluuniflfiiauendnnsiugueesiauuy CBPWM Wagiuyu SYPWM UUU 6 19Anos
flilumstundoueimesvieniaeunailinausdueinmisaounaiifouausaduminiy
wazviaprineiy 907 malulih ieldlunistuindeussimesinioniasurauvuannasie
BUNBSIMDTLUVLIAITNERIIFULUU 3 AT (Three-leg Voltage Source Inverter: 3-leg VSI)
LazNAaTIlALDNaNNISYEY SYPWM  LUU 8 1oAnos Lﬁaﬁwlﬂﬂszqﬂmﬂ%’mﬁmé’zymm
dmdudunesinesuuy 5 Aduunsely

32 wedansuagianninaniisiadidanauni

Humatafduifdeslunisldaustsunsvans [13], [17], [26], [35] Indunouasisy
NNTAIdyIMNIsHeaRR (Modulating  Signal) W 3 wla udaluiFeuiiteuiy
Fyayrumduni (Carrier  Signal) %ﬂé’fgmmmmﬁﬁﬂLﬂugﬂﬂ?{uammﬁw (Triangle
Waveform) %qmaé’wéﬁlﬁwé’amim%wLﬂaué’zyzymiwﬁﬁﬁammmaLamﬁ’uﬁ@@mmﬁ
wé Aagladaaiadnitaudwirtuaadvesdygiund wasdeuniwwesdyaiad
ﬁﬂ%’ummamﬁm%mﬁsJindNé’igﬁy'lmﬁgqaawia"Lﬂ ﬁﬂﬂ%U%U@@Uﬂﬁiﬁ%ﬁﬂgﬁmeﬂm
CBPWM W aziFuainnisadedyaiaissfusunduleindnygasnsds (Fundamental
Sinusoidal Voltage Signal) fisluunawinduii 3 wid Lwﬁ%ﬁu‘uLﬁauLWaazwdwqﬁmmwmﬁwq
fu 90° yaluid masunnS (3.1) 8 (3.3) dedl

v, =M, sin(wt) (3.1)
v, =M, sin[a)st - %j (3.2)
v, =M, sin(ot—r) (3.3)

lne
v,,v,,v, fe dygiaussiugunauletdvanyaredns a, b way c mudwiu
M, fe Avviinsuagiati (Modulation Index) BellAnaglugaesenine o < M, < 1

o 1) 1 nl' < a [
dusulugnundudwauy
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T8 CBPWM  Uawmilauiumsneganauniavadidenauled (Sinusoidal  PWM
Technique: SPWM) wsisiafiunssndyaiamianyana 3 dayeynas egninunuiniua1lsewiy

afumue (Zero sequence voltagev’,,) NoU WOaAAISILTNdURINITTIAASLAZIANNATG

zero

diinsueguadu (Modulation Index, M,) wnzaslvigedu WenSsuiisuiumatia SPWM
[25] TneAusssiuandiuaud annsadeuduaunislagsil

. _max(va,vb,vc)+ min(va,vb,vc)

vzem - B

(3.4)

dethussruaduaugluaunsi (3.4) viniluluaunisy (3.1) fs (3.3) viluladeeo
L33AUEN984 (Reference Voltage Signal, v, ., vy o Vi ) BB duannsleidal

a ief M Sl}’l( s )+ zelo (35)
* = T *
vb,ref 7 Ma Sin a)st B 5 + |- (36)
Vorg =M, sin(wt—m)+v.,, (3.7)
Va\if\]qﬂi WmLLiﬂ@u@'NENLLa'J LN@UWIULUiEJUL‘VIEJUﬂUéJ Wm‘wmmlylmamﬁmmm

v o o Y a

DRI Iumiwmaﬁymm‘mmmmaLaﬂmauﬂammm 6 612 VYOI UNID IO LNEITY
WSIRLUMUY 3 A sely Lmuﬂmiaiwﬁmmm SVPWM ‘Uu%’mﬂauwmu (The carrier-based
SVPWM) dmSuduiaesinesiuuu 3 fe ey anunsauandliFagui 3.2 1dle M, My, My
Ao Nerduaing (Switching  function) mmuqﬂmmmmmauﬂamm (Phase leg)a, b, c
AU Fawadile gy biguwuunIsaisdyy I PWM UUFIUAAUNE (The  carrier-
based PWM) dw§uduniasisesvuy 3 iq saviaaiu anansnuandldazui 3.4 lnedynn
WIIPUDWBE Vs Vi or Ve ey wildnuazdyanantiefisuiudyaamiseguil 3.4 () [10)
uay L:uamazumﬂmma@uwmmami’mmamm*jw\mﬁaﬂmwammaumL‘V\la a (139
b %30 ¢ Wisuiugn 0 mﬂuﬂmmasvmwmmumv ﬁ AOOUNTH 2 mmmmuﬂugﬂm 3.1

"i]wL“UEJULUU?{NWWLLN@UVIGU’JGNH

A A
Zero sequence

voltage * A A A | Carrier
VZ(’I‘(I .
Signal

~— 4

;:;Uﬁ 3.2 fuegLamesasedyan SVPWM Wepaunividmiuduiesinesuuy 3 A
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Vo = % [Ma sin(a)st)+ v:m]

a (3.8)
Ve ) V4 *
Vio = T{Ma sm[a)xt - EJ + vzem:| (3.9)
V .
V= % [Ma sin(ot — )+ vzem] (3.10)

waziilathdunesinesinassiousswiuluy 3 Aaddaneluangeaa @sluwinednusily
Tanduuewmesiwieniaoaa) Aazdeuduaunisusaiusywinne (Line to Line Voltage)
WIBUTIRUDIANAL LRI (Two-Phase Output Voltage) el

V=V, =V — Vg = M“2Vd” {Sin(a)st)— sin(a)st ~ %ﬂ =2M, V;C {sin(a)st + %ﬂ (3.11)

V, =V = Vig =V = %{sin(wst " ﬂ)—sin(wst -%ﬂ =V2M, V; {Sin(wsf +%ﬂ (3.12)

log?l v, uag v, AoussAuPnannATeNlranlulU d ULAZWNY q AINAIRY

lofiansanannisi (3.11) ua (3.12) agnui mmmqqqmaaLmﬁmmﬁwmaaaLWaﬁ'?u W
fowpannmindu V2 wihwesmiiaussuiitaluaunisd (3.8) 81 (3.10) uasiiloRansamg
Goutiavasasinsussiufiviluaunsi (3.8) fa (3.10) tasussdutandnnaesialuaunsi
(3.11) ud (3.12) Hu WALITONARINITIELIIRAME TSR URaNE [10] Ieidaguit 3.3

ﬁaﬁiudaugﬂLLUUGUmé’ﬁy,zyﬂmLmﬁuﬁ%a Voo Vo Veo MAzSiENURIERS3UT 3.4 (@) - (9

[ U i3 a o d' -] i 1% [ d‘ -] 1 g.’/ IS
wAEYILIIRY lRnanTLuaeslaminluIelivewesilenihaeanadeluny aud
ANYRIEAIIUN 3.4 () - (@)

5UN 3.3 LAmasLswuNulag19Bnsane
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(n) Reference
voltages

(GU) Vao
() Vo

(\1) Veo

@) vy

@) v,

JUT 3.4 sUuvvvesdyn 1 PWM dmsuBuniesinosivuu 3 A

3.3 1NALANISNBYEAANNNINWARITELUILIALABILUY 6 LYALADTHIUTY

AUANBULIBINBSUVE I BUTIT UL UUFINAT B uT IR UAD I

L%fJuLmﬁﬂmiua@LaMﬂawuﬂﬁwamaaé’@mﬂmﬁaéﬁﬂ%‘%ﬁﬁaﬁﬁauﬁﬁu [10], [26] - [30], [44]
Auguszuniuindauaiasinsnalwihnssuaasulasiemzlumaianismunuiuunaines
(Vector Control) Falagmdnnisud axidunsmunusussfue@nns198s (Output Reference
Voltage, V) Wilnunanaweinudidesmsuasvuliseuq euyuduisnaudienisdu
Fuaadatmusuoudindiiluasdunedines wiilewhesuiuadatodnnsedndias
yosBunesnesiuy 3 Adunsdiidelnanduiewesimioniaowia fuanduguil 3.1 Fudl
Frauaindey 6 fa wazainAwsssuildannsduaiadludnuugeneg Teduduau
2% = 2% = 8 JUuuy Faeedl 3.1 wu dodmdsulunnipesuuuiiusediu (Voltage Vector)
waghINwasusiuAug (Zero Vector) TiaglunnuasuazunmAunnwlussuudedou fagi
TAnnwesusaiuliie 8 nnwesdmiulunsdiidelnanduiemesmionihaeanand
Fnwaigmsnadiiiname fusiui 199 daandusuil 35 Ssagnuin dumiswenanes
ﬁ’ﬁﬂa'ﬂ%:ﬁg‘Ui’NLi“]WﬂL%%;JLLUUI@JﬁMM@i (Asymmetry Hexagon) é‘faﬁumsmuammﬁu
winedneda 1, Tudnaneuiu Tufedvivetia svpwm dddmasnammssesnanild
Tunsduaindienamnesusaiuuuunie fvnzaunudumldidenis Woamesusey
W WinnE19ds ¥, indouitlutiuies Tnsanguil 35 azutadunninesuuuiiusaiu (Voltage
Vector) 3717 6 1nwas uazanwesssiugug (Zero Vector) $1uu 2 tinwie$ useedlsinia
fawuithusazaniusvesmdindaslinneeannnesuuuiiussiudilivindu lnednnmesuuudl
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— Vs(101)
V(10 U,
Uz<—T / i
/ U]
Sector 3
Sector 1
\____/
_ , _
Vs(110),7 Vi(001) J
[
U
27 :
U, :
Sector 4 :
™ | 5

I v

8.
nauwyy/L]
).

UM 3.5 fuvilainisnaaninasisenukeaiiniuuy 6 lwames luszuiu d-q

q-axis il
VS

Vo =x+jy

7

~|

*
,IO
1
1
1
1
1
1
1
1
1
|
)
X

» d-axis

35U 3.6 JULUUNISATIAMTIAULDIANAD1EY 7, * AI8T8n15 SVPWM

wswiuey 4 LINWaSAWA ST Ve RBVINWES V1, Vi, Vi, Vs Uawliniaes
IS v A ¢ A s g v o U Ao | v = o !

WUUHLTUEN 2 Bnwes fennnes 15, Vs NVAMSAunivunaminy v2 Vi deiuvises

nnwes wuuliuswiiluusazawes ssuiasiazyanateeniailu 6 wawes wazgnilldly

MIAUIUNATIFUNADIBY V, NdpInIg
AMFUNANNITANIUL TR RNADNDY 7, Tuannmosuuulingssiu 2 nnwosi
UszdneglunsaziwamaTuasilAivingauiuguninneshsaiiuednne13de 7, indeunll

Duyy 6 Tnerusssiuedingssds ¥V, Tugun 3.6 savanunsesmnalaainaunis

L

V=V /6 =x+ jy=—21—U, + U,
e A N T AN T

(3.13)

AAUA LA
jal o _ _ ja2
V.=U, =Ve'™ waz V,=U,=V,e’

AsanlukuIwnu x (d-axis) kaswuaunu y (g-axis) 91931
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[ x cosa, cosa, || x'
[-[coraeonee] ] 519
y sina, sina, | )
X' sina, —cosa, ||V, cos6,
__ 1 ' 2 2| o (3.15)
V' sin(a2 —al) -sina, cosa, ||V,sin6,
X
y

,} B v, |:Sil’l(0{2 -6, )} (3.16)

sin(@, — a,)

Sin(a2 - al)

fegalunsAnIuALTTUeWNAONEY ¥, Feeglutiuvameii 1 duanduzun 3.6

Tngaglvrnuduiusnwmsinaudfimaiues x* way y’

y=m(A?>2j (3.17)
?V:K(X%%E) (3.18)

Waunsit (3.17) way (3.18) unuasluaunisi (3.16) ledu

(3.19)

V( TVI J -
Vs % Ny, [ﬂﬂﬂz—%i}

V( Tys }  sinla, —a,)| sin(6, — a,)
\AT /2

log?l V, =MV, /2 uag M fig Aaainisuegian (NIAATISALULNENNT SVPWM)
AT/2=T,+ T, +T, WeN T, =T, +T,, (T,, =T,,) msamuasanlsmng 9 lunisauio
wIaweInAeeds 7, Tuudaziwawas lakandlilumsia 3.2 Inefl 7, uag 7> unuwun

YOIINADS @I T) Uag T A TRIETIUTDINNIADS LUUTLTIAU
Wlafe s lun AU TR ANRa 198 Tuwanes 1 Neglutie 0<6, <z /4

Te? @,=0, @, = T/4 WAYULIAYDINNABSAD 1, = V), Way 7, = 72V, A1uinmgienan

Yaannwaswuuinssnuludruveswanasi 1 lonsmsluil

LI ﬁsin(z - Hoj (3.20)
AT/2 [, 4

Tys M .
—=—=—yin(f 3.21
NIRRT sin(@,) (3.21)

dll 1 d' (3 = % gj 1 ! [ 35 IS !
Woswranaivesinneesiuudussiuldlue 2 vlulnazamasuu azilanll
LAUATINTIUBIAUNA VIR QI IE WounuA M =2xV, /V,, adluaunisi (3.20) waz
(3.21) Axmanuduiusvewssiumadne lanaselull
1, +T,, M

ey :?cos(ﬁo) <1 (3.22)
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A51991 3.2 MIMUUANNS U, hag U, a1m3u SVPWM Tuluu 6 lwawmes

sector| 0 [T [ o | = | v | v | o | & |
1 Z Ve Ty, Tys Vac 2V, 0 /4
2 v, Vs Tyy Tys Ve V2 V. /2 n/4
3 v, v, Ty, Tys Vie Vie /2 T
4 v, v, Ty, Tys V2 Ve Vie 5m/4 T
5 v, 2 Ty, Tyz 2 v, Vie 5m/4 3n/2
6 v, v, Ty, Tys Ve Vie 2n 3n/2

A15199 3.3 A1AUNITEINUILLARLLYAMBDS d1SU SVPWM Tunuy 6 wanas

Sector 1| V, =V, V.=V, =V, =V, =V, =,

Sector 2 | V, =V, =V, =3V, =2V, =V, =V, =27,

Sector 3V, =V, =V, =V, =V, =>V, =V, =V,

Sectord | V, =V, =V, =V, =V, =2V, =V, =,

Sector 5| V, =V, =V, =V, =V, =V, =V, =,

Sector 6 | V, =V, =V, =2V, =V, =V, =V, =7,

(4
Y

Youdoulvveswuiansidugegandulyldvesnseduedna 7, luusasina oz
Andu dle 6, =2/4  dleunudadluannisdl 322 agldussiuendnaiiainiy
V, =V, /2 ﬁaﬁ?uﬁsnﬁmima@l,am () Turnsiidudadu fle 0< M <2

dwsundnnisues SVPWM  Hu 9sfeansunsediugneds iefladldiuieuiisuiu
Ty amAunvE Fodudlonsiutine T was T luudazionines FelanuiuaIwsaiu
Ve fazlddusesiuedslundaziasnsds lnofiadunisaindluonnesa 1 azgnuds
@@ﬂLﬂunﬂm@%LLNﬁu@juéLLazL’JﬂLG]E)%LL‘U‘U?ﬁLLiQﬁH‘ﬁx‘]é@i}JﬂﬂJW?ﬂ%ﬁu (Half Carrier Period)
warliguuuuvesdyaiadiduduuaunins segrau ludiuvesinmesusaduaug 7,
wag fu azdvaesvuziaaiiva 9 ﬁuagjmstmj"Nmam‘%mwmﬁ’wwmwmzﬁu
(Half Carrier Period) uazifigunuuvesdgyaiaiadiduiuvauuins degragy Tuwe
Woshl 1 Tugud 3.7 th ﬁ]vﬁiﬂLLuumaaﬁmmmﬁaﬁﬁma%aﬁﬁu 18RS Ea1AUTOIINADS
LIIFuAuE LL@uL’JﬂLG]@iLLU‘UiJLLN@‘L!I‘LJ@‘EJJW’]BiuﬂiﬂﬂﬂUwaﬂ‘U@\‘iﬁmmeW"lﬁ o2k
V.=V, =V, =V, wagdmiueanesii 2 Ao 7, =7, =7, =V, lngfuiumaiusei
awamaam&nmuLLiqmummmmmwawaivﬂma (DC Bus) Aaamnsil (3.23) B3 (3.25) uae
annsnasUddumsaingia 6 waweslddemnsed 3.3
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Vao=V"c ~In s (3.23)
2| AT/2 AT/2

Vb():Vdc _ TVl _ TVS (324)
2| AT/2 AT/2

Vcondc gty T (3.25)
2| AT/2 AT/2

NUU WNULIAWIANEUGINHABSNEAANNALNNST (3.20) waz (3.21) adtuaunsi
(3.23) 1 (3.25) aglafanidurasdygyinusnudnds viefldunisuegian (Modulating
Function) WiguWnaLUgInmasmuanni1sy (3.26) fa (3.28)

Yao _ %{— \/Esin(% - GOJ + sin(6), )} (3.26)

Vdc
V /2 Vao V 2 Va0
i ol LL 1€ T NOT0 o W o [T 1l 1 1lo >t
V2 -Vie/2 = —
Vo Vo
Vdf/zo orofitioioiody,, Vdc/zo 0o :;ofi1fi1loioiog,
Va2 Va2
Vo Ve
Vdc/20 1M \R 7 WY | IS Vd/zo o1 crliialoiod,,
Vo 2 — — Va2
TyveTyiiTysiTyLy7T sy Ty Ty TysiTysiTy\Ty7T ysTys Ty
WALABSN 1 ALRDST 2
vul)
Va2 o [T 1 0 iy V2| g o0 111110 0y ;
V2 — — Vi/2
Vo Vh0
Va/2| o o [Ti1T 1110 05y Va2 o [T 1111 0y,
-Vi/2 V2 — —
Vco Vo
Va2l o io o TT1lo o 0y Va/2| o i 040 [T 110 o 0y
Va2 -Vy/2
TV/) TV4 T V6 T V7 TV7 T V6 T V4 T Vo Tl T V2 T V6 TV7 T V7 T Ve TVJ Tlr"(/
ALWBST 3 ALHBST 4
VC/2 Vao V /2 Vao
aw<logioiofl1[1loioio > 7 a<lgioiof1]1]oioio >t
-Vi/2 V2
Vb0 Vho
Vdc/zo Liriifririiloy,, Va2l o o [T 1 0. 05,
V/ 21— I -Vi/2
Vo Veo
Vdc/zo oftitfiriilo o of, Vdc/2o Lirtiitiiriidod,,
-Vy/2 -V /21— S
TveTy2iTysiTvs|\Tyv7Tvsilv2iTvo Ty TyiiTysiTvs|\Tv7TvsilviiTvo
LALHBSN 5 LALKBSN 6

JUN 3.7 sUkuudyanaiadainnsuenana NN I eUesdya MUUAUTINNBS LU 6 LA’
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Yoo _ M{_ \/Esin(z - HOJ — sin(6), )} (3.27)
Vdc 2 4

0 _ MP \/Esin(z - goj +sin(6), )} (3.28)
Vdc 2 4

AU UALNIT NN VBINNADTUUUL LR UUT 0T a lUTaInG Wazaun sy
ussuAaassBsluusiazAama (Phase Leg Reference Voltage Signal) dwsulusawmesoui
wiethy Ifasulilumsnedt 3.4 uagldhudeudunsiiasaesamesuuudnseiuldss
U 3.8 dhuguil 3.9 andusudygranssiuiaadidsieniog (pu) TugUvesilsddums
wogian daussuiasgruiiluiBsudeuiudyaramunemionie WeliAndyan PwM
Faguil 3.8 waw JUT 3.9 siely Fedygnasenaaidunisuiuadviinmsueganlinainiuy2
Fadurrgsaanouiiazifiatiussfumogiaduiu (Over Modulation Voltage)

dmsunsuladuanailsfutamnmustnnmesuuuiiuseies T, T uas T, 9 6 wamos
Tugui 3.8 Wiudyanaussiuianasnsdwiene (p.u) musui 3.9 Fryadan 3 oa
i wilsuiwosdyauiliiduguaduled Lﬁaqmﬂwﬁﬂmwmmﬂ%L’mmaﬂéfi’mmaﬁuaa
BIAUTENOUNNMDTLIIIUALE (Zero voltage component) U1lUae Lmamﬂﬁﬂmu e
AT AVDIUTIN LTI AN UB IS UA AN v Y30 vy LLa‘“ Vep W38 v, T mwmw
gﬂﬁauuaﬂwmsmugﬂﬂaulsauwmmmmmuuazqmmuﬂaﬂu 90° muamﬂugﬂm 3.10 B3
Julumamanngufueamsyegiannuniiavesdygasuuaiuaannes

druaunslunsAINA1InaNIY (Duty Cycle) Tumsdseingluidunesines Tng
FIRE19NIANUINANININTIY Dy, Di, D 99379 3, b uag ¢ luwanesn 1 Al

VHOZQDA:Q-T2+TO/2 X DA=T2+T°/2 (3.29)
2 2 AT/2 AT /2
Ak @l ©2 T /2
CER % ] 3 B =% (3.30)
g _Vch Vie T+ T, +T/2:> AT+ Ty /2 (3.31)
DT TCT T AT /2 C AT /2 '
A NG 4 ) 911 i¢ 1T AN <7 A
~—— NAT2
0.8 |------- 1oy iiane - e jipe=="" - boen-oe- immmmmoed tmmm oo
T1 'T2 To

08 N\t / NG

0.4 F--- AR O SRy AT, S T Y AR @Y S - . N
B | | v l v | I
' 1 ' 1 ' ' 1

Switching Time (p.u.)

02 F-f- N AN NN LN\ N

0 45 90 135 180 225 270 315 360
Angle (Degree)

UM 3.8 dyq1utaeiansieviig wuu 6 lueines
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'
a

Tuswewesh 2 fa 6 Nwde |

'
=

FIUANININTU Dy, D, D MH1ARD

35

ALEnalININ151

=

v v

Leg C

--fmmmmmm e

B Phase

N

Phas%z Leg

A
Ne-s

| E |

1.5
1
5

opA/abejjoA eousisley

o

b
[=)

—

-1.5

103295

135 180 225 270 315 360
Angle (Degree)

90

45

'
a

SUN 3.9 59U

U

s

DD NUILLLUY 6 LYALNDT

W19

NS

103235

(*n-d) apnyjdwy

5 270 315 360

22

35 180
Angle (Degree)

1

90

45

A

5U 6 wAwes N M

]

q

3

NI NARDNUIY dTU

a

%4

QISR UED I A

o

Ufi 3.10 &

9
L]
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o a & o Y a 1 a ¢
M1919N 3.4 L']a'ﬂUﬂ']ﬁa'W]GU LAZLLSIAUBINBUARLAUNE LUU 6 LUALHNDT

Switching Time

Phase leg reference voltage

Vao _ M) 2sin £ -0 +sin(9)
T, T Ve 2 4 0
Sector 1 - =+Si”(_‘90j ) r 7
AT/2 [, 4 Ve M (7 .
0<6,<% | 7. m v, Tt VR g i)
> = 4 Vs M 0 de - .
AT/2 2 sin(0y) v M n
0 — 4 | 4 N2 sin| = -6, |+ sin(8,)
V. 20 4 _
Yo __M +v2 sin ”—90}*‘31'”(90_7[J
7, :_gm(n_ 6,) Vi 21 4 2]
Sector 2 AT/2 [, 4 0 v M[ (r _ 7]
g <X T M P — 2 sin 2_90 —sin b=
b s N :
Veo :_ﬂ —2 sinl E—Hoj-i-sin(@o—ﬁj
Vi~ 2 4 2]
Vao :+% +Sin(7z—90)+sil’l(90 —”j
Ty, M . Ve ; - 2 -
Sector 3 = +4Sl”(7f ) 4 ‘90) B ]
AT/2 - 2 Voo . M in(z—6,)+ sin| 6, - =
Z Joff < z_L=37 [\ -(9 ”j [Zye ey S (s @l LA\ { W
=+—ui N ¢ 5 q
2 N BTN 2\ £ 2 v | M[ al
by @y i 5 Sil’l(ﬂ' - 90)— sin(@o -3 j
V., 2 2/
Xﬂ LY _M 2 Sil’l(ﬂ' — 90)+ \/ESZ'I/I(QO _Sﬂ.j
4 Ty, __M_s‘in(ﬂ—e) o ¢ - ' _
SeCtOl‘ AT/2 2 p U VbO M . \/’ I 57[
57 ZEURE D) (1~ +sm(7z—90)+ 2 sin| 6y ———
7 &8 o= (P | A0 I TR (7 4
- e T S ] ]
Veo = _M_ — Sl.l’l(ﬂ' — 00)— \/ESli’l 90 - Si
Vi v 2| 4 /]
Va0 :+M _Sin(?’l_eoj—\/gsin[é’o —Sij
T‘VZ il MsinKEZ_H\J Vdc 2 L 2 4 _
SeCtOI‘ 5 AT/2 2 2 0] vbO M [ h 37[ \/7 . 57[
S 3 2L =4 —|+sin| — =0, |+V2sin| 6, ——
Tgeogj - =+Msm(€ __5_75] V, A | % 4 )
AT 7NN, \ ¥ 4 6 ul 37 57)]
0 —+ —Sl.n(_eoj + \/ESZ.H(HO e
g 2 4]
Va0 = —M - Sil/l(% - goj - Sii’l(eo - 27[):|
Sector 6 In ——Msin 3—”—6’ g y °
L PPy VTG el -2n)
9~ V= Lz__sin(ﬁo—Zﬂ') @
AT /2 2 y M kY4
D ———| +sin| —-6, +Sm(90—2ﬂ)
Vdc 2 2
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- DuyCyde |
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T
€Clo. _i&
0<, <= Poar 2
. 2
AT L +T, + 0)
2 T,
(nen g
Sector 2 . 2 (1,
Z<0,<% a2
S (A
AT 2
2 T,
S 3 DA:AT[TI+T2+70J
ector
. T THE A
ESHOSH =12
2 (T,
Dy=—| %
AT\ 2
T,
DA=X2T—(T2+7°]
Sector 4 3 g
) p J Sl ey e
T B i AT(‘ » 2]
4 ~a
Whe et Ak
AT\ 2
7 ofr
» N 4 AT\ g2
cctor
5 3 D _#] T, +T. +£
7”39037” g ¢ " 2
D, —»2— T+&
AT 2
p,=2(h
Wy AT\ 2
ector
. p,=2{n T
7S90S27Z' B AT ? 2
2 T,
D.=—|T +T, +=2~
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34 dwaamesiadinuagradunvusanvasinidy 8 wawmesdmiy
SunefinesunassussiunuuaufEtsussTuadnAsa s
dosdredranarfignuisennidu 6 watnasdaguil 35 du fvsyuiilivindu

Tnglewzluemesi 3 uaswainosi 6 duilszozauduim 90° luvuziidn 4 wawesfivaede

AWM 1,2, 4 uag 5 %aazﬁawzgmﬂm 45° Sl maseuiiousumlagamesfiazinly

Uszgndldlumsdaguuuunmsaindludunesinesuuu 5 Aildmunmewmes 2 f flaznanis

Tustadesteluiu fanugeennlunaieudiousumis fuiuluhdedidfinauomaians

sauwlasmsdnwawasanidy 6 weawesiluwuulnl 8 wawes laevinsudmnwame sy

whe i fio weawmesay 45° wenanil Seldvhnisiaudasiuaunamefuuuiusei T

Fisdudn 2 newed Memsadsaamesiuuiussiuds 1197 Fasthoamesuuuiiuseiy

WPyl 2 mma%ﬁasﬂﬂé’ﬁu (Adjacent Voltage Vector) 3mmATaemiawesaaunis [19]

=V, ¥ (3.32)

1pgi
7, Ao nAwesissiundtediunlutenatdulueaTausn

v, fin nawmoiLsunigiiinluhanagulugenimas

s oy Pl Y 3 g vas i -
wawesndawlathaidmiudeusmuenmuuaeLlaaunaildIsnsLUwNug U7 3.12
U Buanwawesi 3 Wunuguil 3.5 Tu Sedulduawesuseiul, wae 7, dunawesnaniu

nswieasednn SVPWM favgninuuuseaniduawaslniil 3 uae 4 feguil 3.12 e
nawesuswl ¥, Wunawmesivhnuluiisiaiduassuisn wasnawesuswu 7, [unawes

'
o

a | \ = o Y o | a s Y v Y & s
V]V]’]Q']UIUGU'JQL’Jaqqmﬂiﬂﬁaﬂ f\]qﬂuuuqﬂiqﬁqﬂqlﬂaﬂmaﬂL')ﬂLm@iLLiﬂ@u1‘V1ll1@LU‘UL’J@LG\@?

1— l— 7 N o s a = ) | |
o =5V + 5V waoudioatunsesi 6 Ay 35 du Aazgnuuseanduwawesln

N

17 uay 8 AT 3.12 wulieaiiu ntumeedsvenenesussulvlladunawmes

7l g
2 2
V(100 P
a —— 22— Vy(001)
§Ect01‘3 $ Sect‘w \\ : //S -
— /
g V _____ v____\_l/i ) -e-.(.:.t.(.).l;-v/
1 7 Vis N
Sect(w : 1= L
N EV" Sect0r7 ﬁ Sector 6
1y V3(011)

n nawesuswuV,, dwiuliiueapmes 3, dundlml %) nawesussiu b, dwsuldiueewes 7, 8 wuulv

UM 3.11 awesusenuaiy ¥, uae V;, Neaiuauiunanesuswiuiulug
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ZN| Vi(100) V Vi(101) ¢,

U/ LUI
U2 Vi
Sector 1
e, —
V6(110);4/ . Vi(001) J
U; | Z
: ' //\Sector 8)
U/ I — pa . U
| Vis 7
Sector 5 i 70 U
R : 7 Sector 7
__________ A
V>(010) Vs(011) I\,
U] UZ

JUT 3.12 duvtnsnannmesissiueninivudauUasdu 8 lwawes Tuszuu d-q

Ut auYsEne q lumsAuaussiy 7, luisasmneesiie 8 weieswuulnl
tu lduanslilunisnedl 3.6 Tnefl 7, wez V> wiuwtnavesnees du T, uar T, Ae
PIIAVUTOIINPDTUUUL LTI

SeRnsanlumsduusmussiuednslugamesi 3 idauvaudu 8 weame sl
ol 7 /2<6, <37 /4 ool ai=7/2, o = 37 /4 Lagvwameainmesae V, = V,
way 7, =, /2 finundasnameiinwesuuuissiludiuveasanesi 3 wuuln
lgiswiolud

Ivs =£sin{3—ﬂ—ﬁoj (3.33)
AT/2 [, \ 4
sy i g, =7 (3.34)
AT /2 2

WosuTIIaNvesneaswuuiksanuldlune 2 ralunmazwainasiu asdanly
AUATIUTU0IATUIANYIE QU IUNINE WHOUNUAT M =2xV, /¥, adluaunisi (3.33)
WAz (3.34)  AwmeNuduTuSTRILTIRwEL IANATIwAWesT 3 Tuwuy 8 wawesindla
sasalull

TV4 +TV46 M

T2 :7(—cosﬁo+sin00) <1 (3.35)
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A5199 3.6 NMIMUUALNNDS U, hag U, a1msu SVPWM uuudauUaslu 8 wanes

Sector a U_2 T; T V; v, a a
1 v, v, Ty Tys Ve V27, 0 /4
2 v, v, Ty, Tys Ve V2w, /2 /4
3 v, Vi | T Tyus Ve |Vi/N2 | w2 3n/4
4 Vi | Vo | Toas Trs | Vie/N2| Ve 3n/4 T
5 v, v, | Ty Tys V2, Ve 5n/4 T
6 | V, | Vs | T | Tws | V2V | Va | 504 | 32
7 Vs Vi | Tws Tys | Vi /N2 Ve Tr/4 3n/2
8 v, Vs | Ty Tyis Vi |Va/A2 | 2m /4

(% ]
v o oA

Friudeulvvesuiaussiugsgaidululfuosussduendnn 7, luudazina
Antu e 6, =37/4 ileunuadduannisi 3.35)  azlfussduiewinedianrinty
V, =V, /2 ﬁQifuﬁ%ﬁmma@Lam o) Tudaeidudadu Ao 0< M <2

[iansadeuiimadailasgamesinduuy 8 lwawmasiivinednsaainuuuiiy
6 wamosviiely Seldtinnssidussiumaeduaiieamesil 3 fdumindeatuiluwy
6 LD Sifn Baagldaumusaiumanineiivewesi 3 Tuuuu 6 lwamosifulasd

h,+1,, M

——(— cos 6, + sin 6’0) <1 (3.36)
AT /2 2

PMNUWINENNTN (3.36) WsunuaNnisi (3.35) wad WUl aunisaladdanduneiu

Y & 1 'y 6 Id’l T =l QII 1 1
WARILAILIY NsUSUAmasuulnul laldnansenunsenisiasunadusiasngle

a aaa ° | o ¢ & al a0 0 & & a

violuNsEvisaNMIA A USRI NR w7l 6 Tuwuuiluiay 6 wawesiay
waeUaddunuu 8 watmasiva Wuwewasi 7 uaz 8 1w mnfansaniwanasn 7 A
aglutae 37/2<6, <Tr /4 WUAIMNITWN 3.6 Nay=T7/4, o, = 37/2 Uagun
Yosnnweiae ¥, =V, /2 uag V, =V, awaunsofuiasndianalvednnmesuuud

wsasuludruaasrnasi 7 wuului lanssaldd

AT /2

1, M . T
_tvs 7 0 — = (3.38)
AT /2 ﬁsm{ "4 )

T __y sin(%{ - 49()) (3.37)
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Weosiwanatvesiinmesuuuiussiuldlung 2 dalunsazigamesiu azdanla
LAUATINTIVDIATULIAIVOIT QY IUNINE LLBUNURAT M =2xV, /V, adluaunisil (3.37)
WAy (3.38) wmeAnuduTUSTRILTIR WAL I NAvDTANDsN 7 Tuluu 8 walmeslualld
fareludl

TV13 + TV3 M

AT /2 :7(005‘90—51'116’0) <1 (3.39)

LAZLTULAYINU LNDATIVABUINNITIALYALADI MMULUU 8 WALMDSULANAANSHI921N
a ¢ & | = v va & 1 ) ¢ a & X
LUUAY 6 wawesvialil Falaieswieusiumaednefiwawasn 7 luhuu 8 wawes vl
o ¢ al & o = ¢ & o ¢ vo g
fulAmesN 6 lukuy 6 WwaAwmesiAL Aauisaigaliluaunisussiunaeannlacail
Ty +1,, M

s :7(cos90—sin¢90) <1 (3.40)

PNAUNIA (3.39)  Hefleudiuaunisit (3.40) ud7 wudn aunsildfifladduiendy
wandlidiudn msusueemeslall linansenuniensdsuauseglawudiontu

dmsundnnisues SYPWM luuuu 8 igamediiu ussiudredaileniarldiuieudeuiu
U IARUINYE REAIIANTINIAT T, uag T TuusAasisnnes JeluanufiuAIwsaiu
Vae fagldussdumadslunsiasilasnsds lnsfissunsaindlumnmesi 3 lugud 3.13
wlistuurasdanaiadfignasisiu TredaFesdiduresnmesusafugud wasnnmes
wuvilussiuluegmelusdsaunawesdygamnvzie 7, =7, =7, =V, luthwai
fuaiadiamesusediu 7, awdutane T, Miieainaisduaisdlasiiuainnanes
W3R 7, (1,0,0) TutieasemuiaIusnvastiian T, wasndniusndunamesuseiy
V(1,10 lugnesimunaimndevestiaae TV46%Qﬁgﬂﬁ@ﬂﬂéﬂﬂﬂuL’Jﬁ?ﬁﬂﬂﬁ’]’mzﬁ

A & = = ' o
358LLIANMUUATINULNT ¢ NU

AN5197 3.7 asunIsaNaTluLAazieAmas amsu SYPWM Tunuusanlasivaiidu 8 wawmas

Sector 1 |V, =V, =>V. =V, =V, =V, =V, =V,

Sector 2 |V, =V, =V, =2V, =2V, =V, =2V, =,

Sector 3 |V, =V, =V, =V, =V, =V, =V, =V,

Sector 4 |V, =V, =V, =V, =V, =V, =V, =,

Sector 5 |V, =V, =V, =V, =V, =V, =V, =7,

Sector 6 [V, =V, =V, =V, =V, =V, =V, =7,

Sector 7 |V, =V, =V, =V, =V, =V, =V, =V,

Sector 8 |V, =V, =V, =V, =V, =V, =V, =,
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V0 V40
Vo210 o [TOT1 ooy, Ve?lo T a1 1T 10,,
Va2 Va2 — —
V7, V
Var2 1o 0 o[TTT]0 0 0y, Va2l o o[TT1]0 0 a,,
—Vdc/2 'Vdo/2
Vo V.
Va2 Lo T T T 10, Va2 | g o T 1] 0l 0,
Va/2 = — Va2
Times TVOTV] TV5TV7TV7TV5TV1 TV() Times TV()TV4 TV5TV7TV7TV5TV4TV()
Vectors | Vo : Vi Vsi VoA Vi VsiVii Vg Vectors | Vi Vi VsiVo | Vi Vsi Vi Vy
1 wALMS 1 LBALADS 2
V00 Va0
Va2 | o (T T T 0y ¢ Va2 o T 111 11 0 py
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Vi hl Va0
Va/2 | g 0 0L1i 1 11 i1J0i 050 iy Va2l o o[ T T 1100 4,
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Vg V.
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Times TVO TV4 TV46 TV7 TV7 TV46 TV4 TV() Times TVO TV46 TVﬁ TV7 TV7 TV6 TV46 TV()
Vectors V() V4 V46 V7 V. 2V s V4 V() Vectors | VoiVusi Vi Vo Vi VsiVysi Vg
LHALADST 3 \wAMaT 4
V20 V40
LAY e e A 0 iy Va2 10 o o [T 1}a 0 0y
Va2 -Va/2
Vho Vg
Va2l o [T 0y, Va2 o o [0 17 0y,
Va2 — - Va2 p— -
Vo Ve
Va’2) o o oTT1lo 0 o >/ Va2 Vo o [T T 7] 0 0 >
Va2 Va2
Times i Vo 1 V2 T Ve L V7 T 24 /L Ve T V2 18 Vo Times d Vo TV2 TVﬁ TV 7 TV 7 TV3 TVZ TV()
Vectors V() Vz V5 V7 V7 V5 V46 V() Vectors V() Vg Vg V7 V7 V_; Vg V()
\wALADS 5 WAL 6
Vg0 V20
Ve | o o [TT]0 0 0y, Va2 o o ofTT1] o 00 >/
- dc/z H 'Vdc/2 P
Vi V10
Vd‘/20011111100;t Vdﬂ/20001111000=t
'Vdc/2 -VdC/Z
Vo Vo
Ve | o (T T 0y, Va/2| o [T 711 11 04,
Va2 (= — Va2 f— —
Times TV() TV13 TV3 TV7 TV7TV3 TV13TV() Times TV() TVI TV13 TV7 TV7TV13 TVI TV()
Vectors V() V13 V3 V7 V7 V3 V] 3 V() Vectors V() V] V13 V7 V7 V13 VI VO
LA 7 \wALMDT 8

5UN 3.13 sUnuudyananiadannnistegianniunIsvesdyaauuualsinmesiuy 8 wawmes
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MNMsIndRunsaIndeaAmesil 3 dafina1iun efiansunaugun 313 as
WUl ednamaussiudiduadefisuiunssiuiigaianarsueadalilngs (OC Bus) ves
Aavaa (v, )weziana ¢ (v,) ldneunaniiduainddennnesusaiu 7,, uag T,
aodnfiintuidesiunaiioybiuasuulas Tnsfana a widuaein “17 uasiinana b asdu
2030 “0” naen Pean Wnerdeuduaunisuswiug 1Bundeldauaunsi (3.41) fa (3.42)

T T
Va0 L I R 1 (3.41)
2| AT/2 AT/2
T T
VCO — Q _ Va4 _ V46 (342)
21 AT/2 AT/2

drulunsiiusnussduadsvosiung b (v,,) 9znuin aedniintulurasaiuian

= a a dﬂf a o w = ] [y a « A I
T, wiaodnAntulaeiesainuiiazasemuiaives T,,, wine Auainasin “0” audu
a9dn “17 MUAIRU TUMNEAIINN wsenuilutasaedn “0” Gerdawssiuiu -7, /2
wazusnunlutisasdn “1” Feadeuseudu +7, /2 wadwsile vilriseusiulugag
Aua T, viaviue 3udu OV detuaunisussiuonnawdsvesiava b Tuwewnasi 3

Judpulaneaunisn (3.43) waranuisoazuannumsaingns 8 wewmeslanamnsiain 3.7

v T,
INLAENER vl (3.43)
2\ AT/ 2

NUU WNUTIIAMIANE UGN BINEAAINAUNIST (3.33) way (3.34) adluaunish
(3.41) 84 (3.43) ayliflanduvesdyyinusaiugnsds viieflandunisuenasn (Modulating
Function) WiguLvinaUginmasnuaunisi (3.44) fa (3.46)

Y _ M ++/2 sin il -6, |+ 2sin(6’0 —Ej (3.44)
Ve 9y - 2

Vi 21| 4

Vo _ M| 2 sin 3 _ 0, |- 2sin(t90 - ZJ (3.46)
Vi 2| 4 2

dmsvaunisgasiatvesnneesuuuinssduniedasianlunisaing Lagaunis
Toyayauussiuianlasnaddlussiasiama (Phase leg reference voltage signal) dwsuluwn
wasdufimietiu Iiaslilumsed 3.8 uagldhundeudunsmdisnaivesamesuuud
LLiqé’fuléfﬁagUﬁ 3.14a'augﬂﬁ 3.15 %Lﬁugﬂé’mfymmé’fuﬁ'qW\Iaé’wﬁwiam’;a (p.u) Tuguves

Handunisuenan FwswuilazgnihluSeuisuiudygiaaumasuniionie ielie
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dyo PWM  fagui 3.14 uaz U7 3.15 dely Fedyaasenarndunisusuedvl

nsuegLanlifAinAu V2 FududigeanneuiaziingiaussdunegLaduiiu Over
Modulation Voltage)

= a s v Y a 1 a v 1 s
A15197 3.8 anlunsaIng LarusInueIBIuRazAuNe wuuanulading 8 [wanes

Switching Time Phase leg reference voltage

. ‘I’/ao :+% - 2sin[%—9 J+Sin(90):|
SCC'[OI'I V1 :ﬂsin(z_goj de Y L
P AT /2 \/E 4 Vﬂ:-q—— - 2sin(£_goj_sin(90)
OSHO SZ Tys :Msin(ﬁ) V,. 2| 4
AT/2 2 0 r
;50 :+% + 2sin[Z—90j+sin(90)}
dc L
‘I;a() :~% + 2sin(%6’oj+sin(6?0;[ﬂ
Sector 2 Tra :_ﬂs,-n(ﬁ_go de L
AT /2 2 4 v M (7 . V4
T /4 Lo = —— | —~2sin| — =0, |-sin| , ——
— <0, <5 Tys M . 2 vV, 2 4 5
T /ANy s )3 ) =S
‘I‘;’—OZ—%{ - 25in[%—90j+sin(90—gﬂ
de L
;“0 =+% +\/7sm(3—”—6’0)+2sin[00—%ﬂ
Sector 3 L —ﬁ 7 (L’T gj e A
T AT /2 \/7 y Vo _ M . (37
3z L =4 —|—~25in| — -0,
g<0 <* TV45 e [9 ﬂ'j Vd,:- 2 L 4
2 4 —X— = Msin| 6, —— L
AT /2 2 V.o M ~ .
—0 =4 —| =2 sin| =——0, |- 2sin| 6, - —
v, Al sm( v Oj sm( A 2]}
£ ;40 :+% +2sin(z —6,)+ ﬁsin(&o—%j
Sector 4 4 M sin(r - 6)) de 7 L 3 |
37[<€< A;/z M 3 ;’710:‘*'7 +ﬁsin(9—7ﬂﬂ
A T 76 | V4 ) |
4 Zfszn(HO —j r i
AT/2 2 3
> Ve ) M —2sin(r — 6,)= /2 sin o _ 37
V. 2| . 0Ty |
M [= -
Iv;o =——| - sin(z < 6,) ﬁsin(g ;zj
Sector 5 | T2 M 0 6 de o
<9 < Sr A77:/2 1%4 S Yoo _ _ M +sm(7r 6’ Zsm(ﬂo ”]
S| Rt A Y
Veo M b4
—0 = sin(r—0,)-~2sin| 6, - 2=
Vie 21 ( ) ( ! 4)
‘;0 =+% —sin[32” j 2sm(90 577[)
Sector 6 A;ij ﬂsn[%’f 90] Vd( o : 5
Sz 3z Yoo - MY inl 2F 3 5inf 6, - 2%
T<.9 <7 T, _7“{9 _Sij v, 2| 2 1
AT/2 2 L4 Veo M[ 37 57)]
——=+—| —sin| — 2 sin| Gy, ——
Vdc 2 L 2 4
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A15199 3.9 LIANTUNNTAINT WATLIIPUDDILAALALNE WUUARLUALVY 8 LwAWwas (Aa)

Switching Time Phase leg reference voltage

;‘0 :_% —2sin[32ﬂ_90)_ﬁsin[90_7fﬂ
Sector 7 Tn g (31 _ 9‘)) de L
AT /2 2 Voo M \/7 . Tr
3£<9 <7l T M T 7:_74_ 2 sin (90—7
2 4 V3 __7sin[6’0—7j de L
AT/2 \/E 4 Veo M . 3 . T
—= =——/|+2sin| ——6, |+V2sin| 6, ———
Vdc 2 L 2 4
Yo - M| 5 g 7”—ej—zsm(e)
Sector 8 T, M qm(p, ej V. 2| 4 0 o
=—sin| 2L -0, L
‘ arsa = M) . T ;
"o _ P2 sin (ﬂ j+2sm(9)
Vae 20 4

e?m%’um5LLﬂaq§mmwmﬁqﬁ%uﬁaqnmsuaqnmma%muﬁumﬁuﬁuaq T, T, way T, s
6 waweslugUil 3.14 udanaussiunamadisdaiomie (p.u) augui 3.15 dyana
$1edarte 3 wiail vedigusrmesdyyailiduguaduled Wewindnnmesawsinnees
IfsnmavetesrUsznaunnwesiswiugud (Zero voltage component) lluiae usiagndlsinu
Slofinsannaren I usEWINAN BT LTI UANNASNB vap V30 vy UAY Ve, W30 v, 1 92
wuin sURduidnuaslusUeAuleRTivuaminty uazsaiamaiy 90° fuandugui 3.16
Fadulunumdnmguivesnisueganenanisesdyysuuualsianaes uonaind
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VBIMUULIN 6 Lsmmaﬂuiﬂﬁ 3.10 uanendynidauUandaweslifandiouintusafy

dauaumadannAigineeu (duty Cycle) ELumiaqmm“lUmaunaiLmai Tnesiag
sFAATRNS Dy Dy, Do 10sRY 3, b uag ¢ 1 8 lwawme$ Iiuandtifinsed 3.10

Switching Time (p.u.)
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)

Duty Cycle

2 T 2 T:
D, =—|T+2% == 20
Sector | 4 AT(2+2J Sector 5 b AT(T2+2J
ector ector
2 (T, 2 T,
=< |20 Dy=—|T +T, +-2%
osaos% Ds AT(zj HSHOS%[ ’ AT(1+2+ZJ
2 T 2 (T,
DC:AT(TIJFTFLQOJ C:AT[ZOJ
2 T, 2 (T
D :AT(T‘ o +20] D= AT(zoj
Sector 2 _Z[Toj . Sect0r63 . 5 o +£
Eggogz BoAT\ 2 _ﬂggog_ﬂ- B= ATV 720 o
4 2
2 e ) T
| =g | a0 __“ ‘o
S AT(Z 2] DC_AT[T2+ZJ
D :é(n th +T7J N A2T @)j
Sector 3 > (1 Sector 7 0 (T T
V4 3z 2—| &4+L RY/4 17 Dy=—=1+T,+2
ESHOST £ AT(Z 2} 730037 4 AT(2 ? 2j
ﬁiﬁ D :i T+T +E
LT ) =y W\ 22
Sector 4 Sector 8
R4 e ﬁ+T +~T°» T D =] L.L
Tﬁtgoﬁﬂ' ALl 2y )/ < TSHOSZE J i AR 2 |2
D 1[€a < D k. T,+T +E
Cc AT\ 2 C 1 2 2
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4.1 umi

BUNesIMOIUNAITBUSITULUUTAY (Five-leg Voltage Source Inverter, 5-leg VSI)
Judunesmesviiaiifimaildlussuudundousemesiwinssuaadu 5 wia 19y wewmes
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nazuaday 3 wd Suau 2 da viserlunawmesliiinssuaadu 3 a1 fuasuewmesiiil
nszuaadu 1 wa 1 6 legluingdnusiasdatudesmsiluldduiedeusomesuoy
wienimialadoua 2 fuduvdn

dmsulassaswedunesinesiuy 5 A (Five- Lee Inverter) avUsznaudedalunsg
1 9 wazainddidnnsedndingsdn 10 ¢ daandlusud 4.1 Jadusaslilunismuay
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(A) 23BUNBARDSULUY 5 Asdulvanuones M1 way M2
Ul 4.2 MsamsasiannBunesinesiuy 3 Adiuiu 2 g (WEedunesinasiuy 6 Av)
\udunesnesiuy 5 As dmsuireussiuliueimesdnu 2 ¢
nslFBunedimesuuu 5 As wildlunismuauuuvil asvilitagannisldaind
Bidnmsalindirddluszuuadld 2§ fenmialamandmedvanisaesmausosiududi
0 C faguil 4.2 daugn A Lag 90 B vesduesinesiuu 5 Asazselaensadniuma a, uay
b, veslnandadl 1 A waIdU d1ugn D Uazan E azselngnsadniuima a, was b, vedluan
faft 2 mudsy Fadlefinnsniign € Fsesfinszualifivedantisaoslnariugail
Tnewmnglunsdidu 3 wlawiousus 2 90 Tsazdinszualumevuiaig fuvis sula 3a
Suduflazdoniniseonuuulaindludsd aunsavusonszuadiaslénnninfadug de
TuunifFeezndndunaiinnisansnudyyraiaddmsutuimiedyaadunn
(Gating Signal) dmsuBunesmesan 6 Adianmds 5 A Lﬁ@lﬂé’ﬂumuqumiﬁﬂmwmaﬁm?
Bidnmsatindrindnia 10 i wazgannsalimuaunisvhauvesieme suuumienimiaa
U 2 YA iluguussurtermalasnge Tnealdinalinnisasedoyananiad 2 wuu Ae
o wadlamsuegianmunineiadiFanaunyi (Carer-Based PWM  Technique:
CBPWM)
¢ wallan1sueganAUNNadYEUgIAReT (Space Vector Pulse Width

Modulation Technique: SVPWM)
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42  wallansansuudyyruiaddmiuduisdinesain 6 Nuvde 5 A
dewndyana SVPWM dmdudunesineiiuuundsdionseiu 5 Aok andunis
Thdoyanas SYPWM 91nduiesineshuuuvassnenseii 3 Awindunednedin 2 U (V150
Fundn Sunesmediuu 6 Ag) wsvenaldlunsasedayaa SYPWM - dwsuduiesines
LWUUWTES1E w3asl 5 Aduunlva Tneagsnendaanadui ¢ wez o, Wnanedudayaya
ey Wieliludyanaduaindlufs ¢ Fadufssy wasdielidyaaudasdyinlae
AN é’qmmuml%fwhLﬁﬂﬁlé’umﬁaﬁ Fafesimsruadugaduidy 9 nisude
definnsanaunsi (3.11) war aunisi (3.12) Faduaunmsussdiusenineans vie
auNSUTITLLDAWALUTABME (Two-Phase Output Voltage) Uasduliesinesiuy 3 el
FurunliannAus i VaorVsoo Vao Fardu AUNTITUTIFULIANARUUAB N AVDY

duURSMBSHUL 3 A1 311w 2 gandigliuawmesimleadmianadnuiy 2 ga waunsn
Feuaun1slnINEaNYaENIHeNITIIFUN 4.2 (1) waz (1) vestawmesusazyalaiy

Yar 3 Val T Vs (a.1)
Y T (4.2)
Vi)S P Vs (4.3)
Vo2 & %5 W (4.4)

loem
A (Y (3 = | o a o
v, b8 Vi ﬂ@LLiQ@UL@WW‘V\!@W@ﬂﬂi@iﬂﬂ@@m@m@iﬁn% 1 Tuwnu d waznu g MMdany

v, HaY v, Aoussuednainnaseulvanemeiiig 2 luunu d uasinu g muaay

VoV, V,p AD WS UNTIU0INeInasAIN 1

al’

2 v 4 s o
V)V Y, AB LSIRUTITIVOINOIRDIAIT 2

e U B ULIe5LMasLUY 6 Rewranaasnasly 1 2995 Maldnarefures
SuUBSADIUUY 5 A1 Feiviuanunaldu A B, C D waz E ﬁagﬂﬁ 4.2 (A) JAILUFUAS
ussuednarnladmiusawesudasiat unldvedunesinesiuy 5is laeifisuiy
dunns (4.1) 8 (4.0) 18ed

V=V, =V =V, — Vs (4.5)
V=V =V = Ve~V (4.6)
Vyy =V, =V, =V, —Vp a.7)
Vs =V =V =Ve — Vg (4.8)

1HIaNTUANUFUTUTVRIAUNITUSIAUNTINNTUN 4.2 (A) ALNUIIUTIAUNTIVDS

¥
a

BuBIMEIWUU 5 At dUTUSAULTNUNTIVEBUNBIIMETWUU 6 At Faasulamall

Vi=Varr Ve = Vo5 VD = V20 VE = Vi (4.9)
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i PN v A I~ oA a 4 a &
LLGH]’]ﬂE‘U“V] 4.2 () @uNISLIPUNTN Ve ‘UgmauﬂqileWNBUﬂﬂLWﬂ@ue] S8 TN C U

Wureasiesiy Al9aneusasuidnsiniuseninens ¢, wag ¢, Lhy fathy
Ve =V TVe (4.10)

NANN1ST (4.9) waw (4.10) aznuhilaunsil (4.10) aunmadierfifussiuiidaes
nanueimesdnyainunsululvasueineiynd 1 fe Fedosdnaunisdmiuiama A, B, D
uaz E Il ileliAnnuanunadiu Tnsthaunsd (4.9) uag (4.10) thlvumuasdluaunisd
(4.5) ¢ (4.8) awvililduseuiithvosiamanng dmiudunednesuuu 5 e fil

Vi =V =V = Ve =V SVt V0 =V =V TV, =V, TV
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Vg =V TV, (4.11)
Var =V =V TV TV TV TV TV TV TV T Y,

V=V FV5 (412
Voo s — Vb oV Ve 1¥e PR Ver —VeAWs2

v, =V, v (4.13)
Vap=Nirs \od Vo, Ve YN Ve Man — V62 K Ve T

Vit ¥ (4.14)

ustoendlsfion iilelinsuegandaynuiadldineglug uidududu duiudmun
qaqmaumﬁ’ué’w@wmﬁ'qLWaLﬁuﬁgwm 6 A1 o Y e N A0, N Y 4 PRURE hy
wsfosdiinawaldliiiu 1 mhewinbu Snfuansussiudedsimuavsdamalyiviomn 5 A
D Vo Vard Vere Ve s Ve s VNAIRAELNTST (@.10) T3 (4.10) ANEEAVDILTINY
Srdmrilomadatudu 2 mhels devduanagidaun 2 misesmanivasduanadu
RagiliiAnangnsueguatuduld (Over Modulation) fetuSsdeeusuaunisusafusads
Tmiiielstlasturunussdudwdsgeanlalviiu 1 e Tnedeuuaunisldwsd

V* — val,ref + VcZ,ref 1
A,ref 2 - (415)
Vi V.
* __ Ublref c2,ref
Very =7 <1 (4.16)
* _ vcl,ref + ch,ref < 1
Ve rer = # = (4.17)
Vo, V.
* _ Tal,ref cl,ref
Vo = 5 =1 (4.18)
* _ va,ref + vcl,ref

A
[a—

VErg = ) = (4.19)
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13  waliimsuagananunirsiadidenaunidmiuduiefinesuuurinis

Huwadafiduifedlunsldnuegsunsmanemsizannsdlivedunesnesiuu 3 As
zasdyauslaiey ldeanesiulun1suse mawaﬁaa Tnendnn13asiauINsadna
Fouay1auN1310gLane1984 (Reference Modulating Signal) W 6 wlanou mﬂuumuwlﬂamﬂ
Fu10u8n1989a991n 6 dyaurannde 5 dyanas wanhluiTsuiisuiudyanaeadun
(Carrier Signal) %Qé’m@mmdﬂﬁjﬁﬂL"f]ugﬂﬂ?iuamm?ﬂ'sm (Triangle Waveform) awadwnsi
lpwdanisiSeuiieudyaiussnindyaateganiudyauniuds Negladyayuiad
fifiauduinduauivesdyiuny wazdanuniisvesdyaiaiadiuiuniunanis
Wisuieussrnedyanasaosald

ﬁm%u%umaumm%fwé’agmm CBPWIM 1 %L’%':umﬂﬂwsa'%ﬁqé’ag@mt,mé’ugﬂﬂﬁul%ﬁ
MNyAs198e (Fundamental Sinusoidal Voltage Signal) dmsuduniesinesuuu 6 Aufureu

Vo =My sin(et) (4.20)

\ T
Vbl,ref = Mal Sin a)lt - Ej (421)
Vela =M, csin(et — 1) (4.22)
Varrer = My szn( t) (4.23)

! V4
va,ref == Ma2 Sin a)2t _E (424)

02 Jref M Sln(a)Zt Y, ﬂ-) (425)

e
Varrgt s Voirer - Vot 18 SUANNUSUTURRUlmIVENYAYDIN ay, by UAY ¢ AmEdy

[

= o A Y a o w
Yodher Foser» Varref B ﬁgzymlmmugﬂﬂaﬂ%waﬂgamaﬂm ay, by UE ¢, MUAWY

M, M, ¢8 Adviinsuogadu (Modulation Index) YDIBNBTYAN 1 Uazyadl 2

al? Y

= A

FaflAegluyasening 0 < M, < 1 dwmsulugnindudadu
o, @, 79 AT ATINVOWBMOTYAN 1 Waz Yad 2 A e ey

MNThFYIUManYana 6 dygiu asgniiuuinduausatudiuaud v, v3e
V., fou Gsansodeuduaunisléfsd
* _ max (val,ref ’ vbl,ref ) vcl,ref )+ ml”l (val,ref ’ vbl,ref ) vcl,ref ) (4 26)
vzerol - 2 :
* _ max(vaZ,ref’ vb2,ref’v02,ref )+ min(vaZ,ref’Vb2,ref’vc2,ref) (4 27)
vzero2 - B :
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Wethusssiudwiugudluaunisy 4.26) vindlluaunisi 4.20) §a(4.22) wag 1
wsstudduaudluaunisn (4.27) vindlluaunisi (4.23) §q (4.25) ilaledayannusaiu
$1984 (Reference Voltage Signal) Tadieuduaunslanail

val,ref = val,ref + vzerol (428)

vbl,ref = vbl,ref + vzerol (429)
* *

Vcl,ref = vcl,ref +vzerol (430)

Va2,reff' = VaZ,ref + Vzer()Z (431)

vb2,ref = vb2,ref + vzero2 (432)

VcZ,ref = ch,reff = vzero2 (433)

i

NEUNITA (4.15) §9(4.19) vInsandnuiudygInein 6 dyganae 5 dyaula

o &
JU
* _ V.40 il val,ref + ch,ref [ val,ref + Vzerol + VcZ,ref +vzer02 (4 34)
el T I 2 G 2 '
dc
V* _ VB() = vbl,ref + ch,ref /8 vbl,ref +vzerol +v62,ref +vzer02 (4 35)
Y iy f ; ~
de
* o VCO \ vcl,ref + Vc2,ref AY vcl,ref +vzeral +v62,}”€f +vzer02 (4 36)
@ TN ] & 2 |
dc
* . VD() - va2,ref + Vcl,ref | VaZ,ref +Vzer02 +vCl,l‘€f +vzer01 (4 37)
\'e” Y 2 y) 2 '
dc
* 4 vEO _ vb2,ref + Vcl,ref 1) va,ref + vzeraZ +vcl,ref + Vzeral (4 38)
Ry N & 2 |
de

PN AT UL SIPUD19DIF1NTUDUNBSMBSWUU 5 Aawad e ldiuSeuieuny

A

[ 8= Y o A o Y o o Y a fa a o U
weraninagladyaaadlUldlumstuihdyaraldnuaindsiannseindnidems 10
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s 1

7 veaBuodinesunasdnsusetuLUy 5 A seld Tnemadianisad1adyain CBPWM
dmsuduesmesiuu 5 A annsauandldaguil 4.3 1dle S,,S,,5,,5,,S, fe dynyin
nN15830d (Switching Signal) dmsugunsalaindsauu (Upper Switching Device) Tuwaued
85,854,856, 85,8, D dyayraunisainddmsugunsalaingsiaana (Lower Switching Device)

yoafala (Phase leg) A, B, C, D uag E auansu
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Val,ref O—
Equation
Vblref O— (4.28) to (4.30)

Velref O—p

Ve ref oO—>
Equation

Vazref O——p (4.31) to (4.33)
Vbo,ref Q——P

Aref+
0.5

\ 4

%
Va],ref 4
A

* aF
Vbl ref < »@

* aF
Vel ref

*
Ve, ref S

[
%
Va2, ref

Bref+
Cre[*_ '

0.5

DreA_
0.5

Y+

VE ref+
0.5

*
Vb2 ref QQ
+

'

g
>

7AVAVAV | Cgrrier
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‘ ® (B en¥, ., (n) Liiﬂ?:u
J 271984
Ve/ 2
A Rl R R = = =i () a0
de/ <]
e e e Nl Bl Lo o B e v () vo
-gzgg_m (1) veo
> AR R R | (3) voo
Va2 1Py IV § R rren B gy —ir,
Va2 Rl At | BN Y g | S & > (R) veo
Vdc_ Vdi
]:IlI.H:.:mrI.H.IlI:I:I:H.I.HmIH+ (¥) v 93 M1
'Vdc—— .
Vdc_ Vq]
= - (1) vy Y8 M1
7t Va2
mmm% (21) vq W83 M2
'Vdc—
Vdc — qu
() vy U89 M2
Vel |

JUT 4.4 sUuuwvesdy PWM ldinalladendunn dwiusunesinesuuu 5 A
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LALBNNTANANNTTLIIPUTENINEE (Line to Line Voltage) ¥30UIAULDIANAKUY
@ouvla (Two-Phase Output Voltage) Tuwnu d uazsunu q veswewesudazyn Nasdouy
aunslanadl

v;l,ref = v:l,ref _V;‘,ref = %Mal Si”(wlt + %) (4.39)
Vitrs =Verd ~Vary = %M al Si”(a)lf +3TE] (4.40)
v;l,‘ef = v;,lef - v;ref = %Maz sin(a)zt + %j (4.41)
v;m, =V v;ref = %Mﬂ Sin(@t + 377[) (4.42)

JUN 4.4 uanaguiuumsasadayann PWM Uugiuaauniii (The carrier-based PWM)
dmSuduiesimesiuu 5 Ag Nldlunseuaulnanuainasvilananin 1 uazdin 2 g
auyAidA TR NYUENB (MToALRNI8Y) veuewmavisaaliA M9y
2 ] , 2 rA— Y a ¢o o Sy =
Ju 2 Wiy anudiauuwdivndnnuugisdwesamaiai 1 aaliifu 1,500 rpm (38
Anlumudd9de 50Hz)  drumnuiiauuwimianviyusdewamasiaf 2 aalidu
750 rpm (3oAnluaanuadeds 25Hz) Wudy drwinvesrisviinnsteganves M,

wag M, azfmualidvwiaidu 1 pu. 4ag 0.5 pu. MUERU Feruiaimiuatutiuagd

dodrudulumamdnnsaiuanwuussidiusionInnd (Volt per Hertz or V/f Control) Aiiu
WUUTIAUOWBIV sV o s Vs Vi rer - Vi THIATY Reiidnuagdayainuiieifiguiy

e e
2

'3

fUEUIBuNT9A (Carrier Frequency, fo) kanalginagudl 4.4 (n) wagdiludnisassdyyaeaing

AR}

PWM AivhliiAausasiuiavla (Phase Leg Voltage) v, 84 v, kansassuil 4.4 () s ()
dugun 4.4 (1) D9 (1) Uaneusdiu v, uaz v, innaseuvnainvedranuainesivileidmile

wayedl 1 uag 2 %W’mgﬂLL‘U‘U‘17]Iﬂfﬁl’]’mﬂﬁuﬁﬂﬂﬁﬁuﬁﬂﬂ’mmLLG]ﬂGhQ“UENﬂ’J”IQJSGUBQLLﬁﬂﬁU@ﬂ
AseuvAaInTiinTuuLNoIResHaTl 1 wazdadl 2 dusiemudu 2 wedrsdaau aue
A IALIMENAUENI8e (M3DRuAensde) AususslidmSuemesansiiluneuLsn

mngﬂuwé@agmiugﬂﬁ 4.4 lﬁﬁwmLLammiﬁmamﬁqﬁ%’umimaLammaqé’@mm
$1981ta 5 As (Vs Ve +Verer s Vo +Vere ) WOEMIABUALBIIBINTIANUD 19D MT IR
M nuATIRmATITeT aewes M1 way M2 Tnefivunaussuazenmi iwmnsnedusesasaay
LssuseRLAAT Ao M, =1, =50 Hz, M,=0.5, =25 Hz %qﬁmmwmﬁQLWaﬁﬁwmmﬁ’ﬁgﬂ
5 ﬁ’ayzymuamLﬁUﬂﬁuﬁmmwmﬁqLWaé’NSqﬁm%’wama% M1 uag M2 nauay 3 dayeya
(nefduaanania C 1Py é’zyq;mi'am)lﬁé’qgﬂﬁ 4.5 (n) wag (V) MUAINU UaTNaNIIALI
é’fy,mmeLsaﬁuLaﬂﬁwmaaaLWaé’Nﬁwaaﬁdaaamama%lé’uamé’f&gﬂﬁ 4.5 (A) wag (3) AUaINU
Fanzwui é’mvzymmaﬁuaaw\laéﬁq@qéﬁﬂa'nﬁﬁummLf]ulﬂmmmé’%ﬁmima@jLamﬁéflﬂﬁ uag

)~ =

1 [V~ o ] A o 1%
UAnuneNANenUluEREIU 2 1 1 G]’]%JVIV‘WU’JQJI’J
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* w1 %
Va,ref VB ref ‘/VC, ref
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Time (mS) (Time (mS)

(n) Fygaudmannudvivtewes M1 (@) dygueBanannudniutewes M2

%k X sk
‘/Vq],ref Vdl,ref

ok
Vg2.ref Vd2,ref
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(/) FUUIUUTIAULDIANND BN (1) FYIMLITIRULBIANANIBINAIUIN
dmiunewmes M1 firud 50Hz dmsutawmes M2 f1n 25Hz

'
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UM 4.5 Msfudndynananaadaasdn s eue 1 nAaa L Na 198

<

14 Heidunsusganarsiniaiadidaunamesdmiudunesiae suuurini

Fainsiufudin mada sPwM adumadefiduideslunsldnuegruninans
Tnslanzluszuuduindeusisdunedineduvy 3 As wazdmmnsatiluuszgndldlunns
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3 uiegnelsfiny arnmsAnweddeilfendedunsaiduneswesuuu 5 Avwulngjas
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svPWM  wildlunmsieszitudunesimesuuu 5 A nsaniznisiluldlunisanelnan
wuvgesd ddluinendnugd Wiluvewedmionimiava siuau 2 #

ﬁm%’umﬁﬂmima@Lammmﬂ%fwﬁaél,%aalmnﬂma%ﬁ%ﬁ’mmﬁwﬁaa%ﬁmﬂm SVPWM
AIUANNITINNUVBIBUIBIINBIUUL 5 At Ingnannisagldmaiianisuenananunineiad
Feaananesiuu 8 wawed nviate 3.4 MUz uueamesnANail 6 lwewes Tag
Faudadhdu 8 wawes delinsdaszdeunsinddunsaindlunsazwameslunsdifidu
uewmpsvilaia fedunesnosuuy 5 As Annuiaunumanyu (Feaud) Aefuas
ansavildneTu
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mﬂﬂ'Mqﬁ%’uﬁumﬁmmLméfué’wSw‘%aﬂqﬁ%’umsma@Lam (Modulating Function)
youssunuadddunsazdaalummnode st 8 wamesvadunesinesiu 3 A
Fauanslumsned 3.8 1 %Lﬂummﬁﬁqma%ﬁqLﬁuﬂqﬁ%’umima@,aﬂmj Tnerusasuiitn
V. 0s Ve Voo VOUANALIUABU T UF L UTA M UBULIBSInaSLUL 3 Ad S1uau 2 ULISEEVRVEY

o [V

Voo Verrer A0 AOANMLTIIUONBANG 3 Aev0sBUNRIMDTIUY 3 NYAT 1 MUEWIU

*

val,ref )

A £ [ Y4 a

WALV, 5 0 Ve + Vo rey PO HEUAIALTIAUD DN 3 A9vRBUNBIIMOTUUU 3 Aayalt 2 due
audegmsan M veudu awdewduy M, uar M, Falurdwiiuegnisandmiu
BUIDIWBTUUU 3 A9 YA 1 Uz 2 MUEIRU @IUYUNISAROUNVDISITIUDINNG 6, VBUAY
=3 A = ° o A =i o s a s s =i
Aazdeulmiilu 6, wag 6, dwSuluNsAREUNIYRILIWIUD A NAYEIB WIS INEIYAN 1
way 2 anuaau nuuIaiheidusne Wasaduilsidunisueganlmidmivduiesnes
WUU 5 A9 Agaun1seai

rpy DRl YVatyer T Verrgs. (4.43)
A Vdc 2
* v V* e V* i

V= Yo J Vovrg T Verr (4.44)
“ Vdc 2
* v, V* o1 V* ef

3% L Veolll Y eliep THenref (4.45)
4 I/dc 2

o VLB Vazrre  Verrg (4.46)
! Vdc 2
* v V* 27 V* :

A Ve o Yerre T Velrer (4.47)

de

1089 V),V Ve, vy, Vi POdR LSRN WaS1989719 5 A

\H19991NBUIBSNATLUY 3 A9 2 4n Fzau1saiinTuTusIAAviinTuagLanuas
AnuddialiinAuls wasdunesmasazyinnisuiulagerfendnnismIuAukuUSRIEIY
LseAusaAIud (Volt per Hertz Ratio Control) lunflmvualvduiiesinaing 2 ya Ususa
ansfulpefidadnndu m v wiiielidglunisiesigd Seivualilidadau m=2 wi

[

lvAAviin1THeNEALAEAIUDVRILBLABSTINEDIYA ARl
A = = a
- YVVUS M, =1 venua f, =50 Hz

< — = M <
-ganees M, =0.5 i f, =25 Hz oM, = —4uae f, :ﬁma m=2)
m m

AT 3.8 AusIudalaannsuFuAmduiesinesiuy 3 A 2 ya lnellan
glinsuenanuarANNDNFeY 2 Wi awinladaa s siuen@wiriuddviduiesines

<
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R
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dc

<

L

F

v = M, [— V2 sin(% 0, ] +sin(0), )}

Mal{—\/zsin 1y

oo

+sin(r—6,)+/2 sm(@z =

Vet =+Mal[+\/_sm ——9 +sm(91 }

—sin(z —0,)++2 sin[@z 2 Sﬂﬂ

4
5

4

%)
~ sin(z - 6,)- \/Eszn(ﬁ ToF }

‘)

(4.48)
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¥
P

;—A +—[-cos(,)+ 2 sin(6, )]+ My, [cos(6,)] (4.54)
dc

Ve o My [cos(8,)]+ M, [cos(6,)] (4.55)
V. 2

;—C =+ [cos(,)]+ % [cos(6,)] (4.56)
dc

;—D — % [cos(8,)]- My [+ cos(8,) - 2sin(6,)] (4.57)
de

% =7 % [005(6’1 )] - % [cos(@2 )] (4.58)

[

T U
¥

D19DIUDIDUNID TR WUU

5 Asuluwanes
3 AdluALna$R199) 119

8 1wAwas 1nlun1and 3.8 uidsuUTsudioui 2 9n Atduadoufiogluwanosineg
(umsreesiiiudiingdomn) nieumauanseunisvesug1d wosduneinesuuy 5 Aq
fafr@usnlvdauaunisit (4.43) - (4.47) QusnsrsdesidudiTen) s latansaunisus ey
S MuURIYeBUResMELUL 3 Avdnsunawes 2 i WlSeudisutszneu (luass
FoaTidudun) ?fqgﬂl,wwaﬁmmgwm 4l ﬁa%ﬁﬁwmmﬁqgﬂﬁ 4.7

M13197 4.2 WndunisuegianvesdygnailslamesnadIntegatur ol AU 1ANe

bUUFN

ARENSUNIVILA 8 LYALES

Yeo o A/;"‘ [-2cos(6,)+ sin(6, )] + Mz“ [cos(6,)]

Sector M1 | Sector M2 Phase leg reference voltage of M1 Phase leg reference voltage of M2
Zao _ py), ﬁ\ln(, 6 )+sin(€,) Yo _ypp, [ ﬁs‘in(£702j+s[n(92)}
Ve Vi 4
% =+M, {— V2 sin(Z -0, j —sin(6, )i| % = *Muz[* ﬁsin(% -0, j ~sin(0, )}
Sector 1 Sector 1 ‘;7 =+M .[ 2 Sin[% -6, ] +sin(6, )} :7’ =+M, { 2 sin(%— 92j+s[n(92 )}
r n - _
0<f=<— | 0<6,<— | vo_ Mur w2 Yoo 2y Ma ELEY — ;
4 4 . R 2 [ cos(ﬂl)+2$m ]+ [+cos3 ] v, = 7 [+cm ) + b [ 603(92)+23m(92)]
IV/—’Z’ = *%[‘F cos(6, )]+T”’[+ cos(6,)] % = +%[+ cos(6,)]- M; [+ cos(6,)]
Yoo _ M, y M, y
v, + 3 [+cos(t9l) b [+COS(92 )]
%:—M 1[ 2sin(%—01]+sin[9|—%ﬂ % { fsm[ -0, ]JrSl" ]
%:w{{—ﬁ sin(%—e.]—sin(e, —%ﬂ % { NG sm[ -0, ] sin(0) }
Sector 2 Sector 1 ;*:=*fo{*‘5”"(**9 j“'"[ﬂ *%H Zo iy, |:+\/73m[7_‘9z]+5m }
o de
n n i3
Z = 61 = E D= HZ = Z %: MT[ sm (9)] S [COS(Q:)] ‘;/,*Z = *%[72cos(9 )+szn(0 )]+ 2 [ cas(@ )+25in(02)]
% E *%[‘F sin(&l)]Jr 2"2 [cos(,)] ‘;/%: *%[*2003 +sin(Q [+COS 3
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Sector M1 | Sector M2 Phase leg reference voltage of M1 Phase leg reference voltage of M2
Ya _ +Mu{+ «/Esin[a—”—& ]+25in[9‘ —Eﬂ Yoo _ —Mu2[+ x/zsin(ﬁ - 92] + sin[tg2 - fﬂ
v, 4 2 Vi 4 2
u +M —ﬁsin[z—ﬁl] Yo -M —ﬁsin[z—ﬂ,]—sin(ﬁ, —Ej
I/(/L 4 Vll(‘ N 4 : - 2
Sector 3 | Sector 2 % =+M ‘.[f V2 sm(z, 6, ) - 2sin(91 %ﬂ Yo o —M“{— V2 sin[f -6, ] + sin[é’z - ﬁﬂ
£<9<3£ £<0<£ de V, 4 2
20 4|4 T | e i S cos(g)+ sin(6)]- Mo 5212¢05(6.) - 5in(6))] ¥j° +M2 [+ cos(g,) - sin(g))]+ Mz < [sin(0, )]
d de
% __7«|[+ cos(6,)+sin(6, ]_7&[_2"05(6 )+ sin6,)] ‘;/EO —=d M, [+LOY 8,)-sin(6)) 7%[”'}1(02)]
‘;—" = +—[+ cos(8,) - sin(6, )]7—[ 2cos(6, )+ sin(6, )]
Yooy | +2sin(z - 6,)+ 25in(c9, —3—”) h:—M“ {+«/§xi}z[£—ﬁzl+sm(ﬁz—£ﬂ
Ve 4 Vie 4 2
%:.;.M [+ﬁg;n[9 _%H ‘;—::—M [—ﬁxin[%—ﬁzj—sln( A —% }
| 3 Yer 3 02 sin| T - _z
Sector4 | Sector 2 ,%] =+M .[ 2sin(z—6,)~ ﬁsm[ﬁ. 77” } 72 M“[ ﬁ‘”"[ 4 92} " S'"[a 2 }
3z Vg n
—<f=<z ZS 0, 55 ‘;—:‘=+%[—cos(ﬂ)+sin(9,)]» Mz”z [=2cos(6,) +sin(6,)] ‘;—’i’:+%[+cos(ﬂ)—sin(ﬁl)]Jr—[sm(az)]
M
LR ’MT[* cos(0)+ sin(@)]- Mot [ acou(,) sin()] | 7222 cos(@) - sin(@)]-22 [sin(0,)]
dc ’
M L[+ cos(8))—sin(6; ]— “ [—2003(6 )+sin(6,)]
Ve 2
Yar ~M ;| —sin(z —6,)+2 stn[@l —ﬁ Yo _ M, [+ 2 sin [3—”—02)4—2 vm[&z - H
Vi 4 )% 4
Fol A2 |:+sm T— 9)+x/73m( \ l } 22~ M {_\/ES’.”[Z‘@H
V. 4 v, 4
dc
y (3
Sector 5 Sector 3 IV/“ = l{—sm 7—-6)-2 szn( 757” } 7/2 =+M {—ﬁsm(j—@)»%m(@z **H
Sz | & 3z =
= O —F ; 20, < 7 ‘;/—:: =y cos(6,)~2sin(6), )] A a2 [ cos(@,)—sin(6,)] % +%[+wx(0, )]+%[— cos(6,)+ sin(6, )]
N M con(o)s M2 [ cos(o)-sin@)] ;fj—+%[+cos<a>] 2 [t cos(0, )+ sin(0, )]
‘;/L: 4 +% [+ cos(@))+ 7“2 [+ cos(@,)-sin(6;)]
Y oim of 3—” 2 sin 6, - AL v‘—’Z:JrM“Z +«/§sin(3—”782)+23in(627£}
th{ 2 4 I/(l( 4 2
I~ M|+ [jlr ] 2:1n[9, l] hz*%:{*ﬁff”(ﬁ—@zﬂ
v, 2 4 Vie 4
Sector 6 Sector 3 | Ye—im .[ (—” )+fszn 0, 5—”)} % =+M {—ﬁsin[%ﬁ 0, ] 23”1[9 75H
57 3|7 37 : / -
LG S| =<0, S v My M, Voo & May _ Moy
4 1 2|2 4 v, =5 3 [+ sin(6)]+ 3 [+ cos(6,)-sin(6,)] v =t > [+2cos(6,)-sin(6)]+ [~ cos(@,)+sin(6,)]
‘;/”D = —% [+ sin(6))]+ 2“2 [+ cos(6,)=sin(6,)] % = +%[+ 2c0s(6,) - sin(6,)] - =2 [+ cos(8,) + sin(6,)]
de de.
Yoo - Mafy 2 coi(@)=sin(@)]+ Moz [+ cos(s)=sin(0,)]
V. 2 2
Ya -y —2.&'7’7{3—”—9]—«/551'17(9 77—”] Yoo _ iy |+ 2sin(n—0,)+ ﬁsin(a 73i)
I//A al 2 1 1 4 I//A 2 4
Yu o _ inf 6, - 1% Y 3z
v, MU,[-# ZStn(Q 7] ﬂ v, =+M, {+x/§5m(r9 2 ﬂ
. (3 . 7
Sector 7 Sector 4 l%l = —Mu{+2sm[7ﬂ—&)+ 2 sm(ﬂ, _Tﬂﬂ 3—2 =+M { 2sin(z -0 ) «/Esin(ﬁz —%ﬂ
3z Tz |37 - -
7 <6< 7 7 <6, <7 % :—%h cos(8,)—sin(6, ]+ - [+ cos(6,)—sin(6,)] VV—i’ —Aé“' [=cos(8,)+sin(6,))+ ]MZ”Z [~ cos(8,)+sin(6,)]
Yoo _ —%[Jr cos(8,)+ sin(6,)]+ My [+ cos(6,)—sin(6,)] Yoo —%[— cos(8,)+ sin(6, )]—ﬁh cos(8,)+sin(6,)]
v, 2 V. 2 2
Yeo

Vie

% [=cos(6,)+sin(6,)] 1”2"2 [+ cos(8,) - sin(8, )]
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Sector M1 | Sector M2 Phase leg reference voltage of M1 Phase leg reference voltage of M2
Yar _ -M, —ﬁsin(z— 01)— 2sin(€l) Yaz +M, [+ 25sin(z - 6,)+ «/Esin[ﬁz —3—”]}
Vae 4 Vie 4
b —oar [ 2o | e sar |+ 20,2
de de
> 3z
Sector 8 | Sector4 | Ze- —M“,P ﬁsm[%’[—ajusm(a )} =M, [ 2sin( ~ ;)= ﬁétn(g *TH
T 3z d -
7 SELS 2L 7 SOz % =—%[+ cos(6,)—sin(6, )]+ 2 [+ cos(6,)-sin(6, )] % =—%[— cos(6,)+sin(6)) Mz“ [~ cos(@,)+sin(8,)]
de de
Yoo _ _M, [+LOS(6 )+sm(49 )]+ My, [+LOS( ) sm(H )] Yoo _ —%[— cas(ﬂ,)+sin(r91 )]— M.y [+ cos(¢92)+ sin(Hz )]
v, 2 2 V. 2 2
S0 220 cos(@) +sin0)]+ 2 cos(0)-sinfe, )]
v, 2 2
% = +Mﬂ[f ﬁsin(% — 91) + sin(6), ):l ‘;/‘—’2 =-M,, {— sin(z—6,)++/2 sm(& %rﬂ
de de
> 5
;“ = +ML,1[— ﬁsin(% - '9,}— sin(6), )} % . M«ﬂ[*‘ sin(z —6,)++2 9’”(‘92 Tﬁﬂ
de d
) 5
Sector 1 Sector 5 ;f' - +Ma‘|:+ 2 sm[%~ 01) +sin(6, )} ,V,* =-M, [— sin(z = 0,)=~2 Y”{gz Tﬂﬂ
7 St | =
<6 < — < <
DSES 4 ¥4 1;//"" = +%[ cos(6,)+ 2 sin(6,)]+ 1\/12”2 [cos(@z)] % -%—%[cos(@1 )]— M, (6,)-2sin(6,)]
de de
o Mz [eos(a)]+ 22 [eosto.)] a4 2 Leos(9)]- 2 s ]
dc dc
a Mo S+ eosl))+ LE ~2leos(61]
2521 bid 3 \m Vaz _ 5 57
V(,( M, {4— fsm(4 j+sm(61 ZH v =M, { sm(ﬂ 0. )+ \/Esm[& 1 H
v, z
2 { 2 S7”(4 ) ( L H %:—M“z|}sin(ﬂ—€2)+ 2sm(6’ %rﬂ
de
z
Sector2 | Sector 5 { . "”( 4 J* ””( ﬂ E WA [_S,-,,(,, 0,8 ﬁsm(g _ L”H
i 9 PE =TT /) W s 4
A 20 " @ %Hh[sm(el)p o eas(on)] Yo Ml gco(q) + sin@)) -2 cose,) - 25i(0,)]
de de
‘;/i:: 3 Z e [sin(6,)]+ Mz 2[cos(6,)] ‘;/—:" = —%[— 2cos(0))+ sin(6,)]~ M, )]
Yeo  Ma ;. i, )|+ Mz [c
v, ! [ 2cos(8), )+ sin(6), )]+ = [ws(E’Z )]
Va W N 3z
v =+M, 23[}17 6, |+2sin 9—7 V——+M —sin o3 o, |- V2 sin| 6
de de
;— [ fsm[jﬁ aﬂ Yo +M, |:+Sl (37” 62J+fszrz( H
s i
Sector 3 Sector 6 Yo m, [ 2 sm(—” 0,) sm[é’ —7H ;"2 =+M, |:— sin [37” HZ)Jr 2 sm( H
£<€ <3£ 5l<9 <3i Vm . =
2 B 4 | 4 T 2 %:+A/;‘l [fcos(ﬂl)+sin(ﬂ)]+MT[+2wa(0) sin(gz)] ‘;/'f" :+—[+wa( ) — szn(@,)] [szn( )]
de de
% = —% [+ cos(@,)+ sin(6)]+ Mz“z [+2cos(6,)-sin(6, )] % =+ [+ cos(6,)-sin(6, )]—— [sin(6,)]
de de
Yeo _ +%[+ COS(@)*SiH(ﬂ)]‘% ]MZ”Z [+ 2(,'05(82)*51'}1(62 )]
dc
;;.1 =+M ||:+ Zsm(ﬂ' 6, ) 2 sin[&l —%H % =+M {— “’{377[_ 9, ) - «/Esin[ﬁ —STHH
de de
Yoo _ ag +ﬁ51n(9 ,Lj Yor {+szn(3—”—€z]+«/§sm[ﬁz—5—ﬂﬂ
v, 4 Vie 2 4
3 . 5
Sector 4 Sector 6 ;“ =+M ,[ 2sin(7—6,)-2 sm(ﬂ - H % =+M 2{’ S’”(i’ 92] * ﬁ””(@ ’THH
37 5z 3z | L “
Z<p< T <=
4 d 4 2 % =+%[—c 5(6,)+ sin(6, )]+ a2 [+ 2cos(6,)sin(6, )] \;"’0 M, [+ cos(8,)—sin(8))] M., [sin(6,)]
de de
‘;/—B(“ =——d [+ cos(6)+ vm( )]+ 2 [+ 2cos(6,)-sin(6, )] I;/EO =l [+ cos( ) sm( ) [Sln( )]
de de
Yoo _ My [+cos(6,)-sin(6,)] M"Z [+2cos(6,)-sin(8, )]
v, 2 2
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Sector M1 | Sector M2 Phase leg reference voltage of M1 Phase leg reference voltage of M2
% =-M, |:— sin(/r -6, )+ «/Esln[gl - Sfﬂ % = —MA,Z[—ZSin(%[ -0, J —«/Esin(az —77”)}
de e
v, X 1
% =-M, {+ sin(/z' -6 )+ 2 sin(ﬂl - 57”):| V’Tz = _Mu2|:+ 2 sm[@ _Tﬂ
de
Vo (37 . 1
Sector 5 Sector 7 %:_Mul{_sin(ﬁ_gl)_ﬁsm(gl _%ﬂﬂ Zf—Moz[usm[?—e:}f 2sm(92—7]]
Sz |37 T |
<P <—|—<b,<—
v 2 ’ 4 % = —%H cos(6,)-2sin(6,)]- Mz [~ cos(6,)+ sin(6,)] ‘;/D" +A; <[4 cos(,)]- Ag’z [+ cos(8,)-sin(6,)]
de de
M,
% = —% [+cos(8)]- M2"Z [-cos(8,)+sin(8,)] ‘;/.Elo 5 Yy [+cos(8))]- 2"2 [+ cos(6,)+sin(6,)]
de de
% = +% [+ cas(&1 )]7 Mz“z [7 c'as(€2)+ sin(é’2 )]
de
;—;‘:+M“||:—sm[37”—l9,)—\/§sin(€1——ﬂ ‘;— -M z[ 2vm ——9 2 vm(& —%ﬂ
Vi:+M({+sin(3—”—H,]+«/5sin[0, ——ﬂ AGES {‘F Zsm 0, —— }
V. 2 V.,
v, 3 L4 v,
Zeb = M, =sin| ==, |+ 42 si [a——ﬂ 2 [+2 7,9 2 [9 7*1}
Sector 6 Sector 7 | Va { Sm( 2 ) i Ve Q " 4
57” <6 < 377[ 37” <6, < 777[ %:+%[+sin(€,)]—MZ“ [—cav(€2)+sin(92)] ey MT[ +2cos(6,)~sin(6, )] Mz [+ cos(6,)-sin(6,)]
de
V :_%p sin(6)]~ ’”2 [ cos(8,)+ sin(6))] ;—: +T‘[+2cos(6 ) sin(@y))- 2z 52 [ cos(6,)+ sin(6,)]
de lc
% -} +—[+2a)s(¢9) sin(6, )]~ 2 [ cos(6, )+ sin(6,)]
dc
V“I_M 2,3ﬂ9ﬁ,97ﬂ 75 \/f,771 %
v TN LB L =—M ,| -2 sin 7—192 ~2sin(6,)
lc dc
#:_Mu][+ 25[”(91_77”]} ;J:—Maz[—ﬁsin(%—@]}
de e
v, B L 1
Sector 7 | Sector 8 V*I‘PM"{*Z”"[?%J* 2”"(‘9' 77}} IV/‘Z =*Maz[+ ﬁs["(zf@jﬂw(@z)}
37 Tz |17 i &
—<f<L—|]—X< <
2 & 4 Ly of ‘;/j‘“ =—%[+ cos(@)—sin(0, ]— — [— cos(0,)+sin(6, )] % = ~A/;“‘ [=cos(g)+ sin(6,)]- A/;“ [+ cos(8,)—sin(6, )]
de de
% £ _%[‘F cos(8,)+sin(6, )]— - [— cos(,)+sin(6,)] % % AMT —cos(0) +sin(0))]~ Mz“ [+ cos(8,) + sin(6, )]
de dc
S Dafcode)ssmle)]- M; Fcorloy)sin0)]
de
%:7M |: 2sm(—76]) 25in(f) j| { 2sm 77” )y 25in(¢92)}
de
v, Tz
V—”‘:—M { 2sm[ lﬂﬂ -M, |: 25”’ 4 }
de.
7
Sector 8 Sector 8 % =-M, [ 2 WI(*—QJ”SW! } E [* ghin Tﬂ *2 sin(6, )}
Tz T de
= —< <
2 <6 <27z e 6,<2r ‘;/A . _%[‘F cos(6,)=sin(6,)]~ MZH [= cos(8,)+sin(8,)] % % cos(8,)+sin(6,) [+ cos(8,)—sin(8,)]
de
‘;/ﬁ = *%[‘F COS(€|)+ Sin(@, )]7 A/IZ“Z [7 Cas(92)+ Sin(tgz )] ‘;/— =— 3 [ ms‘(ﬁ )+ s‘m(ﬁ )]—MT[+ cm 6 )+ sln(H2 )]
de de
Yeo

M, M,
=7T[—cos( )+3m( )]— 3 [cos( )+sm(9 )]

Ve
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0.02 0.025 0.03 0.035 0.04 0.045 0.05 0 0.005 0.01  0.015

4 . . \
0 0.005 0.01 0.015
Time (mS)

() Aoy UM IRULDIANNDBINATLI
dusunewas M2 ianud 25Hz

* * * * * *
(Vi =Vp = VeV, = Ve —Vvg)

() FYQYILTIAULBIINAD WD ITAIUIN
dmdunewnes M1 NiAud 50Hz
(v:1 =vz —v;, v; :v; —v;)

sUN 4.8 n1sAnndygaianasneday

Y

avd IR N AR UaB1984
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51 unmi

Uwﬁfwﬂa'n5ﬂﬂ’1§ﬁi’1ammimw;mmmL%wawama%mﬁmﬁmauﬂaﬁwmu 2 i
freduedinesuuu 5 Aduuuurseuda dagngfnTsusiag antuagsiinisaaugy
anuihlunuuseula Ingazuanamdnnsmuestuvainaanidmivteimesivieniaes
wlasedunesinesiuy 5 At auRanmsesnuuuimvguAEIdmUBuNeSnes
wuu 5 Astl Tnggesruaiildluntsaesiomnasldlsunsy MATLAB/Simulink

52 MEANNISAIUANLUUENAAIS

Tunsmuguenuimewmesivioni bitasuemesauma vioueimefinadeHs
a1 adlanilsnieuasiomiunldlunismunudunefiwesiuimn ffe MIruauwuy
anaans  (Scalar  Control) - laglawignsmuaudnsidiusymitaussfuienuiag
(Constant Voltage per Frequency Ratio, V/f) Felumdetlavinausuwimamsdmannis
avauduszgndlilunmssuauuemesivdoninuvasunadiuiu 2 i dslduoines
wiletviarlauuua@messu (Single-Phase  Capacitor-Run  Induction Motor) 311
U5uvgnasmssevaaatvlliilulewmesuuuasana aenisaennUidnesosn uazll
9ATAYAYBIBLMDLUANANAS FaFUT 5.1

NASAATREOSLUUALANRS fegUTl 5.1 Hu WefimsanmavEnnmImuRsLUL V/f ud
wnuh aunsussdamasindnivihuesowefavaanso@euduaunslésd

ANE JX; R A
Sy ° AN \
a B A ¢IM .
Vs E JXr R./S

JUT 5.1 2asauyaveawesivilenhasuvlauuuauiins
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ARy
T, = @ S (5.1)
[RS + R’J +(XS +Xr)2
S
Toedl

V. e uswiuanmoinounn
E. fo usaadeunienifivnminamnes
I, A9 NITUAALALNDS
[ feo nssualsweiimelouniduammesudn
I, fe nssuafildadsauiuuivan
R fo amnugunulsmes
X, #9 AlLonALALTaLLADS
R o manusumulswesimeleusniiduamnesudn
X fe avsusnuaudlanaifidneloniniiduanimasud
S A eAaay

& i Aaa
o) A ANANUDVIBUNA

NAUMSA (5.1)  zmiuledn ANALRUSVBIAIIULSITOULAZLSIDALLUTHUANY

[

mmumﬁﬁuaamwuﬁﬂi’]awﬁwmmﬂLma'mwiaLﬁuLLsaLLajmé‘ﬂiuﬂiaﬂdwmmﬂ 019110

(XS + XR) pettuannisussianisuainantnings

R
mmmaaulﬂ% : SRR

a M Yo e’lj
anunsaeulnulandl

V.
T, 2;2% (5.2)
o] R

NAUNIN (5.2) Ald mndnsduves |/ f fdaiiuds ussdamawivdnld
< [ ] o a Aa ) = a '
wludndiulnenssiunanauesaduuazaniunduns (7, o So,) fatiu Jagnisendt N3
AUANAULTIEEY (Slip Speed) Wi wazdIMTUNISAIUANIIBNANNTS Constant V/f 1le
fiansannismunuiunseulatazuuuisseula azanunsatanslasiadssuunuaulang
JUN 5.2

PI V/f M,
l —> } N Controller; l I ——
= Integrator m.M K — Integrator
|4 Motor + A =i p _’ Motor
Pl > \/ég -> } \_/éy
— 2] _J Nref M1 -
m Ml m Ml

(M) NIAAIVANKUUITOULUR () NsflAIUANLUUITBUTA
JUT 5.2 S2UUATUALLUUAINAATSYRIINTId LS UsaAIUD AT
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' 2 v a A a A 2 a A

A1A115797198¢ (lunsdiiauauuuulsseula) viser1nnuiaay (lunsdliaiunu
wuuesaule) azgninluSeudisuivdiumsiaiugviuuuressnsidin V/A wiedenaid
sutinsuegiat (Modulation Index, M) ailaauaunisil

M, =— (5.3)

Adwinisuegien M, dussdiiudiuadnidiuussduionud uasieudsiuey
Tugaesendng 0 89 1 uagmenslduseiunwuvauna (Balanced voltage) Favilviausesiuly
InmntolazunaInnanaslimanudusmsuuuus @I uieaudmilouiy uazlu
NsAIMANYNYesduawmes (Stator angle, &) the 9eldirnddamnnga N, Tunm

AIUANNIT

%

N2
0 :judz +C (5.4)
5 60

Tne
C faA1Pail (Constant) dnsulddursuaureInIsduinge
p 79 Suaugdauivan (Pole pairs)

Favdanniimendvinmsueguan M, uazvesddame’ 6, SeuTosud flay
avlUaddymussiusnddmsuiua Welrbunesinesasiusswuivaiiesneliinan
molu

LarduduAmsinefustewmesmioniveae v ldlunisiaesuund 1§
wansliannsnsdl 5.1

o ! a s s d' ° & 1 A °
MN19794N 5.1 ﬂ']‘W']ﬁ'nJLﬁ]aﬁsﬂa\illaLmaiLVUEJ'JUWMUQLWﬁLLUUI@JaNNWWiWiSﬂUﬂqiﬂqﬁ@Q

(Asymmetrical single-phase induction motor parameter)

AMNI51TLs ‘ AUAIUNIY ‘ AUUATEUN

1(|), 370W, 220V, 1370rpm, 2.8A, 50Hz, 4 poles, OL = 0.9627

YAMIAVANULELALABS (Stator Main Winding) 7.3Q2 37.7618mH
YA UUAIAADS (Stator Auxiliary Winding) 21.3Q 32.43mH
YAmALIMRSEBIUUYAIIANAN (Main Winding Rotor) 8.85330) 37.7618mH
AUz d1BsunaaIandn(Main Winding Mutual Inductance) - 377.2363mH




63

53  N31RRINEAIUANANUET WUUNTEUUademaTicnsieganAUn S e

\BerauwigmsuBures e UL sURINBIe Sinllidaams 2 ¢

Humsdrassmsvinuvessruumuguuemesivioiasaa 2 ¢ fMedunosines
wuu 5 Avunseudalasldimaianisueganaunheiadidenduni (CBPWM) Geazlsl
finnsldnunuusiedidla ilegaudnvaznnsyiay LneillAseasunznirie19939naIn
sowesmierthvilua S 2 fudriuBunesimesuuy 5 s uansagud 5.3 (1) ndy
TlUsunsu MATLAB/Simulink as'mhlil,msuamsumam'ivuumisuuLﬂaauuamaimumm
uilanania 2 # Tnefldumugudnsduussiuionuiined ilemuaudduiinmauogaty
THudsiumunuiiidseimesvyu uanafagui 5.3 () Tnefeulvlunisdiassimualild
wseudalness 310V anudvesdyaamividl 1kHz wewesmieni M1 USumudlifi 50Hz
villdandainisueguadudu 1 pu. dusewedindeah M2 THsuanualian 25HAM
Idendvinswegadudu 0.5 - pu. sewmeiiivassia axgnileulnanvnanasuin 03 Nm
Wi AU fivan 3 Jundi

Main
Winding

F 5 S5 S S,
V,,/Zl j@ ié& 4.0 . N 4.

Auxiliary
Winding

Auxiliary
Winding

Main
Winding

V/f Control for V/f Control for
Motor M1 Motor M2

:
:

Main &
M [ Auxiliary |0
| windings
LﬂA

Discrete,
Ts = 0.0001 s.
+

powergui

Main &
M [ Auxiliary
windings

1 Ph Induction Motor M2

() asuwsldlunisnaasunstuimdeuluUTaUUn
JUM 5.3 S5UUMUANKUUANGASYaI8 N TE LS u oruAdmSuBuIRsmaTL UL 5 Ae

v

muatewesvitenhaswla 2 MematiansueganANunIadTInauNY (CBPWM)
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[

doyerauluguin 5.4 uag JUN 5.5 uansdygruussdunaznseualuvaaiandnuay

e
' 1

ynaIntisvemeinesvieaimiana M1 uaz M2 awddy sziiuléin seuuausn
muAEsUaTLS T UInIIA LA U Int e Y seInD S Azl insmMeiu 907 16
andludunaresnismunuiiniuiiuendieiu sewmeiiiaessfiamnsofiauii 50Hz uas
25Hz Idmuarudiiaaly

500 T T T V T T
a 0
0
500 1 | I I I I
3.93 3.94 3.95 3.96 3.97 3.98 3.99 4
500 T T T T T T
vmair;Ml ”
¢ |
I
500 1 1 1 1 1 1
2.93 3.94 3.95 3.96 3.97 3.98 3.99 4
T T T T T T
1
M1
0 M/Mm
5 1 1 1 1 1 1
3.93 3.94 3.95 3.96 3.97 3.98 3.99 4
T T T T T T
0.5 - vuux,Ml 7
0 MY T NN s ee WY VY SINAAN A m i AAANY VYT SN A iV YA SN A
0.5 - .
1 1 1 1 1 1
3.93 3.94 3.95 3.96 3.97 3.98 3.99 4
2000 T T T T 1 T T
m,act, M1 __
1000 - nain M 1 ]
0 1 1 1 1 1 1
3.93 3.94 3.95 3.96 3.97 3.98 3.99 4

SUN 5.8 Fyey 100390 UREENTERATBIVAGIA LAZAINSIVBIMBWDIIWTEat M1
Yz dUlnanmud U TRasIUY 5 AaNTudyaruiadaisds CBPWM

| i .
i I i vmamMZ
of I \ I I | i
U W
500 1 1 1 1 | 1
2.93 3.94 3.95 3.96 3.97 3.98 3.99 4
T T T T T T
laux M2
or ,
5 1 1 1 1 1 1
3.93 3.94 3.95 3.96 3.97 3.98 3.99 4
T T T T T T
0.5 —
vaux,MZ
0 %WMWMWWV
0.5 —
1 1 1 1 1 1
3.93 3.94 3.95 3.96 3.97 3.98 3.99 4
2000 T T T T T T
1000 Nm,act,MZ -
Limain .M 2
o 1 1 1 | _main 1 1
3.93 3.94 3.95 3.96 3.97 3.98 3.99 4

JUN 5.5 Fyey 10l 5 ULAENTERATEIVARIN LagAINSIVeIBWEIITEIt M2
YuzduanaudunesnasuuU 5 ANTudyauNednsIs CBPWM
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Iugﬂﬁ 5.6 uanINsTLAlILAaAT WU nazualuis A, B, C uag D ﬁé’ﬂt«}msﬁ]ugﬂﬂﬁul%ﬂ
wAfimdsinsumaiiususalife 50 Haaw 25 Hz uifinssualuis C AiflyuedulivilouzUrdle
ueedimenssileureunsuua dnuguil 5.7 uanusiuianaiidinents 5 As Smelinnaduedmils
yossutTalninga (7, =310V ) uayguil 5.8 uanaussiuediwnaeaniavesusiaziowmes

WWMM
0 _
5 1 1 I I I I
3.93 3.94 3.95 3.96 3.97 3.98 3.99 4
T T T T T T
0 i, g
-1?:.93 3.94 3.95 3.96 3.97 3.98 3.99 4

0 P AN A NNNANARIBEAD NN A ANANAAR

;:93 3.94 3.95 3.96 3.97 3.98 3.99 4

o0 o iC

3.93 3.94 3.95 3.96 3.97 3.98 3.99 4

0 lD

-2.93 3.94 3.95 3.96 3.97 3.98 3.99 4
= o a & a 9 Y a ¢ s a
;B:U‘VI 5.6 UEUEUNITLLEINNVIN 5 A9 mm%‘ﬂUIWaﬂﬂ')EJ@um@ﬁm@ﬁLLUU 5 A9
NTudeyaiadaeas CBPWM
200 T T — 2 1 1 -
200 =~ 1 ; " | 1 _ -
3.93 3.94 3.95 3.96 3.97 3.98 3.99 4
200 T T T T T T
nnnn C - - " - . - o
vuudy u u uuuy uu oy Ul oy
200 1 L 1 I 1 1

3.93 3.94 3.95 3.96 3.97 3.98 3.99 4

200 T T T T T
T T N} T ar g T
200 — S 1 L - I o

3.93 3.94 3.95 96 3.97 3.98 3.99 4
200 oT S —— — T - R —
200 - [ 1 .

3.93 3.94 3.95 3.96 3.97 3.98 3.99 4
200 T T o T T— T T —
200 L L 1 L 1 [ 1 -

3.93 3.94 3.95 3.96 3.97 3.98 3.99 4

JUN 5.7 dyaraiuseruianait vastulnanmedunesinesiuy 5 A
NTudeyguiadaieis CBPWM
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500 T T T T T T
VEo

0
500 1 1 1 1 1 1

3.93 3.94 3.95 3.96 3.97 3.98 3.99 4
500 T T T T T T

Vai |

|
500 1 1 1 1 1 1

3.93 3.94 3.95 3.96 3.97 3.98 3.99 4
500 T T T T T T

| Vot \

0
500 1 1 1 1 1 1

3.93 3.94 3.95 3.96 3.97 3.98 3.99 4
500 T T T T T T

I ‘ Va2
0 |
| | Ut ! I

500 | | 1 1 | 1

3.93 3.94 3.95 3.96 3.97 3.98 3.99 4

5UT 5.8 dyarauseiuinnaseuunainvetamesvly il M1 lay M2
YUz TULNanMILBUNDTIBTIUY 5 ANTUdya uNadn1835 CBPWM

< a v ad [ 1
54 mim‘uqum'mmLLUU'maUUﬂﬂ'amsmu@mf%mmmmmaaam"]a'au Vv/f
(Closed-loop speed V/f scalar control)

lumsiaseiaUssauyd N uaNYMEUDIdL I SVPWM fiuauslussuutuedeuiu
IsdonsmunuBinaamna1ivedandnusstustemsiuuueLa (Closed-loop V/f scalar
controller) andlussuuduindout msedeouieegbidudoulunsidoy Saduideniwld
NUBINNINIVIN

g‘U‘ﬁ' 5.9 LLamizwmmué’mwdaul,méfwiammﬁLLUUNiau%ﬁa%fmméﬁ’uﬁ%””s
V.oV WBE v, (Terminal  voltage) wesalnasvilanausaesi 91nA1fdsauss

(Command Speed, N.,) fiiawasiildanuassstuite N, uag N, awgnaudig

amwmamaammmmwu PI LW@%WﬂWﬂ’JWﬂJLi’JﬁﬁU Nshp

(o \ Valre il
N i Controller j 1 _NI 4 )
m, (1IICec-1C *
'+®A_ > K i IntegILrator Vbi "I‘ef
o p =/ vl g
v " L~y Sixto
q 2 J
u Five
PWM
PI v/ v, Signals
Controller y Converter

refMl

JUN 5.9 fmuaunuisuuuseuledieds V/F dmsuBunesmesuuu 5 A
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¥

N:Ef g - NSli . Z; : - Nm
- +
N m

a [ 1 ] < a
E‘U‘VI 5.10 ‘Ua@ﬂ‘lﬂ@&m 33J’e]‘c'J’]N'1EJ“UEJ\‘]i%‘U‘Uﬂ')UﬂJJﬂ’JWiJLﬁ'JLLUU’NiEJUU@

AausaaUluisazatuzgninluiieudisuivdnmaaiuguiuuvesnsdu V/F
\eldenAruiinisuegaty (Modulation Index, M) BailAmuaunisi (5.3) uagAuim

AYHvesELAWWes (Stator angle, 6;) MeauN1TA (5.4) AnduIuiluiuinmeaunis
1 (4.28) 9 (4.33) WWOANUIUMIAMTITUNTY v, v, waz v (8 x Ao A1 1 way 2 Va9

NOLWDTAIN M1 wag M2 auainu) antuldauntsi (4.34) 03 (4.38) Lileviudeyio

v

indnsa (Duty Cycle Signal) we%1d 6 Asdleiu WaIUsUandudyaaadlivde

v v =

NININITY Wied 5 dugaineunavdludduesmasiuu 5 Awiall

] o J

dIMSUNITINAIENTIVE IR IAIUANATINSILUY Pl IndNNITeenkUULAAIRagUN

€

=

5.10 Faduuaenlnozunsuvedss UUAIUANLULSAIIEILLSRUAIAILD (V/) 9819918 T

Undmussdnfivewesadndy, 7, asulsiulnenssiuanuiiady, N, faunis
T;z = Kthlip (55)
y K Trated (5 6)

t
slip,rated

A { [d { A a J [ { a s Y [ Y
WeA K, WWuAnsivesidne, A1 T, Wuaiussdauamosunzduinaniauiiin was

A Ny e WutmmSieavvadlnanitinn

magﬂ'ﬁ 5.10 @u3fian FaA1vosduUsravisvesnuniin (Coefficient of viscous, B)
uazALNUaLawmoIvalzdulvian (Load Torque, T, )oonll SRV AL S AN BN AN
auidey (Moment of Inertia, J) 3nnuazsiamedmasneuuuuldiivan fe ddlsidu

a18louluuTauln (Open-loop transfer function, H,,) 715UAENIIVE1EVDI

AuANLUU Pl 13Wdn anunsadeuduaunslaned

1) (K, KK ((+Ts)
H,(s)=K |1+—||=t|=—2— ) 5.7
0)=K, ( +T,-sj (Jsj (T.5)s) 0
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aunsi (5.7)  @wNTIMASRTINENeVRIIATUALLUY Pl IagAdnsweny K, uay T,

ansamwnlamensivualisalazesrUsznouTeanE (Phase Component) B3Ny
aelouluaunsf (5.7) WulumuFoulussdl

|Hoy(s) = |H, (oo, ) =1 (5.8)
¢, =180° + tan™'(w,T,)—90° —90° (5.9)
oy
1 =14 (5.10)
a)C

Sleaunsil (5.8) gnuvuigr s = jo, Al Adnmvete K, K, Jadouluaunsla

W97, || SV

= = (5.11)
" K AKTIs K 1+(To,)

1l

K

Mnaunsileiduaneloutuuiaseulaluannisi (5.6) ansadanaduluandanlas
A a = [ 1 5 o gj U a o
JUN 5.11 finsanssuumuaunuisasludinseutuuengn fmy Aauddngen (Cut-off
) lo & v & | av v =3 X a val a
Frequency, @,) 3dlidndusauienarmnudliguann ssluunanuilidenli® anud 36.9
) 1 { o [y J y . vl (@]
rad/s. Faduaiiiieanedmsuszuull mnyuiea (Phase margin, @) @enlin 60 waz

o A

ATNISINLH DS UDIUDLHDSNAAANAIUIUAINAUNTN (5.5) Lad AzleAAINvoILsIdn

K, =0.1963 Gaaglimusedadu 7 = 0.0469 fatiu iileldaunisit (5.11) uag (5.12) faz
IdAdnsveng K, =0.6632 way K, =14.1293 anud1du Faatesnmuassruuianangg

AnTgidaeTEMIaiuTn Root locus) IHanguit 512 Tnsagnudn Tnavesszuuiianunas
Mg ULiUEisvaIIzIY wanATINNITIATEIE BN NAuTINTY agwuin Auva
W3YBIN1INUN (Damping  factor) AzilA1Usvana 0.6 Laeilelaliaifn (Overshoot) aq'ﬁ?i
Uszanns 9.49 % duduriflseusuld uasiidnanudsssuwid (Natural Frequency, @,)

Useunad 25.5 rad/s
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55  NI1RBINAIANANNTIULIaLT AR mATicM g IAAMN 19

Berdunidmiudunedinefuuuinnsnuasmeinesiviloniaeana 2 §2
Humsdaesmahnuesssuumunaeinesinienhaouna 2 § smedunednesiuy
5 Asuuunsseula deiimsldsmuaumusuuy Pl ivenuuulflushded 5.4 Taedendmiy
muRuuaImDSTaal i sarey K, K, milsutudiegandnumzmavinn Tngld

TUsuns MATLAB/Simulink dwiushassszuumstuirdeusamesivilenimilanai 2 ¢ Tng
fidumuausandnusITusomNAngd WemuaurdvinmsuegedlruUsiumumma A&
uewneyyy uansdsgud 5.13 Tneeulrlunsdraesimuslildussdutalnnss 310V amd
Yoadayaaumviil 1kHz welweivileni M1 Usumnudli soHz silildAduiinisuoguatu
Hu1 pu dumewodivilonih M2 IHUUnmalin 25Hz silildadviimaneguadudy
0.5 pu. uawesaewi wgnileulvanyanasinm 0.3 Nm i fu fiian 3 Jund

Tm.

!

Main &
[ M1 Auxiliary |
asl Windings

M

A

1Ph Induction Motor M1

Discrete,
§ Ts = 0.0001s.

powergui

B e vmorpar
GotoNm2.act

JUT 5.13 wesruasnldlunisnaaeunistuiadeuluunseulanemailn CBPWM

56  NARBINEAIUANANIG UL NTBURAdewmATiansNaganAN S aH

Weamnanessmiudunevesuuuinnsmuguueedvilonindeama 2 #2

\Hunsdrasenisvinuvessyuumuguiiemasivioniaedla 2 ¢ fMedunosines
wuu 5 Aswuusseudelaglfimaiianisueganaunisiadidsasnnnes (SVPWM) 4
aghifinsldfaunuudedidla itegaudnunznsiay nefllassaiauaznisnensas
ynaemalnosvionimiana S1uu 2 futhiudunesimesiuu 5 As uanssguil 5.3 ()
ntuldTusunss MATLAB/Simulink a¥3lusunsudmiudiassssuunmsduindouseimes
wileniniavars 2 6 Tnefidumuaudnsduusiuionuingg Woauauedving
vegaduliuusfunuanuiidaeinesnyu uansdagud 514 Tasteulalunisdrans
Sualdussudalnns 310V anudvesdyromif 1kiz vewedndeni M1 USu
mwAlia 50Hz ilsildandviinsuegadudu 1 pu. dwsewedindeni M2 TéUsu
AuEliA 25HA IR Tnsuegiedudy 05 pu. ueweitsaesia avgndoulnanmna
U0 0.3 Nm 1119 fu fivsan 3 undi
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Viffor M1

Speed Ref M1

Gen SVPWM for 5-eg Inverter

Main &
M ( Auxiliary |- ™
el
L aa

1 Ph Induction Motor M1

Speed Ref M2

Measurement M2

Lo Vw2 )
[ T

L ofF vamz )
ol varew

Step Tm M2
;
w / Main &
T [ Auxiliary m
A+| windingg
A

1 Ph Induction Motor M2

Discrete
3. Ts = 0.0001 5

powergui

UM 5.14 gasiuisldlunsnaasunistuimdeuiuuisseuliameimaila SYPWM
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[Ag7)

YUz TUINanmeduBsNasIUY 5 NNTudy unadnedd SVPWM

[

doyayradlugui 5.15 uag U7 5.16 uansdrysyrnusenunaznszudluvaaiananiay
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I 1

vaaIntisvemeimesvieaimiana M1 uaz M2 awddy sziulédn seuuanunen
MU EouWlaves T U IAA LA U It e Y sLBinD S Azl impmeiu 907 161
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25Hz Idmuarudiiaaly
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arildlunmadeuiinsmusuuisseudin (Open-loop Control) uagnnsnIuAN
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vosowmesmlerimianasiuan 2 f wdasadudygiausuiiBuasdugin
SVPWM penin Sadenlduefaszananadayanamsnanavesde dSPACE fu DS1104 34ld
fuszananaduaa 1WuleFiues TMS320F240 ﬁy’aﬁdauaﬂﬁaﬁmmmuau dSPACE fiu
sruuuiRdeuLDme R UNDSME UL 5 At TNNTAIUALLALILARIHAT YL 1A
vosszuulneruntoneufimeiielusunsy Control Desk faguft 6.2 Tneildausngg dsil

dauit 1 Tusudirmusaunusivdnmuiiamae Svomewmes M1 way M2

duil 2 Wuluenuausine dmsulivedeuamssousinsenewes 1wy dmeanien fu
vide duSuamdnndons fu viedindunmevsuniens fu 1Judu

dwil 3 Lﬁudaumeé’ﬁyzymLLsaé’ué’NSwaaﬁaLWaﬁy’q 5 daaneuihluisuiieu
AUty Wloadedayayas PWM

dui 4 uansngudnyane 4 nau e 2 nguuu nauusnasdudyanaussiuddweaians
Y9974 A, B waz C uaznguilans asdudyanussiusisdveanais veafs C, D wag E



75

ddn 2 nguans sndunqudtyanaussiudsduu 2 wauuunu dg dmsutewes M1 was
M2 sud1y

Tudmreswawedvisimilavaudaziaeiidmafimedan 4 uansiansed 6.1
Tnsuawmasianazluowmesudanauuunuidimessu usinisasnaUidineseonuan
husesasuaalnlvsiliidunewesasana wuuldanunss dulunisnedeusuanssauy
Tunstulnanliiunewme findortmidaa v 2 § avillvasmiena 2 & Ao Tvan 1 uay
nan 2 Faduniempaeulszansnmuamesilduawesmionhammaduiaiusdda
TWanvena wenand AAnuaveInsaInTlunmagey, fe waldAnua 1 kHz wawd
wseruludalnmnseuun 310 V

DS1104 R&D
Controller Board

& Speed Monitoring | £

e Host
ek Computer



76

a 1 a s s ~ ) = 1 N
M19199 6.1 ﬂ’W\I’]i'uJLﬁ@i%@ﬂm@LG]E)?LVUU’JU']%UQL‘V\JﬁLLUUINﬁNN’miVII‘ﬂUﬂ’]iV]@ﬁ@U

(Asymmetrical single-phase induction motor parameter)

ATNIAADS ‘mqm’humﬂ ANwieati
1¢, 370W, 220V, 1370rpm, 2.8A, 50Hz, 4 poles, oL = 0.9627
YARIAVANUUALALADT (Stator Main Winding) 7.3Q 37.7618mH
YAMIATIWUUALILADS (Stator Auxiliary Winding) 21.3Q 32.43mH
YAAIALSLADID19DIVUINAIANSN (Main Winding Rotor) 8.8533Q) 37.7618mH
AT uddununaIandn - 377.2363mH
(Main Winding Mutual Inductance)
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VPUNIINDIAD 25 Hz) uiu vinlnlardye 1ausenue1sds (Reference Signal) #3e

Fyanarigdnsau Outy Cycle Signal) Yosusaziamaiia¥isan dSPACE lissui 6.4



7

Bridge |
1-Phase . Rectifier
AC Source @

om.

DS1104 Controller Board
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T dSPACE Simulink d
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Tek S Trig'd M Pos: 0L000mms Tek S Trig'd M Pos: 0.000rms
SRR 1 TR ¥ T T T T -+

Ty

DiNDae, SBILTIAN® _pr” D D

Fi
CHI1- CH3: 500mV/div, MATH: 500mV/div CHI- CH3: 500mV/div, MATH: 500mV/div
Ref: 500mV/div, Time Base: SmS/div Ref: 500mV/div, Time Base: SmS/div
CHT S00rY  CH2 S00mY M 5.00ms CHT S00rd  CH2 S00m% M 5,00ms
CH3 SO0MY  MATH S00mY  Reth SO0mY 5.00ms CH3 S00mY  MATH 500 Refd 500mY 5.00ms
(n) FYeuuININTNUY Dy, D, Dee (¥) FoyeyreuInINTIU De, Dp, D
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Tek i @ icq Complete M Post 00005 Tek Fin @ Acq Complete M Pos -40.000s  Tek S @ Acq Complete M Pos: =40.0005
+ + +

Duty Cycle
Signal
CHI: 1V/div, CH2 and CH3: 5V/div, CHI: 1V/div, CH2 and CH3: 5V/div, CHI: 1V/div, CH2 and CH3: 5V/div,
dSPACE ! " i T i i r i
swtching snol, JASTTTLARUTRAIALARUIY . RO OROMAOSTnASARA I .  ORACT
Filtered CH4: 10V/div, Time Base: 10mS/div CH4: 10V/div, Time Base: 10mS/div CH4: 10V/div, Time Base: 10mS/div

Switching Signal , WWW MMMWWWHW WW

CHZ 500 M10.0ms

CH3 500 CHY 100Y  12-Jun=15 15:26 CH3 5004 CH4 1UDV 12 Jun 151811 CH3 500y CH4 1DDV 12 Jun 151822

Gate Drives
Switching Szgnal‘1

(n) dyeavosiang A (v) dyauesnaa B (R) dygruvesiaa C

Tek i @ 4cq Comnplete M Pos: —40,00 05 Tek mim @ Acq Comnplete B Post —40,00,0s
+ +
Duty Cycle
. 3 ~ o~
Signal G .
CHI: 1V/div, CH2 and CH3: 5V/div, CHI: 1V/div, CH2 and CH3: 5V/div,
dSPACE |
swirching signal N LERAREFLSAAMVREANTI % L v
CH4: 10V/div, Time Base: 10mS/div CH4: 10V/div, Time Base: 10mS/div

Filtered

Switching Signal WWW M“WW
i

Gate Drives |
swacnnssiot | [THRCTCITGIANT AT ROAT
4

A0 CICH2 500 MA00ms A CH2 5008 - M 10.0ms
CH3 5004 © CCHA 1008 12-Jun-15 1627 CHS SDD‘\I' CH4 00y . 12-Jun=15 16:30

(9) deyqyauveanaila D (3) gy adveanawa E
‘1J 6.5 WIsuBUAY 1IN, Ay el dyannadntiinsosduaIuua?

¥
o Y

WAZFYIUTUNAVDIT YY1V 5 Fryeyrad

sUTl 6.4 () LLamﬂdué’mmflmﬁfgé’ﬂﬁmummé’mmm Dy, Dy kaz Do @dltlunisniunm
1aLne3 M1 muaﬂ‘m 6.4 (%) LLaMﬂammmmmﬂsmmmammm D¢, Dp Wag Dg Felalu
N13AIVANLBLNDS M2 aaLﬂm”nmilfdaauuﬂawamauammmm 2 ndu axdisuuuud
LLG}ﬂGI’Nﬂ‘u Tngazdanaladn awmwamamamamaqmaamaLmaisauaﬂuammmgammu
Hanun Fregrau NANFYIMININTIIU D, Dy Waw De dmsunaimes M1 Gmmmaw
Usumaliie 50Hz niatluauiiatUseana 20ms Lmewmmmaamﬂaugqqmm
3 é’fy,iyﬂmiugﬂﬁ 6.4 (n) Ixidvuuastuaadusienuilingriudinuandsyana 40ms
vioRndupudfl 25Hz  Tues Tummzﬁﬂdmﬁ@mﬁmigﬁﬂsqwu D¢, Dp Wag Dy @MU
uawmed M2 fiusumudline 25Hz wseilumunaUsyanm 40ms  uiamsIveseen
ﬂ?{ugqqmﬁ”’a 3 é’zy,mumiugﬂﬁ 6.4 (1) AzUAsundasiuanduseamuiiingfuiiniuie
Uszanas 20mS vizeRnlunaudd 50Hz

sU7 65 () fa (2) wansdygranvIeuisuldiiundendu 4 409 Juduns
L‘LJ%'EJ‘ULﬁ&Juﬁamfmgﬂé\’aqswiwé@mmig%’mmuﬁa%ﬁa%umﬂ?hullizmamaé’zyig’]m
dSPACE ﬁué’@gﬁyﬂm’“fg%’ﬂimumﬂaﬁmﬁﬁmmﬁasﬁ'a Imaﬁmmﬂgﬂﬂﬁmﬁ'mﬁ 1 (1duddu)
auidudygraingdnseu (Duty Cycle Signal) fiduuszananadoyqins dSPACE 89U
Inginanwesen DAC dau%gﬂﬁfﬂﬂm‘%&mLﬁsuﬁuﬁmmﬁmﬂﬁuwwﬁgﬂawmm?%au (Triangular

Carrier Frequency)
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Tek Sl @ dicq Complete M Pos: 0.000s Tek JL. @ dicq Complete M Pos: 0.000s Tek i @ hcg Complete M Pos: 0.000s
;¥ + ) + )
Vdi af al)

CHI- CH4: 500V/div, v, CHI1- CH4: 500V/div, Vv CHI- CH4: 500V/div, Vv

oL LML LB L AP T =6 UL T TR UL
Time Base: 10mS/div v,;» Time Base: 10mS/div Veo Time Base: 10mS/div: 'y,

Lﬂmmmrﬂ”-“% s»Lumwumwmmmmmw ST TTULLLLL,

=Vao— Vbo Vg1 = Veo = Vio

UL ” W]J”MWMWMTMM o | e

(M) LSIHUNVNAINNIVIUA

CH2 2004 M 5.00ms CH2 S00%
CH4 200% 12-Jun—15 1823 CH3 s00¥  CHY 500

Tek .. @ Aeq Complete M Pos: 0000z

& ‘YA ()
W AR K AROAN
WU (o SRR S A

CHI- CH4: 500V/div, v

(V) hSIHUNVNAINNEN
2Yp9UBLHBS M1

CH2 Sony 1 5.00ms

12—Jun—‘|5 20:56 CH3 500y CH4 500Y 12-Jun—15 21:05

Tek L. @ Stop M Pos; 0,000s
Veo

T

CHI1- CH4: 500V/div, Vdo

(M) LSIRUNVNAINTIY
Y99UDLMDST M1

LA T T T S TTULL LR
Time Base: 10mS/div. vy, Time Base: 10mS/div. v,

AT UL U ST T AT AU UYL TT T

49, ] b 4»1_“_

et 4 CH2 So0y I 5.00ms CHT, 00y CH2 S00Y M 5.00ms
CH3 500Y CH4 500y 12-Jun—15 21:03 CH3 500y CH4 500Y 12-Jun-15 21115

(9) BSIAUNUAIANANVDIUBNBS M2 (3) BSIAUNVARIAYILVBILBLABT M2

1Y)

sUN 6.6 WirusudnusHLUTwemAa R aatudy g ausA U U MATBBIARS LiaYSY

u

mamﬁugﬂw%%ﬁmﬁ 2 (it Wudugontad PWM fiadhseanunag dSPACE wéh nau
zdsralidInasasiuing (Gate Drives Circuit) wlasdayaailifvanyaunouaginludsliem
AinddiEnnIetndindnie 10 fviey Seaiedsidnnsedndmddluiiidenldilu 1GBT
ﬁiaml,flugﬂﬂ?iuﬁdmﬁ 3 (A Wunsnsesdymiaadndiléndyaated 2 (Fud
#11) $1829950588PIMARNIULUY RC (RC Low-Pass Filten) iloBudulyiifiudanimgnsios
vosdaaiieonuudrindimsiudyey o mauﬁé’aagjmﬂu dSPACE LLangﬂ?{mﬁaqﬁ 4
FuATen) wndudyaraussdufioonanniasiunaiivsenn 15V deuaslddu IGBT sely
U7 6.6 () uanaussiud1sdsluunu d wazinu q dwsuiludelivaainndnuas
VAAINTIVVOINDLADT M1 1Az M2 (ROFYYI Vas, V1, Vaz, vy2) Tnefimnunuandeiu dune
1 yuideulassninauseiu v, wag v, Sasiapiieudugy 90° uaﬂmﬂﬁiugﬂﬂl 6.6 (%)
24 () %LLamﬂﬁLﬁuﬁagﬂﬂ?{uLLiaﬁ’u’Luﬁaaﬁ 1§93 auduuseiu PWM 3 dya Jadu
usasuiitavousslunsas e (Phase-leg voltage) 1o IngasMuInKanIwaa
wseiuiitansaeseenuludyanausiuluvaandadulumusunisd @.1) § 6.9)
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Tek Al Trig'd M Pos: 0,0003 Tek T @ Acq Complate W Pos: 0.000s
+ pitey # * ™y r aa*
e ) oy \
i 2 '(hhx\' \L \\' f‘ 1 ¢ l 5 ¢ l‘- I\\‘\'-. l"'I. |""A- \ ﬁ'\‘
B o \ 0 / s B\ \ 3 \_/‘ \,\V/ k\“/
CH1, CH2, CH4: 2A/div, CH1, CH2, CH4: 2A/div,
Ic 3*%%%" Ic
CH3: 1/div, Time Base: IOmS/div CH3: 1A/div, Time Base: 10mS/div
1l M 10.0rms CH2 2.004 M 10.0ms
CH3 1004 CH4 2004 30-Jun—15 1322 CH3 1,004 CH4 2.004 30-Jun—-15 1352
[B= e
n) vauglaiiilnan 2) vaugdilvian

gﬂﬁ 6.7 nszuanaa A, B, Cuay D

Tek I ® Acq Complete. M Pos: 0,000 Tek JU @ Acq Complete M Posz 0.000s
+ . +*
~ A, e ¢ Y =
lﬁ[ . , .y i o m ._r P ZA i \
h o “he f- r
CHI, CH3, CH4: 2A/div, CHI, CH3 CH4: 2A/div,
l'('v : *‘ﬁ""r-.,,..-'-“““-r-mv“'”m‘-—\.&w "'W‘_ﬁ""ﬁ"‘\_&ﬁ-’“ ic L SR Jﬁ\ \__\__f.r’“"“\__ﬂr
CH2: 1A/div, Time Base: 10mS/div CH2: 1A/div, Time Base: 10mS/div

ip 3~h\“‘m Ip g
G Dol ) A / m\\b/m

L CH2 ik H‘|uﬂm§ 1 CHY 1.0 M‘]D_m-n-s
C}‘a Eﬁtl.ﬁ. CHE 2008 F0=Jun=15 13:41 E,H,. 20048 CHd 2,008 30-Jun=15 1347
(=1 =
n) vaueluiilvian ) vuziilvian

;;‘Uﬁ 6.8 NszuanLla A, C DuayE

gﬂﬁ 6.7 Uay guﬁ 6.8 uanINszianuNa (Phase-leg current) filvalufa A fafa E 3
wiiulein dyaanszuailvaluia A, B, D uaz E agiisusnlndidesiudyanaguadulesd
niluaihruneuliiivanuaznouilivanfny uiluwasiidyannssuailnais C ndud
gﬂ'ﬁwuaﬁfgiynmﬁummqlﬂ ﬁqﬁli‘]umswé’mfwmmzLLaﬁlwaiuﬁq C i Wumssw
Fya 98990 2 Audunaunisi (4.17) Swihildganns C 4 Sanuuansaislugu
YeLIARaTALE wastaindaaanseualufanasiig e 5 At szdmnuuandniy
wiaznudn nszuailnaluveaiaurazunveemeslunsiimdulnaniy SEFPLIERK
TndiReaguadudyanailed Sniisdailyusaratuiouduyy 90° Snde fuanduzud 6.10
LLangﬁ 6.11

gﬂﬁ 6.9 (N) Lany ”zyjayﬂmmmL%’;ﬁl,wammuama%ﬁ’q 2 (N, , 48N, ,,)
Twvaugiliflvan dunaiisruvazamnsomuauauinieldifouwiiuauiigneds
fusudls urdlonowmesiie 2 & vinstuluaamiena asnudn Anudaeseiimanves
waWMDSII 2 fTvAnansILn Ussuaas 200-300 rpm fanansluguil 12 v) Fadungingsu
1'7iLﬁmﬁumwuﬂnamaqiswmmmmmL%ﬁLLUUNi@ULﬂ@@g’LLﬁ”ﬁ
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Tek JL @ &cq Complete M Pos: 0,000s Tek n @ Acq Complete M Pos: 0,000s
+ -
]vm,M/ 1+ Nm,Ml 1#
Nm,M2 2y ]Vm,MZ 2¥
CHI: 1,000rpm/div, CH2: 500rpm/div, CHI: 1,000rpm/div, CH2: 500rpm/div,
Time Base: 10mS/div Time Base: 10mS/div
CH2 S00Y 1 10.0rms CH2 so0y b 10.0ms
26-May-15 18:54 26-May-15 18:57
1 aXle
n) vouzlaidilvan ) Yugdilvian

JUN 6.9 dyaaunnuidaTinanvedueines M1 wag M2 3asAIUANKUUNTBUTUA

Tek  JL @ Acqg Cm'nplete 14 Pos: 00005 Tek TL o Stup M Pos: 0,0005

B 1 T .
Vi, M1 1# '., "')k" ‘L,, .":, .! g / ! !

i I e
S ADAT N S \/W V\/

Vol a”l(-llllTMIHlll[-llllljmllmllll T el 3
H I

CHI1 and CH3: 500V/div, CH2: 2A/div, CHI and CH3: 500V/div, CH2: 2A/div,
ia,M] P caaa WP e o A Lo s LaMI 4
CH4: 500mA/div, Time Base: 10mS/div CH4: 500 div, Time Base: 10mS/div
o v THE 2004B) 1 10.0ms UTWE] ©CHZ 2004By  M10.0ms
CH3 SO0YBJ  CHA SO0mAB21-May=1918:47 CH3 SO0YEY - CHA SO0MmABY 21-May—19 22:04
1 e
n) vodglaidllnan %) Yuzdilvian
3 T T T T T T T T 1 T T T T T T T T T
27 B 0.9 7
24 I ¢ 2 4OA - 08 [
N NN D7 (. THDi = 9.9329 %
I.S_ | bl
2 15 THDi =4.0616% i Zosl
e ) 22 Lopea= 0.30A

OL.____..ﬁ. Y | T TR " . . N -

ol s " " - " . L L .
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Frequency (Hz) Frequency (Hz)

A) aAnSuYRINSELEvRadInanvEllan ) alAnsuuaanselatnalndlsveilvan
g‘dﬁ 6.10 dUa1avUOUTIAULAZNTELALUTAAINTDILBLADS M1 VUEAITUALLUUNTBULTA



Tek JL @ Aoy Eumplete M Pos: 00005
Vi, M2

CHI, CH3: 500V/div, CH2: 2A/div,

im,MZ '""FJ/A" ‘h'“\*w_,'}f.ﬁ“\“\.‘_ﬁw___.-
SR | 11 w1 1
=M & THTHI T
CH4: 250mA/div, Time Base: 10mS/div
ia,MZ nﬂ%mﬂﬁmw

CHZ 20088 M 10.0ms
CH3 So0vBy  CHY 250mABy 21-May=13 1545

n) vuzliiiilvian
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Tek L @ Stop M Pos: 01,0005
+

H1, CH3: 500V/diy, CH2: 2A/div,

I m,M2 iy

mﬁ"“"HJIIIIJEIIIIII_

JIImmm"lIﬂ]lllllllIIJ"mmm"l

CH4: 250mA/div, Time Base: 10mS/div

i(/, o2 w

[CHZ 2004E M 10.0ms
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Abstract

This paper proposes modulating functions of a space vector pulse width modulation (SVPWM) technique based on modified
sectors for a five-leg voltage source inverter fed dual single-phase induction motor system. The modified sectors are used in
order to simplify the modulating functions in a general form. The modulating functions are fully derived, described and
implemented on a DS1104 dSPACE controller. The obtained SVPWM signals are applied to a five-leg voltage source inverter
(VSI) for driving the two single-phase induction motors to demonstrate its feasibility in motor drive applications. The calculated and
measured modulating signal waveforms of the proposed SVPWM are in good agreement. Experimental waveforms of the motor
voltages and currents at different operating frequencies are demonstrated and found to be satisfactory.

Key words: Five-leg voltage source inverter, Two single-phase induction motors, SVPWM with modified sectors, Modulating

functions of SVPWM

B INTRODUCTION

Single-phase induction metors are commonly used. in
industrial and residential applications for low power applications
such as refrigerators, conveyors, air conditioners, pumps,
electric washing machines, and so on due to their robustness and
fairly low maintenance [1]-[2]. For single speed operation, they
are normally supplied with a single-phase ac power supply
without any type of control scheme. The optimization of
single-phase motors for efficiency control and  torque
performance under optimal control using phase control can be
found in [3]-[4]. With this method, only the supplied motor
voltage is adjusted, which results in single speed operation
and low loads. However, in order to achieve high performance
over a wide range of operating conditions, a variable frequency
drive using an inverter is required. As a result, energy savings
can be achieved. Two-leg, three-leg and four-leg voltage
source inverters (VSIs) with different control schemes and
space vector PWM techniques for single-phase and
two-phase induction motors have been investigated [5]-[6].
The three-leg VSI is preferred since it offers advantages in
terms of its easy control with SVPWM, moderate cost and
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de voltage utilization. Although a single three-leg VSI can be
used for multi-induction motor drive systems, independent speed
control cannot be achieved. Generally, two induction motors
can be independently controlled with two three-leg VSI sets
using either a common DC link voltage [7] or individual DC
link voltages. As a resull, the system cost is too high and more
installation area is needed. In order to cope with such problems,
four-leg and five-leg VSIs are employed for independently
controlling two three-phase induction motors due to the reduced
number of switching devices and controllers [8], [9], [11], [12],
[13]. Subsequently, a smaller size and lower cost can be
achieved. However, the inverter losses of a five-leg VSI are the
same as those of a six-leg VSI'since the common leg of a five-leg
VSI handles twice the normal leg current. Therefore, an inverter
losses reduction method for a five-leg VSI has been proposed
[15]. Several researchers have investigated two induction motor
drive systems using a five-leg inverter [9], [11], [12].
Methods of carrier—based SVPWM for a five-leg inverter for
the independent control of two three-phase induction motors
have been presented in [9], [11]. The design of PI speed controllers
for a five-leg inverter fed dual induction motor system was
proposed in [11]. Although a five-leg inverter is normally
used for the two induction motor drive systems in large
power applications such as paper mills, textile manufacturing,
cement industry, railway traction and electric ship propulsions
[11], it has yet to be reported for low power applications.
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Fig. 1. Proposed system of a five-leg inverter driving two single-phase
| induction motors,

Fs | -
f : Auxiliary
W2 l o i Winding g
Val2| i i % 1
0 : 3 - :
Va2 k- > -
- S, Sil. ;
b : “’
i Main
. - .)‘ Winding

| Fig 2 Three-leg VSI for a single-phase motor drive,

Although a new SVPWM technique based on modified sectors
for a three-leg inverter fed three-phase induction motor has been
proposed [14], it has yet to be proposed for a three-leg VSI fed
single-phase induction motor. Modulating functions of a
SVPWM technique for two-phase three-leg VSI have been proposed
[2]. However, they have not been reported for a five-leg VSIL
Therefore, this paper focuses on deriving the modulating funetions
and implementation of the propesed SVPWM with modified
| sectors for five-leg VSI fed two- single-phase induction motors.
Fig. | demonstrated the proposed five-leg inverter controlled
with the proposed SVPWM with modified sectors for independently
| driving two single-phase induction motors (M1 and M2). This paper
is organized as follows. First, the proposed SVPWM based on
| modified sectors for a two-phase three-leg VSl is described. Thens
the proposed modulating functions for a five-leg VSI are derived.
Afterwards, the modulating functions and SVPWM generation
are implemented on a DS1104 dSPACE board and applied to
the five-leg VSI. The calculated and experimental modulating
signals, phase leg voltages, voltages and currents of both
motors are recorded. Finally, some conclusions are given.

II. PROPOSED SVPWM WITH MODIFIED SECTORS

Generally, a three-leg VSI can be used for driving a single-
phase induction motor as shown in Fig. 2. The three-leg VSI
provides eight voltage vectors including six nonzero-voltage
vectors and two zero-voltage vectors. Unlike the three phase

q
vl 7| L
= -

gt
( Sector 3 )"’ 8

(b)
Fig 3. Space vectors for driving a single-phase induction motor using a
three-leg VSI' (a) conventional location of active space vectors in the d-q plane
and arbitrary output voltage, (b) proposed location of active space vectors in the
d-q plane and arbitrary output voltage space vector withmodified sectors.

outputs, the six conventional stationary voltage vectors on the
d-q plane of the two-phase outputs form in an asymmetric
hexagon shape as shown in Fig. 3(a). More detdils can be found in
[3]. The required output reference voltage vector of the
SVPWM L_’,; can be controlled to move around with a circular

trajectory by caleulating the two nearest adjacent voltage
vectors, which are defined by L_, and 172, within a half
carrier period in each sector. The reference voltage vector can
be calculated by the following equations:;

Tk t)
LU 5 u

R =V bl 750 T S
U, =Veln 2

U, =V,e’* 3)
AT/2=T+T,+T,+T, 4)

where V) is the magnitude of the output reference voltage, ¥
and V; are the magnitudes of the adjacent voltage vectors, &, is
the angle of the output reference voltage, &; and «; are the
angles of the two active adjacent voltage vectors, 7; and 7 are
the active times for the two adjacent voltage vectors, 7 and
T are the times for the zero voltage vectors, A7'is the carrier

period, M is the modulation index (OSM SJE) for a linear
region, and V. is the de-link voltage.
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Vy(100) TABLE I_ '
DEFINITION OF THE SPACE VECTORS U/, AND U FOR EACH SECTOR
OF THE PROPOSED SVPWM
m———
Sector] U |06 | ' | 15 v, V; a; a
1 Iz ||| Vo |0 0 | w4
1y o 2 7 B Bl [ A A T R
2 VJ(OI i) 3 ‘[}: K TW Twa V* V“_ /2 /2 In/4
Fig 4. Three-leg VSI for a single-phase motor drive, 4 % | & | Tl T |/ | v T R
: . 5 | % |V | T | T | y2% | Vi |5w4
The proposed SVPWM is derived from conventional SVPWM. - ?’ = T”’ T"’ T - = 3;2
Since sectors 3 and 6 have angles that are different from the S IR e e o =
other sectors of the conventional space vectors in Fig. 3(a), 7 IE E Tns | T | Va/N2 | Ve | Tw4 | 3n2
they can be modified by dividing them into two halves 8 Z, | W [ T [T | Ve |Ward2] 2n | 74
Therefore, all of the sectors have the same angle of 45° as
shown in Fig. 3(b). The purpose of the modified sectors is to T P 7
simply derive the modulating functions of the SVPWM for AT/2 J—S'" R @)
the five-leg VSI, which is fully given in the next section.
Moreover, the new active voltage vectors can be reproduced by Tys - ,v_ s ( 4 ) @)
using average vector equation. The authors of [14] discussed AR, 2 -

conceptually how a vector is synthesized by two adjacent
vectors for three-phase outputs as;
Lr ——I/ L 5)
2 2 (

where F, is applied over the first half of the sampling period,
and l-/: is applied over the second half.

The proposed modified sectors for balanced two-phase outputs
are applied as shown in Fig. 4. For example, the old sector 3 in
Fig. 3(a) can be divided into the new sector 3 and new sector 4 in

Fig. 3(b). Z is applied over the first half of the sampling period,
and Fﬁ- is applied over the second half. Consequently, the equivalent

voltage vector a is obtained, where Q:%V ar Vg ({The
old sector 6 in Fig. 3(a) can also be divided into sectors 7 and 8
in Fig. 3(b). In addition, the equivalent voltage vector¥s, is

obtained, where 1/, =-2—V_,+-;-l7

Usually, for a symmetric space vector pulse pattern, the
space vector time for each zero voltage vector time (7). 17) is
set to be equal. The relationship between the active voltage
vector times and the required output reference voltage vector for
each sector can be determined in Equ. (6) [2].

)
¥ 3
AT /2 ¥ sm(afl - HU)
| (6)
v ( Ty ) sm(az - ,) sm(ﬂn -a,)

2\ AT /2

For example, the reference voltage vector is in sector 1, where
0 €8 <n/and a; =0, a; = /4. ~The adjacent voltage vectors
are Vl and Vs and their magnitudes are V4. and JEVJC , respectively.

Using Equ. (6) the space vector active times for Fland 75
(T'y; and Tys) for sector 1 can be arranged as follows.

where” Fg =MV, /2.
Dueto AT /2zTy +Tys, using Eqns. (7) and (8) yields; |
Ty + 1, el M

2 =——cos|fy) = 1 9

A2 2 &) @
From Equ. (9), the condition for the maximum possible magnitude
of Vg oceurs at @ =a/4, which gives_Vy =V / J2.Asa I
consequence, 0<M <+2. Fig. 5 shows the pulse patterns of
the phase leg voltages with respect to the midpoint of the
DC-link voltage, corresponding space vector states, and space
vector times in each sector for the proposed SVPWM with equally
spaced zero space vectors ¥
values for the three-leg voltages over the time interval AT/2,
which have a swnchmg sequence for sector 1 in a half period

and i The reference (average)

of switching as V(,a-yVl —>I 4V-,,a.rc

Vdc_ Tl’l TVS 1

Stde| EPR 4 FVS 10

F° 2 | oR¥/F AT /2] (10)
Valt Bl Tys |

Vio =gl — g V5 1

PN\ | AF2 AT/2] (1)

v =£‘£_+L+h— (12)

M| AT/2 AT/2|

Similarly, for the remaining sectors, the space vector times
and phase leg reference values can be determined in the same manner,
based on Table I. For the modified sector, it is assumed that the
reference voltage vector is in sector 3, where n/2 < ¢, < 3n/4
and @, = n/2, a; = 3n/4. From Table I, the voltage magnitudes

are -l_’: = V4 and E =¥, /2 . The space vector active times

(T4, Tyaq) for sector 3 are arrangcd as follows:

Tyy 8
AT/2 \[‘ [ ] (13)

v ipsinf 0 % (14)
0
AT/2 Z
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v, | Vel
Vadz | o | o [TTT 1lolo Va2 | o T ﬂl 1ol TABLEII
‘ = t
Va2 5 Vad2 —~ " SPACE VECTOR ACTIVE TIMES AND MODULATING FUNCTION OF THE
Vasz [g 1o 0o ololo Vadz|g 1o o [TTilolala BALANCED OUTPUT VOLTAGE SVPWM IN ALL 8 SECTORS
1 ! ) 1 > I
b7 A I Va2 F Vector Active Time
Var2 |o ITTT 1T #l Hol,, Va|giofT el e ;-L=+%-[-Jim[: n,]+m-{8 )]
Vgiz el ¥ 1 Ty M fw A L
Times |Tvo|Tt| Tvo| T Tvz|Tos| Tia | Toy n::i Tyo| Toe\ TvsiTvz [Tz Tos| Tra| Tow Wi - | 872 '?z'm( B‘) Y +£[—Jim(5-e )-m(ﬂ.)]
Vectors | Vo | Vi | Vsl Vol V2 | W51V 1V, Vectors | Vo | Vi | ViV | V51 Vs Vel Wy 058, S: n, M ¥ 6 V. - F i,
Sector 1 Sector 2 FilaiE . +%[+v‘im[%-ﬂ.]wm(ﬁ.)]
A
v, 2 v,
Vacta | o . , Vel PO o, 5 ;,L“-%[*ﬁm(%-ﬂu)'m(sr%)]
-V, -V, ' Sector 2 Sl ;u(l-ﬂ] .
ai2 I — dciz o E | 5 x | 3772 % ;g A l’a:-i[- .Em(i_n_)_m[y._i)]
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| Fig 5. Symmetrical pulse pattems of space vector modulation in each sector, 4 Yo" o2 3" oA
| "Aa—’i{-ﬁm(’—'-e‘]—zm(s.)l
| | 1 1 Sector 8 —-i’,: - -5{-.«.::[17'-#. r‘ ;' ,.; <
From Fig. 5, Ty in sector 3 is composed of two halves. The first 7z T - —t‘-—[-ﬁ-{——-e,h
=Aas0w| T L ITD T ik
. o g -l e i T Gy A3 $ L I ) }
halfis for V; . and the second half'is for 7, since /. =5V4 +5Vs 4 A ( ” 2sinfdy)
. 17 3 " i, e\t L v M 1 T ;
The time for V; is reduced while the time for Vj is increased 19+ "ol NP +\Esm BN+ sinle 17
S ol 47 2 4 /3 ¥
when compared to the conventional times illustrated by the
arrow. On the other hand, 7}, in sector 4 includes two halves. This calculation can be used in the other non-modified

| The first half is for ¥, , and the second half is for V . The time  Sectorsnamely 2, § and 6. For the new modified sector 3 in Fig. 3(b),
the phase leg reference voltages with respect to the midpoint

for Vgis increased while the time for V), is reduced. As a of the DC-link voltage, which are modulating functions

| result, the reference phase leg veltage of phase b is the same as representing equivalent space vectors, can be expressed as:

the conventional one. Another modified sector (sectors 7 and 8) i ¥ M 37
can be treated in the same manner. Va =E=+7 $¥2sin| -~ 6, |+ 2sin 90—— (18)
III. PROPOSED MODULATING FUNCTIONS vy = ;ﬁ = +-‘% o e [37” -6, )] (19)

de

A. Proposed SVPWM for a three-leg VSI MD 5
Generally, modulating functions representing equivalent space v:. = vf—” =+—|—=V2sin (—”— 50) 2sin (60 - —J:| (20)

vectors are obtained from the phase leg reference voltages with respect to de 2] 4

the midpoint of the DC-link voltage-. For example, the required Similarly, another modified sector can be treated with the
| modulating finctions for sector 1, which is a non-modified sector, canbe  same process of calculating space vector active times and
expressed by substituting Eqns. (7) and (8) into Eqns. (10) through (12) as: modulating functions. The modulating functions and space

s @Vl M 7 . vector active times for all of the sectors of the proposed
Va = ﬁ“ +T|:_‘[2—S'n(1_90]+ sm(ﬂo)] () SVPWM are illustrated in Table II. The calculated space vector

active times and zero vector times for the proposed SVPWM
S2Ve . M [_ \E S,.n( % - 90)_31."(90 )] (16) are shown in Fig. 6(a), while the corresponding phase leg reference

> Ve 2 voltages obtained from average values are shown in Fig. 6(b).
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(a) (b)
Fig. 6. Calculated switching times and phase leg reference voltage
atM=42: (a) switching times of 7}, T and Tj; (b) phase leg
reference voltage (in p.u.).

The modified SVPWM can be applied to two three-leg inverters for
independently driving two single-phase induction motors. Fig. 7
presents modulating function waveforms and corresponding
sectors for two three-leg inverters driving two single-phase
induction motors with different voltages and frequencies at
the same Volts/Hz value. Modulating functions of the space
vector equivalent reference voltages of two three-leg VSIs are
used to reduce to the phase leg reference voltage equations for
a 5-leg VSI in the next section. Fig. 7 shows the modulating signals
generated from the proposed SVPWM for two inverters at
different modulation indexes and frequencies. The frequency
for M1 is twice that for M2. With constant Volts/Hz, the
modulation index of the SVPWM for M1 is twice that for M2

B. Proposed SVPWM for a five-leg VSI
If two three-leg VSIs are used for driving two single-phase
induction motors, the six phase leg reference voltages are

V;h";l»"‘:l for M1 and v;z,v,_;z,vzz for M2. These reference
voltages can be reduced from six modulating signals to five
modulating signals for the five-leg VSI by using phase leg C as a
common leg sharing currents of both motors as follows [9].

vl = Vo Vig= v +via) 22 @)
vp = v /W =l +vi2)72 22)
Ve = Voo W= Wt v )72 23)
v;) =Vpo/ V= (v ) (24)
v =vgo/ Vi = hﬁ‘) (25)

The reference voltages of the five-leg VSI based on the proposed
SVPWM can be modified by using the phase leg reference
voltages in each sector and shown in Table II. The phase leg
reference voltages v, v;,, v, for M1 andv.,,v,,,v., for M2 to
substitute into Eqns. (21) to (25). These equations can guarantee
that the switching times are not greater than 1 p.u. From Table II,
the modulation index M is substituted with M,; and M, for the
two motors M1 and M2, respectively. For the angle of the output
reference voltage @, of the motors M1 and M2 are newly denoted
as &, and @, respectively. Therefore, the phase leg reference
voltage for the five-leg VSI or modulating functions for all of the
sectors can be achieved as shown in Table IIL

Vil

=1.5
Seetor Seator
Sector Sector

|3 Sector 3 ﬂ Sector

2 Sextor FLH Seuted Seator 5 etor]
; P - So;w: 8 &nu&;' #‘H S’;w 8

E ﬂ 1 F

0 o0 180 270 380 450 540 630 720

Angle (Degrees)
(a)

Reference Voliage/Vde

Sector |

0 45 % 5N 180 M|SW 0 NS 360
Angle (Degrees)
(b)
Fig. 7. Calculated proposed phasc leg reference voltage waveforms
and corresponding modified sectors for two single-phase motors:
(a) atf; and M = 1 pu. for M1; (b) at /5 and M, = 0.5 p.u. for M2.

The required balanced reference winding voltages of v,z and v,
for the two single-phase induction motors can be expressed as;

Vi =Va—Vp (26)
Vo =Ve—Vp 27)
Vi = V- Vi (28)
Vo V-V (29)

. * 2 e _ .
where v, vy, are the main and auxiliary winding reference

voltages of M1, and ldl, qZ are the main and auxiliary

winding reference voltages of —M2.

Fig. 8 shows the principle of carrier-based SVPWM for a
five leg VSI, where the inverter frequencies f; is set to be twice
the inverter frequency /5 for M1 and M2. Fig. 8a) shows the
pattem of the five phase leg voltages associated with a
comparison between a common triangular carrier wave and the
five modulating signals. The PWM signals are generated to
enable the switches to produce the phase leg voltages v, to v,y
as shown in Fig. 8(b) to 8(f). Fig. &(g) to 8&(j) show
waveforms of winding voltages for both motors by v — vg
for v, veo— Vo for vy, vpg — v for vaz, and vey — vigp for v,.
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TABLE 111
MODULATING FUNCTIONS OF BALANCED OUTPUT VOLTAGE SVPWM FOR ALL EIGHT SECTORS
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Fig. 8. Proposed SVPWM pattern for a five-leg VSI,—

IV. CALCULATED AND EXPERIMENTAL RESULTS

As shown in the schematic diagram and photograph of Figs. 9 and
10, the experimental setup mainly consists of a dSPACE DS1104
DSP controller board using a TMS320F240 slave DSP for
generating SVPWM signals from the proposed modulating functions,
a five-leg IGBT inverter, a dynamic braking unit, and a diode bridge
rectifier with a smoothing capacitor. The switching frequency or
carrier frequency f- is 3 kHz and the ripple free DC link voltage is
310 V. Two 370 W, 220 V, 50 Hz single-phase induction
motors running capacitors are removed from the auxiliary windings
using Loadl and Load2 are three-phase induction machines
providing mechanical torque. Modulating signals are generated
using the modulating functions in Table III by a DS1104
dSPACE. In addition, SVPWM signals based on the proposed
modulating functions are generated for the five-leg inverter.

1-Phase j

tividga
Ac San.ce‘t_ @

DS1104 Contraller Board

%

Fig. 9. Hardware implementation for verifying the characteristics
of the proposed SVPWM,

Fig. 10.  Photographof the proposed drive system,

A. Modulating signals and PWM signals

To verify the correctness of the proposed modulating functions,
generated modulating signals are sent via a DAC port of dSPACE
for measurement by using a digital oscilloscope. Figs. 11 and 12
illustrate calculated and measured results, respectively of the five
modulating signals ( vy, Vj, VeV, Vs ) and the comesponding
reference voltages of the main and auxiliary windings for
both motors with different magnitudes and frequencies at the
same volts/Hz (M,~1, f;=50 Hz, M,~0.5, f=25 Hz). The
calculated and measured results are in good agreement. They
confirm the correctness of the proposed modulating functions.



110

Modulating Functions of Space Vector PWWM for Five Leg Inverter Fed Two Single-Phase Induction Motors i

Tl G =
i L " !
ams OO DS DM SO oM 00N 004 DoMs 008 fock a1 G0 067 00N O@ DOW 004 GOE 008

Time (mS) Time (mS)

I i

B 008 B@ S=s @ B GM s o

Time (mS)
(bl) For M1 at frequency of 50 Hz

r— T
7 03B 00BN Sed 208

=T|me (mS)
(b2) For M2 at frequency 25 Hz

I
Tom om cow s

(Vi =Vy=Vpo Vi =Ve=Vy) (Vi VeV, v =30< V)
(b)

Fig. 11. Calculated phase leg reference signals and reference

two-phase output voltages: (a) five modulating signals; (b) two-phase

output reference voltages.

It should be noted that the measured modulating signals in
Fig. 10 are lified above zero due to the available PWM block of
dSPACE, which provides only a positive signal in pér unit.

Fig. 13 shows modulating signals obtained from the DAC
port of dSPACE enlarged from Fig. 12(a), PWM signals
obtained from a PWM port, filtered switching signals and gate
drive voltages (Vi) of the IGBTs for leg A to leg E of the
five-leg VSI. —The correctness of generating PWM signals based
on the proposed modulating functions can be verified by
filtering the PWM signals with an RC low pass filter. As a
consequence, the filtered PWM signals are similar to the
modulating signals obtained from the DAC port of dSPACE.

B. Measured motor current and voltage waveforms

Fig. 14 shows phase leg voltages of a five-leg VST and the
resultant winding voltages of both motors. These waveforms
are in accordance with the SVPWM pattern in Fig, 8. It should
be noted that for both motors, the phase difference angles between
the auxiliary and main winding voltages are almost 90 degrees.

Fig. 15 illustrates the corresponding phase leg currents of
leg A to leg E. Evidently, the waveforms of the phase leg currents of A
(main winding of M1), B (common of M1), D (main winding
of M2) and E (common of M2) are sinusoidal. The waveform of
the common leg C current is non-sinusoidal since the C-leg current
is the sum of the different magnitudes and frequencies of the
auxiliary winding currents of both motors. Fortunately, this
common leg C current is not too high, despite the sum of
auxiliary winding currents of both motors. For this type of
single-phase induction motor, the current of the auxiliary winding
is lower than that of the main winding. This can be a benefit
in terms of the design rating and sizing of a switching device.
All of the switching devices can be used with the same rating.
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Fig. 12. Measured phase leg reference signals and reference two-phase output

voltages: () modulating signals; (b) reference two-phase output voltages.

(Vs =Vp = Vg1 Vg =Ve —Vg)

Fig. 16 shows main and auxiliary winding voltages and
currents of M1 and M2 with a certain load at fi= 50 Hz
(synchronous speed of 1,500_rpm) and f; = 25 Hz (synchronous
speed of 750_rpm). For both motors, the phase shift angles of
the PWM  winding voltage waveforms and the winding
current wayeforms are approximately 90 degrees. Despite the
distortion of the current waveform of the common leg C, ic as
shown in Fig. 15, the auxiliary winding current waveforms of
the two single-phase induction motors are sinusoidal.

For the same frequency ratio of 2:1, and different amplitudes
and frequencies, with constant volts/Hz for both motors, Fig. 17
shows main and auxiliary winding voltages and currents at
=40 Hz (synchronous speed of 1,200_rpm) and f; = 20 Hz
(synchronous speed of 600.rpm). Winding current waveforms
for both motors are still nearly sinusoidal. This confirms the
capability of the proposed SVPWM method. In addition, the
proposed modulation functions can be used both for generating
SVPWM with-a 2:1 ratio of the motor frequency and can for
generating SVPWM with a 3:1 ratio of the motor frequency at
Jfi= 30 Hz (synchronous speed of 900_rpm) and f; = 10 Hz
(synchronous speed of 300_rpm) as shown in Fig. 18. However, M2
operates at a frequency of 10 Hz with very low electromagnetic
torque. Compensation of the modulation index of the voltage boost
at a very low frequency should be considered. Apart from a
different motor frequency ratio, M1 and M2 can operate with
the same frequencies. Figs._19 and 20 for 50 Hz and 25 Hz,
illustrate the winding voltages and currents for both motors.
The current waveforms are still nearly sinusoidal. From these
experimental results, the proposed SVPWM technique based on
modified sectors can be used to drive applications.

I
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V. CONCLUSION

This paper dealt with describing the principle, deriving
modulating functions representing the phase leg reference
voltages and implementing a SVPWM technique with
modified sectors for five-leg VSI fed two single-phase motors.
The principle of the proposed SVPWM was fully given. With
modified sectors, the modulating functions of the proposed
SVPWM for a five-leg VSI are simply derived in general
equations. The derived modulating functions are used to generate
modulation and PWM signals using a DS 1104 dSPACE board
for a five-leg VSI. Computed and experimental results of
modulating signals show the correctness of the proposed
SVPWM. According to the obtained experimental results, a
five-leg VSI with the proposed SVPWM is able to
independently control two single-phase induction motors.
Moreover, after the startup of both motors, one of the five
inverter legs (except leg C) is lost due to failure i.e.
remaining four legs. With the proposed SVPWM, the
following events occur. The motor with the healthy- supplied
voltages is not affected. Meanwhile, the other motor with the
unhealthy supplied voltages is able to run with a light load
due to its reduced electromagnetic torque, which results in a
significant decrease in speed. When leg C is lost, both of the
motors are able to run under the normal load condition.
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Two Single-phase Induction Motor Drives
Using a Five-leg Voltage Source Inverter

Sirichai Dangeam', Vijit Kinnares'
! Department of Electrical Engineering, Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang, Thailand
E-mail: d_sirichai@hotmail.com

Abstract — This paper presents the implementation of 5-leg
voltage source inverter fed independently two single-phase
induction motors with different speed. Space vector pulse width
modulation is used for the five-leg VSI. Closed-loop speed V/f
scalar control is employed for those motors. The experimental
results show that the speed for each motor can be independently
control. Besides that, the advantages of the 5-leg inverter can be
shared the capacitor and dc bus together, reduced the cost by
decreasing the numbers of power switch and driver circuits and
also reduced the switching loss.

L INTRODUCTION

In recent years the advancement of variable speed ac drives
using a voltage source inverters (VSI) has been growing with
both high performance and advanced technology. So, the inverter
are used to control modern residential and industrial applications
like the systems or electric applicants such as refrigerator, conveyaer,
air conditioning, pump, electric washing machine etc. However the
most of inverters are used to control just only single inverter to
single motor. But in the point of energy conservation, it leads to
develop the performance of VSI in many ways. Ref. [1] proposed a
reduction in the switching losses by reducing the number of power
switch. Ref. [2] discussed about how to modify from at first two
of the 3-legs inverter become to the 5-leg inverter instead that they
still independently control two sets of three-phase induction motor.
After the number of switches are reduced from 12 switches to 10
switches. It can be effort to reduce the switching losses and also to
reduce the production cost when reduced the numbers of switch,
driver circuits and using the same capacitor and de bus. Also reduced
the CPU There is a few publications of driving double two-phase

Fig. 1. Proposed system of five-leg inverter for driving 2 single-phase motors

978-1-4799-8805-1/15/$31.00 ©2015 IEEE
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asymmetrical induction motors. Therefore this paper will focus on
describing the principle and implementation of carrier-based
space vector pulse width modulation (SVPWM) for the five-leg
voltage source inverter developed from patterns for two VSIs.
Fig.1 demonstrates the proposed 5-leg inverter for driving two
sets of single-phase induction motor (M1 and M2). There is one leg
of the inverter acts as a common leg. The specification of motor is
370W, 220V, 50Hz, 4 poles and it has 2 stator windings so called
main and auxiliary windings. When the reference speed commands
are set, the V/f control system are generated the suitable voltage
vector with the technique of space vector pulse width modulation
(SVPWM). PWM patterns are generated for five legs with a common
leg instead of six legs of the inverter. Principle of generating
SVPWM for five legs will be describes in the next section.

m SYPWM

A, SVPWM for three-leg voltage source inverter

The SVPWM technique iscommeonly used in modern ac drives,
especially for three-phase induction motor drives by determining
voltage vectors in six sectors for generating PWM signals for
all switches in a power circuit to control the torque and flux of
motors. However, Ref. [3] discussed the advantage of the carrier-
based technique, which it is similar to the conventional SVPWM
and also discussed the principle of two-phase SVPWM for driving
with the 3-leg VSI in Fig. 2. The advantage of 3-leg VSI is the
voltage vector that it has 8 vectors (6 nonzero-voltage vectors and 2
zero-voltage vectors). Particularly, the zero-voltage vectors are
used to reduce torque ripple. The space vector form of 8 voltage
vector is asymmetric hexagon as shown in Fig. 3.

Auxiliary
Vie2
-

Va2
-_

)
Fig. 2. Three-leg VSI for a two-phase induction motor drives
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The output reference voltage vector of inverter ¥, can be
controlled to rotate with a circular trajectory and can be calculated
by using two adjacent vectors, defined by (7, and . 5+ within

a half carrier period in each sector. The reference voltage vector
can be approximately by determining these equations.

5, Ea— T
V,=V,/0,=—L U +—2 1
MR S A2 AT/ O
U, =Ve" (2)
U, =V,e™ 3)
AT/ 2=T, +T,+1, +T, (4)

where Vj is the magnitude of the output reference voltage, V),
¥, are the magnitudes of the space vectors, 6, is the angle of the
output reference voltage, &), 6 are the angles of the two active
adjacent vectors, 7}, T} are active times for the two adjacent vectors,
Ty, T7 are times for null vectors, and AT is a carrier period.

Ref. [4] presented the equations for the terminal fundamental
voltages v,g, vy and vy with respect to the midpoint, 0 of de-link
voltage for a balanced case of output coresponding to the loci of
switching and voltage vectors as shown in Fig. 3 as

MYV )
Vo =-“2~—"-‘~[sm(m,r)] (5)
M. | T ‘
Voo =_3L[szr{@t—3)] (6)
vy < fsin{ang ) @

where M, is the modulation index (0 < M, < [) for a linear
region, V. is the de-link voltage.

Therefore, the balanced two-phase output voltages v, v,
for the three-leg VSI can be expressed as

a0 Yoo (8)

&)

vti SV =

Fig. 3. Space-vector
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By adding with the zero sequence voltage to (5) to (7), it can be
effort to reduce lower harmonics currents and increase higher available
modulation index, when compared to the sinusoidal PWM (SPWM)

technique. The zero sequence voltage v, can be expressed as

v, = {mm(vao,vbo,vco); ’”i"(vanv"bo-"co)] (10)

When the zero sequence voltage is added into (5) to (7), the
reference terminal voltage v.,,v;,,v., for a three-leg fed
single-phase induction motor can be expressed as

Vip= L [sin )| +v,,, (1)
V= M°2 Vi {si,{ ot - %H Ve, (12)
Vo =—M"2V°’" [sin(ag ~7)}+v,,, (13)

The generation of the carrier-based SVPWM technique for
a two-phase three-leg VSI can be obviously represented by
Fig. 4 where M), M. and M, are switching functions for
switching devices of phase leg a, b, ¢, respectively.

B. SVPWM for five-leg voltage source inverter

Refs. [5], [6] and [7] presented how to generate SVPWM
for five-leg VSI for driving in case of a) two sets of three-phase
induction motors and b) two sets of single-phase loads, respectively.
By the principle, when the conventional three-leg VSI supplies
two sets of a single-phase induction meotor, it must be used two sets
of a three-leg VSI, or 6-leg VSI, that it comes from the outputs
of the orange block in Fig. 4 by calculation with (11) to (13).

If two three-leg VSIs are used for driving two single-phase
induction motors, total reference terminal voltages are six voltages
which these are v,,,v;,,¥", for the motor M1 and v_,,v,,,v., for
the motor M2.. These voltages can be reduced from six signals to
five signals for the proposed objective by using with these equations:

“PWM Modulator v,
: i,
0 Q@
+ T g
| ve0
v O @ > gt—b‘—b!\dﬁ
- -
e e
Zero sequence

i‘ . voltage vt - Carrier
e . ) Signal

Fig. 4. Carrier-based SVPWM modulator for a three-leg VSI
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V4 =(";1 +"’c.2)/2 (14)
Vg =(v;, +v:,)/2 (15)
ve =, +v,)/2 (16)
vp =i, +v,,)/ 2 (17
v = (v, +v,)/2 (18)

However, these voltages can be considered as duty cycle
values, D over the switching period. 7. Since these voltages must
be applied to the five-leg VSI, The six duty cycles must be
reduced to five duty cycles by averaged with these equations:

(19)
(20)
21
(22)
(23)

Motor M1
PWM
- Modulator

-

(a) Duty cycle

»(b) v
(€) vip
G e N T T TS L e e A

--nnnnnl—u——!p—‘nm———k(e)v
e e b W W e e e e T df
() veo

Ry e pe py e LY

L
L~ ]

e e Gt ot

(g) v for M1
(h) v, for M1

(1) vy for M2

& (j) v, for M2

Fig. 6. Proposed SVPWM Pattern for five-leg VSI

“o—m

Fig. 5 represents the carrier-based SVPWM technique for a
five-leg VSI by using (14) to (18). Notify that the orange
blocks or the PWM modulators for M1 and M2 in Fig. 5 are
the same block in the orange block in Fig. 4. Where M, Mj,
My, My, and M are switching functions for switching devices
of phase leg a, b, ¢, d, e, respectively.

Fig. 6 shows the pattern of the output signals for controlling
the five-leg VSI when the reference speed of the motor M1 is set at
1500 rpm and the reference speed of the motor M2 is set at 750 rpm.
Fig. 6 (a) shows the pattern of 5 signals of duty cycle and notify that
the waveforms have changed from the original waveform of
the conventional 3-leg VSI because of averaging common voltage
signal, v; and v, to the duty cycles of each other motor. When these
duty cycles are compared to the carrier frequency, /¢, the output PWM
signals are generated to enable switches producing the terminal
voltage v o to v, asfig. 6.(b) to (f). Fig. 6 (g) to (j) shows the
wayveforms of v, and v, for each motor by using (8) and (9).

1. CLOSED-LOOP SPEED V/F SCALAR CONTROL

For analyzing the performance of the proposed SVPWM
characteristics when used in-a drives system, a closed-loop
speed V/f scalar controller is selected to be implemented on
this system. Because of its simplicity and non-complexity for
implementation, it still is widely used in many drive systems.

Fig. 7 shows the closed-loop speed V/f control system for
generating the terminal voltages for each single-phase motor
from the independently command speeds, v . Each speed

error from the difference between v and N, is multiplied by a

gain of PI controller to determine slip speed, Ny;p.
Each slip speed is compared to V/f profile block to select a
suitable modulation index, M, with this equation is obtained as

7
M, ==

L
The modulation index, M, is related to the ratio of voltage
and-frequency and varied during 010 1. Due to the balanced
voltages. applied, the slope of the V/f profile for the main
winding voltage and the auxiliary winding voltage are similar.
For determining the stator angle, &, the command speed,
N, can be expressed as

(24)

e .[p.N:ef~2R'
e 60

dt +C

(25)

PI Vi Profile

Controller -

Fig. 7. Closed-loop speed v/f controller for five-leg VSI
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where C is constant for an initial value of the integration, p is pole
pairs. After determining the modulation index, M, and the stator
degree, & it uses (5) to (7) to calculate the terminal voltages v,
Vi and v, where x is 1, 2 (M1 and M2), for each single-phase
motor respectively. Then, it uses (19) to (23) to combine six
duty cycle signals and reduce to five duty cycle signals before
sending to five-leg VSI.

For determining the gain of the PI Speed controller design
[7], fig. 8 demonstrates the block diagram of a simple V/f
control system. The electromechanical torque, 7 is directly
proportion to the slip speed, Ny,.

Tl’ = Kr ‘EVJHp (26)
K‘ - ’Tru{rfd (2 7)
N slip rated

where K, is torque constant, Tges is full-load torque and
Nitipratea s slip speed at full-load.

Assuming that coefficient of viscous, B and load torque, 7
on fig. 8 are neglected because the viscous is less than moment
of inertia, J and the motors are no-load operated. Therefore,
the open-loop transfer function, Hyy, that it is included PI gain
of controller, can be expressed as

1) (k) K K(+Ts)
-ty 132} () S 2

The equation (28) ean be determined the PI gain of controller.
The gain K, and 7; can be calculated by assuming the magnitude
and phase component of the transfer function (28) by considering
from this following condition:

IHOL (5]=IHOL(J"”¢1=! (29)
., =180% +tan N@,.T,)-90% =90 (30)
L

£a
o

Fig. 8. Simplified block diagram of closed-loop speed control system
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Fig. 9. Frequency response of the open-loop transfer function
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Therefore

T = tang,, (31)
@,

When the equation (29) is substitute by 5 = ja. Hénce, the
gain K, K; can be expressed as

¥ 15" A 1J(jex)’ (32)
K
K =—=L 33
=7 (33)

The open-loop transfer function (28) has been shown bode
plot as fig. 9. Considering, speed-loop control system is outer
loop of control. Then, a cut-off frequency, @ is not necessary to
select high frequency which this paper is selected about
36.9 rad/s and enough for this system. If the phase margin is
selected about 60° and also the rated motor parameters are
calculated in (27) to determine K, = 0.1963, then, 7; = 0.0469.
Hence, using (32) and (33) result in K, = 0.6632 and K; = 14.1293,
respectively. The stability of this system can be analyzed from
fig. 10. Cleary totally system poles are on the left side. Considering
the root locus plot, the damping factor is about 0.6. Overshoot
is approximately 9.49% that it is within acceptance value. The
natural frequency, @, is about 25.5 rad/s.

V. EXPERIMENTAL RESULTS

A Implementation

The diagram for implementation and analysis of performances
of the proposed closed-loop V/f control for the five-leg VSI in
driving two sets of single-phase motor is shown in Fig. 11 (a).
Fig. 11 (b) shows hardware implementation of the proposed system
and demonstrates practical hardware in fig. 11 (b) as same as each
block in fig. 11 (a). Overall calculation of the proposed system for
controlling two sets of single-phase induction motor can be generated
reference voltage waveforms and SVPWM signals by only one
dSPACE 1104 DSP contreller board which uses TMS320F240
salve DSP. Load 1 and 2 provide of both asymmetrical single-
phase induction motors used for the experiment are shown in Table I.
In addition, the setting carrier frequency, f for the experiment is
1 kHz and the DC bus voltage is 310V.

T

Fig. 10. Root locus of the closed-loop speed control system
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B. Open-loop control system

This section discusses the performance of open-loop control
system for five-leg VSI which neglects the actual speed signal,
Nact and PI controller block of closed-loop speed control system
in fig. 7. The results shows that open-loop control system can
generate experimental SVPWM waveforms as same as the
proposed SVPWM pattern in fig. 6.When the reference speed
of M1 is set at 1,500 rpm (or 50Hz of inverter frequency) whilst
that of M2 is set at 750 rpm (or 25Hz of frequency), the duty
cycle signals for each leg can be produced by dSPACE as fig. 12.

Fig. 12 (a) shows a group of duty cycle signals D, to D¢for
controlling the motor M1. Fig.12(b) shows a group of duty cycle
signals D¢ to Dy for controlling the motor M2. Notice that the
waveform variations from both groups are different.

Fig. 13 shows practical signals from each part in real hardware.
Notice that orange lines of each duty cycle for five-legs (D to D)
before compared with triangular carrier frequency, blue lines
show switching signals from dSPACE, violet lines show filtered
switching signal by using RC low=pass filters which confirm the
accuracy with each produced duty cycle and green lines show gate

drives switching signal.
Fig. 14 (a) shows the d-q voltages for main and auxiliary
windings for the motor M1 and M2 (v, Vg, Vaz, ¥42) under (b) Hardware.
different frequency. Notice that the phase shift angles between v, Fig. 11, Hardware implementation of the proposed drive system
and v, are still nearly 90 degrees. In addition. Fig. 14 (b) to (¢) R T L TR UL @kt M

show three PWM voltages or terminal voltages of cach phase-leg
voltage and the winding voltages which can be provided by using
the difference between two terminal voltages from (8) and (9).

TABLE I
ASYMMETRICAL SINGLE-PHASE INDUCTION MOTOR PARAMETER
Parameters [ Resistance |  Inductance
1¢, 370W, 230V, 1375rpm, 2.66A, 50Hz, 4 poles, 0.=1.7723
Stator Main Winding | £.40 45.2275mH Rz - "
Stater Auxiliary Windin 44.10Q 142.0539mH n g e B o £ OF i MO
Main Windingnl'!olur . 16.88856) 45.2275mi1 - .- 0. Xy Tdet-14 2
Main Winding Mutual Inductance - 507.7757mH (a) Duty €ycle D,; Dy De (b)Duty Cycle D, Dp, Ds

Fig. 12 Five duty cycle signals which are arranged in separate group
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Fig 14. Terminal voltages for each leg and overall winding voltages for each motor
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Fig. 15 and fig. 16 shows phase-leg current of leg a to leg e.
Although mostly phase-leg current of leg a, b, d and e are similarly
sinusoidal waveform when operates at no-load and on-load.
But only leg-c phase current is different because this leg is combine
two common voltage with (21) that it are different both magnitude
and frequency. Even if overall phase-leg current waveforms in
fig. 15 and fig. 16 are different, but however on-load winding
currents for both motor are nearly sinusoidal waveforms and
displaced apart 90 degrees as fig. 18 and fig. 19.

Fig. 17 (a) shows actual shaft speeds for both motor at no-load
operation. Notice that the system can control actual speeds as equal
as reference speeds. When both motors take a load, the actual
speeds for both motor have rapidly droop for a few hundred rpm as

fig. 17 (b). Those are normal behaviors of open-loop control system.

Fig. 18 and Fig. 19 show main and auxiliary winding of voltage
and current waveforms for the motor M1 and M2. When the motor
operates at no-load as fig. 18(a), both main and winding voltages
are PWM voltage and also main current is sinusoidal waveform
with 50-Hz frequency. But only auxiliary current waveform is
different. Notice that the waveform is not sinusoidal waveform
and not same frequency. But however the auxiliary current
waveform in fig. 18 (b) has become to sinusoidal waveform
when the motor has a load. For the waveforms on fig. 19 are same

behaviors as fig. 18 but only frequencies have change to 25 Hz.

C. Closed-loop speed control system

For analyzing the performance of closed-loop speed
control system in fig. 11, the system has been tested with some
conditions to observe the response from the system.

Fig. 20 shows the speed response when both motors immediately
change the speed references while no-load operation. For this
test procedure, the reference speed eommands for both motors
are set at 0 rpm. After that the reference speed commands have
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been change to 1,500 rpm for the motor M1 and 750 rpm for the
motor M2. The experiment results in fig. 20 shows the responses of
step speed change to shaft motor speeds, winding current waveforms.

While the reference speed commands in fig. 20 (a) are 0 rpm,
all of winding currents of the motor M2 in fig. 20 (b) is about 0 A.
However, the winding of the motor M1 have some current and
it has been effort to the shaft speed of motor M1 which has a few
oscillations on the motor shaft as shown on blue line of fig. 20 (a).

When the reference speed commands have been changed
the values. All winding currents in fig. 20 (b) have immediately
inrush currents which are about 2 times of steady state current.

Notice that the speed response of the motor M1 uses more
rise time for about 2.5 second. Then, the inrush currents of the
motor M1 have been used more rise time as the speed.

Fig. 21 shows case of changing reference speed commands
and also reversing direction, the proposed five-leg VSI drives
system can independently control two single-phase induction
motors according to the reference speed commands

Fig. 21 (a) shows the multi-range of speed response of the shaft
speeds for both motor. The motor M1 reference speed commands
are set at 0 rpm, 1,500 rpm in the forward direction, 1,500 rpm
in the reverse direction and finally 750 rpm in the reverse direction.
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Fig. 19. Winding voltage and current waveforms of the motor M 2
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For the motor M2 reference speed commands are set at 0 rpm,
750 rpm in the forward direction, 750 rpm in the reverse direction
and finally 1,500 rpm in the reverse direction. Then, the shaft
speeds for both motors have been controlled to rotate according to
the speed reference commands. However, the both of the
acceleration time and deceleration time of the motor M1 shaft
speed is about 2.5 seconds whilst that the both of the acceleration
time and deceleration time the motor M2 shaft speed is about
1 second The inrush currents of overall winding in fig. 21 (b)
have occurred as long as the shaft speeds changing.

In case of the step load changing, fig. 22 and 23 show the
response of the shaft speed and winding currents on the motor
M1 when only the motor M1 or M2 is immediately taken and
released a load. Notice that the proposed five-leg drives system
still maintains the shaft speed for both motors.

V. CONCLUSIONS

This paper has dealt with the carrier- based SVPWM technigue
for a five-leg VSI feeding two single-phase motors. Classical
Pl-controller closed-loop V/f speed control is used. Clearly,
the experimental results from the implementation on hardware
have shown that the capability of the proposed five-leg VSI
drives system in terms of step torque response, independently
speed variation, In addition, it also reduces the number of switches
for about one leg and brings to reduce the switching losses.
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Fig. 20. Step speed change for each motor with different frequency and speed
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Abstract — This paper presents the simulation of a five-leg
voltage source inverter for driving independently two single-phase
induction motors with different speeds. Carrier-based space
vector pulse width modulation is used for the five-leg VSI. V/f scalar
control is employed for those motors. The simulation results show
that the speed for each motor can be independently control. Besides
that, the advantages of the five-leg inverter are shared capacitor
and dc bus together, reduced cost due to a decrease in power
switch count and driver circuits and also switching losses.

I INTRODUCTION

Due to the development of a variable frequency ac drive
using a voltage source inverters (VSI) is gradually growth with
both high performance and advanced technology. So, industrial
or residential applications are flavored to use an inverter like
the systems or electric applicants such as conveyor, pump, electric
washing machine, Air conditioning, refrigerator etc. However
the most of inverters are used to control just only single inverter to
single motor. But in the issue of energy conservation, it brings
about to improve the performance of VSI in many ways. Ref. [1]
discussed a reduction in the switching losses by reducing the
number of power switches. Ref. [2] proposed about hew to adapt
two sets of the three-leg inverter for two induction motors to
the five-leg inverter which it still independently control two sets
of a three-phase induction motor. When the number of switches
is reduced from 12 switches to 10 switches, the system offers
several advantages such as reduced the switching losses,

reduced production cost when reducing the number of switches,

D
i

Fig. 1. Proposed system of five-leg inverter for driving 2 single-phase motors

978-1-4799-5162-8/14/$31.00 ©2014 IEEE

driver circuits and capacitors by using common dc bus. Also
reduced the CPU number can be obtained using just only one CPU
for, all processing. There are a few publications of driving
double two-phase asymmetrical induction motors. Therefore
this paper will focus on designing patterns of carrier-based
space vector pulse width modulation (SVPWM) for the five-leg
voltage source inverter developed from patterns for two VSls.

Fig.1 shows the proposed five-leg inverter for driving two sets
of a single-phase induction motor (M1 and M2). There is one leg
of the inverter acting as a common leg. The specification of the
motor is 370W, 220V, 50Hz, 4 poles and it has 2 stator windings
so called main and auxiliary windings. When the reference speed
commands are set, the V/f control systems generate the suitable
voltage using the technique of SVPWM. PWM patterns are
generated for five legs with the common leg instead of six legs
of the inverter. Principle of generating SVPWM for five legs
will be given in the next section.

.. SVPWM

A. SPPWM for three-leg voltage source inverter

The SVPWM technique is widely used in modern ac
drives, particularly for three-phase induction motors by
determining voltage vectors in six sectors for generating PWM
signals for all switches in'a power circuit to control the torque and
flux of motors. However, Ref. [3] discussed the advantage of the
carrier-based technique, which it is similar to the conventional
SVPWM and also discussed the principle of two-phase SVPWM
for driving with the 3-leg VSI in Fig. 2.

Auxiliary
S"J';Eg SJJK} sill;} Winding
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b
o 4 —| Main
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Va/2 - Winding
S; Su Ss iy
kE kEF K%
Fig. 2. Three-leg VSI for a two-phase induction motor drives
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The advantage of 3-leg VSI is the voltage vector that it has
8 vectors (6 nonzero-voltage vectors and 2 zero-voltage vectors).
The space vector form of 8 voltage vector is asymmetric hexagon
as shown in Fig. 3.

The output reference voltage vector of inverter 7, can be
controlled to rotate with a circular trajectory and can be determined
by using two adjacent vectors, defined by U/, and U,, within
a half carrier period in each sector. The reference voltage vector
can be approximately by applying these equations.

V(;=Ph£9(,=#a,+zj%gz (1)
U, =Ve" (2)

U, =V,e* €))

AT/ 2=T, +T, +F, #T, (€]

where V; is the magnitude of the output reference voltage, V;,
¥, are the magnitudes of the space vectors, @, is the angle of the
output reference voltage, 8, & are the angles of the two active
adjacent vectors, 7}, 75 are active times for the two adjacent vectors,
Ty, T7 are times for null vectors, and AT is a carrier period.

Ref. [4] presented the equations for the terminal fundamental
voltages vy, vy and v with respect to the midpoint, 0 of de-link
voltage for a balanced case of output corresponding to the loci of
switching and voltage vectors as shown in Fig. 3 as

M Vil
Vg = == [sin{e1)] (5)
MYV :
Vi =‘i_""-‘|:sn{a)jt —%)] (6)
Veo =M‘,V“" [sin@, - 7)] (M

4

where M, is the modulation index (0 < M, < 1) for a linecar
region, V. is the de-link voltage.
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Fig. 3. Space-vector

123

Therefore, the balanced two-phase output voltages vy, v,
for the three-leg VSI can be expressed as

Vi =Van = Vao ~Vao (8)

vq =V = Voo — Vo (9)

Equations (5) to (7) must be added with the zero sequence
voltage for reducing lower harmonics currents and increasing
higher available modulation index, when compared to the
sinusoidal PWM (SPWM) technique. The zero sequence voltage

V..., €an be expressed as

Pl max(v,o. Voo, Vo )+ min(v,,, ¥4, Ve0)
zero 7

(10)

When the zero sequence voltage is added into (5) to (7), the
reference terminal voltage v, v,,.v,, for a three-leg fed
single-phase induction motor can be expressed as

:
Vap = M"; & [sin(w,)|+.,, (11)
Vi = M”ZV“” [sir{w.,r —%II N sero (12)
Vo =5‘-4£2£‘4‘~[sr‘n(aa,r ~r)+vy,, (13)

The gencration of the carrier-based SVPWM technique for

“a two-phase three-leg VSI can be obviously represented by

Fig. 4 where M,,, My, and M, are switching functions for
switching devices of phase leg a, b. ¢, respectively.

B. SVPWAM for five-leg voltage source inverter

Refs. [5] and [6] discussed how to generate SVPWM for
five-leg VSI for two three-phase motors and two sets of single-
phase loads, respectively. By the principle, when the conventional
three-leg VSI supplies two sets of a single-phase induction motor,
it must be used two sets of a three-leg VSI, or 6-leg VSI, that it
comes from the outputs of the orange block in Fig. 4 by calculation
with (11) to (13).

Vaa

‘ | Zero sequence
i voltage vy - Carrier
"GL: i1 Signal

Fig. 4. Carrier-based SVPWM modulator for a three-leg VSI




If two three-leg VSIs are used for driving two single-phase
induction motors , total reference terminal voltages are six voltages,

namely v.,,v,,,v., forthe motor M1 and v,,,v;,,v., for the motor

M2. These voltages can be reduced from 6 signals to 5 signals
for the proposed objective by using with these equations:

v, =, +v,)/2 (14)
vy =05, +97,)/2 (s)
=(v +v, ) (16)

o=, +v,)/2 (17)
=i, +v5, )2 (18)

However, these voltages can be considered as duty cycle
values, D over the switching period, 7. Since these voltages must
be applied to the five-leg VSI, The six duty cycles must be
reduced to five duty cycles by averaged with these equations:
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Fig. 5. Carrier-based PWM modulator for five-leg VSI
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Fig. 6. Proposed SVPWM Pattern for five-leg VSI

158

124

D,=(D,,+D,)/2 (19)
D, =(D,,+D,,)/2 (20)
D.=(D,+D,)/2 (21)
Dy, =( a2 +Dcl)/2 (22)
Dy =(Dy, +D,,)/ 2 (23)

Fig. 5 represents the carrier-based SVPWM technique for a
five-leg VSI by using (14) to (18). Notify that the orange
blocks or the PWM modulators for M1 and M2 in Fig. 5 are
the same block in the orange block in Fig. 4. Where M,, Mj,
Me, Mp, and M are switching functions for switching devices
of phase leg a, b, ¢, d, e, respectively.

Fig. 6 shows the pattern of the output signals for controlling
the five-leg VSI-when the reference speed of the motor M1 is
set at 1500 rpm and the reference speed of the motor M2 is set at
750 rpm. Fig. 6 (a) shows the pattern of 5 signals of duty cycle
and notify that the waveforms have changed from the original
waveform of the conventional 3-leg VSI because of averaging
commeon voltage signal, v.; and v, to the duty cycles of each
other motor. When these duty cycles are compared to the carrier
frequency, fr, the output PWM signals are generated to enable
switches producing the terminal voltage v, to v, as fig. 6 (b)
to (f).

Fig. 6 (g) to (j) shows the waveforms of v, and v, for each
motor by using (8) and (9).

. OPEN-LOOP V/F SCALAR CONTROL

For analyzing the performance of the proposed SVPWM
characteristics when used in a drives system, an open-loop V/f
scalar controller is seleeted to be implemented on this system.
Because of its simplicity and non complexity for implementation,
It stillis widely used in many drive systems.

Fig. 7 shows the open-loop V/f control system for generating
the terminal voltages v,. vy and vy for each single-phase

motor from the command speed, N, '

When the command speed, NV, Lo 15 set, with a V/f profile

the modulation index, M, with this equation is obtained as

74 .
M,=—= (24)
Js
V/f Profile
" ;
N Integrator e
Veo

>l

Fig. 7. Open-loop v/f controller for five-leg VSI




The modulation index, M, is related to the ratio of voltage
and frequency and varied between 0 to 1. Due to the balanced
voltages applied, the auxiliary winding voltage and the main
winding voltage have the same slope of the V/f profile.

For calculating the stator angle, 6, the command speed, N,
is used for determining the with

_ (PN, 2m
8, = j6—0dr +C (25)

where p is pole pairs, C is constant for an initial value of the
integration.. After determining the modulation index, M, and the
stator degree, &, it uses (5) to (7) to calculate the terminal
voltages v,, vy and vy for each single-phase motor
respectively.

2 202 204 208 208 21
Tima (Sec)

Fig. 8. Duty cycle, PWM voltages for each phase leg and winding voltages for
each motor with different frequency and speed
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IV. SIMULATION RESULTS

The diagram for the simulation and analysis of
performances of the proposed open-loop V/f control for the
five-leg VSI in driving two sets of single-phase motor is
shown in Fig. 1. Detailed parameters of both asymmetrical single-
phase induction motors used for the simulation are shown in
Table I. In addition, the setting carrier frequency, f- for the
simulation is 2 kHz and the DC bus voltage is 600V.

Fig. 8 shows the duty cycle for five-legs (D4 to Dg), the
PWM voltages of each phase-leg voltage .the d-q voltages for
main and auxiliary windings for the motor M1 and M2 (v, vy,
Vaz, Vg2) under different frequency.

TABLE 1
ASYMMETRICAL SINGLE-PHASE INDUCTION MOTOR PARAMETER
Parameters [ Resistance |  Inductance

16, 370W, 220V, 1370rpm, 2.8A, 50Hz, 4 poles, o= 0.9627

Stator Main Winding 7.3Q 37.7618mH
Stator Auxiliary Winding 21.30 3243mH
Mamn Winding Rotor 8.8533Q 37.7618mH
Main Winding Mutual Inductance - 377.2363mH

Vase MIGY) Ve Mi(V)
o« SE8. 588 BE_sas

T MI(A)

(d)

Je MI(A)

Ve M2(V)

Vo M2(V)

lvain M2(A)

ime M2(A)

2 202 204 208 208 21
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Fig. 9. PWM terminal voltages and winding currents for each motor with
different frequency and speed
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From Fig 9, the reference speed of M1 is set at 1,500 rpm
(or 50Hz of inverter frequency) whilst that of M2 is set at
750 rpm (or 25Hz of frequency). The phase shift angles
between v, and v, are still nearly 90 degrees. Winding currents
for both motors are nearly sinusoidal and displaced apart
90 degrees.

Fig. 10 shows the electromagnetic torque response for a step
load change from no load to full load of 2.5 Nm at 1.5 sec. As a
consequence speed decreases from 1500 rpm and 750 rpm for
M1 and M2, respectively.

. & . 885588 884 588

~ R
25 4 (c)
5
5
25
rz.: A I3 (@
% H
1800 S ————— . . . ...
1400 1§ " (e)
1300

0., 886,588 886,888, . . .

Torque M2(Nm) Speed M2{rpm) [y, M2(A) s M2(A) Vo M2(V) Voo M2(V) Torgue Mi(Nm) Speed MUmm) fpy MI(A)  lugie MI(A) Ve MI(V) viia MI(V)

Lbaulg

Fig 10. Step load change condition for PWM terminal voltages and winding
currents, speed and torque for each motor with different frequency and speed
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Evidently the rotor speed of M1 and M2 in Fig. 10 (e) and
(k) are exponentially decreased about 200 rpm and 150 rpm,
respectively and became to a new steady state within 200
milliseconds. However the effects of speed droop and slow
speed response are normal behavior of open-loop control system.
In addition, the M1 and M2 currents in Fig. 10 (c), (d), (i) and (j)
are relatively increased with the loads but it quickly become to
steady state faster than the mechanical speeds about 100
milliseconds because of the lower electric time constant of motor.
However, obviously electromagnetic torque is fluctuated for
both motors. These torque oscillations can be reduced by using
applied unbalanced voltages introduced by [7].

()

(e)

-4(D)

Torque M2(Nm) Spoed M2fpm) i, M2(A) it M2(A) Ve M2(V) ¥in M2(V) ' Torque MI(Nm) Specd Milmm) Ly MI(A)  iggic MI(A)Y  vour MIV) v MI(V)

17
Time (Sec.)

Fig 11. Step speed change for PWM terminal voltages and winding currents, speed
and torque for each motor with different frequency and speed




Fig. 11 shows the speed response when the motors immediately
change the speed but have no-load all the time. For this test
procedure, the reference speed command for the motor M1 and
M2 are still set to 1,500 rpm and 750 rpm, respectively until
the speed become to steady state. When the time has reached
to 1.5 seconds, both motors have simultaneously changed the
speed. For setting the speed command, the motor M1 has
changed the speed from 1,500 rpm down to 750 rpm but the
motor M2 is set in the opposite way. It has changed the speed
from 750 rpm up to 1,500 rpm. Cleary the results from Fig. 11,
the proposed five-leg VSI drives system has effort to change
the speed to closely the new speed but however the actual speeds
do not equal to the speed commands because of the open-loop
control behaviors.

Besides that, the dynamic response of the M1 and M2
mechanical speed changing in Fig. 11 (e) and (k) are different.
Notice that actual speed of the motor M1 in Fig. 11 (g) is quickly
decreased and settling to steady state within 100-milliseconds
while the motor M2 in Fig. 11 (k) is slowly increased and
settling to steady state for about 400 milliseconds because of the
moment of inertias of motor.

When the motor Mlspeed is decreased, Fig. 11 (f) shows
the simultaneously maximum torque but it is negative because
the motor produces the negative torque to slow down the
speed. While the motor M2 produces the positive torque as
shown in Fig. 11 (I) to turn the motor speed up to setting
command but it takes a longer time than the motor M1.

The main winding and-auxiliary winding voltage waveforms
of the motor M1 in Fig. 11 (a) and (b) are shown during the
frequency reduction while the motor M2 in Fig. 11 (g) and (h)
are shown for increased frequency.

The main winding and auxiliary winding  current
waveforms of the motor M1 in Fig. 11 (¢) and (d) are shown.
The simultaneously inrush current within 100 milliseconds can
be seen due to a deceleration interval. Although the current
waveforms of the motor M2 in Fig. 11 (i) and (j) are occurred ,
the inrush current is lower than that of M1 but it takes a longer
time than the motor M1 for increasing the speed during a
acceleration interval. However, the magnitudes of currents
before and after occurrence are equal due to the same load but
the frequencies are different.
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V. CONCLUSIONS

This paper has dealt with the carrier- based SVPWM
technique for a five-leg VSI feeding two single-phase motors.
Classical open-loop V/f speed control is used. Clearly, the
simulation results have shown that the capability of the
proposed in terms of step torque response, independently
speed variation, In addition, it also reduces the number of
switches for about one leg and brings to reduce the switching
losses. According to the simulation results, the proposed drive
has a potential in implementation by hardware to confirm the
proposed principle.

REFERENCES

[11  E. Ledezma, B. McGrath, A. Munoz, and T. A. Lipo, “Dual AC-Drive
System with-a Reduced Switch Count,” IEEE Transactions on Industry
Applications, Vol. 37, Ne. 5, 2001, pp. 1325-1333.

[2]' G ). Suand 1. S. Hsu, “A Five-Leg Inverter for Driving a Traction
Motor and a compressor. Motor,” [EEE Transactions on Power
Electronics; Vol. 20, No. 1, 2005, pp. 107-115.

[3] ~Ch. Chamumit and V. Kinnares, “Carrier-Based Unbalanced Phase Voltage
Space Vector PWM Strategy for Asymmetrical Parameter Type Two-Phase
Induction Motor Drives,” Science Direet, Electric Power Systems Research,
Vol. 79, No. 7, pp. 11271135, July 2009.

[4] Y. Kumsuwan, S: Premrudeepreechacham, V. Kinnares, “A Carrier-
Based Unbalanced PWM Method for Four-Leg Voltage Source Inverter
Fed Unsymmetrical Two-Phase Induction Motor,” IEEE Transactions
on Industrial Electronics, Vol. 60, No. 5, pp. 2031-2041, May 2013,

[5] S. N. Vukosavic, M. Jones, D. Dujic, and E. Levi, “An improved PWM
method for a five-leg inverter supplying two three-phase motors,” ISIE 2008.
IEEE International Symposium on Industrial Electronics, 2008, pp. 160-165.

16] . S. Somyadee, V. Kinnares, “Development of Five-leg Voltage Source
Inverter Control Strategies Using Space Vector Modulation for Supplying to
‘Three-phase Loads and Two-phase Loads”™ Master Thesis in Electrical
Engineenng, Faculty of Engineering, King Mongkut's Institute of Technology
Ladkrabang, 2010.

[7] W. Piyarat and V. Kinnares, “Performance Evaluation and Slip Regulation
Control of an Asymmetrical Parameter Type Two-Phase Induction
Motor Drive Using a Three-Leg Voltage Source Inverter,” IEEJ
Transaction on Industrial applications, Vol. 130, No. 7, 2010, pp. 858-867.




UseInnN15ANEI

W.A. 2546

W.A. 2538

U52IANI15NI19U

W.A. 2538-Uagiu

128

UseIngLueu

Yo-uwana ATy waded
U weu Ui 26 NsngIAw 2516
o 37690 WOULASYIIBAT 7 heN 7-5-3 QUWATYIIEYS

WUNUNElAE  WAUIABLYAN TINIANTUNNUMILAT
10120

AAINTSUANEASUNUUAS @13 FInssu bl
UNINIASNA UL NTLIDUNANTEUASLD

Aranssuenansiaudie a1u3manssulnih
WINgIREmAULAEI19IAATYUS

HY78AIan319158 N1A3313ranTsulnd Augdaanssuatans
W IngIREmAlLlaE TYRIAATYUI





