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ABSTRACT

Electric vehicles driven by an on-board battery have been widely used in various
applications, e.g. a golf cart in golf yard, a folk lift in an industrial plant or service car in zoo.
Their traction drive conventionally employs a simply-controlled DC motor. However, there
are still several disadvantages of using the DC motor, such as maintenance problems,
expensive cost and larger size. Alternatively, to drive an AC motor by using the on-board
battery requires a power inverter circuit in which a square-wave voltage is produced across
its output terminal and then energizes the motor. AC motor characteristics especially the
torque-speed curve under the square-wave excitation differ from that obtained by the
sinusoidal excitation. This research is to study the single-phase AC induction motor
characteristics through the torque-speed curve estimation under the square-wave power
supply. Obtained torque-speed responses are used to formulate a simple expression to
represent the motor characteristic. The results can lead to traction-motor design of an

electric scooter vehicle with high efficiency and energy saving.
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state) uaziuUUTkannalugUvesan1zdns (transient) wuudrasdluanizasidsldiamn
WNNguauinudninmyu (revolving filed) vinlildnavsauyavesnawes lnefiansan
wuy 2 wialiianga $198fiunungails (stationary frame) luuvuiiaesiazlddngaan
swinwaaavdniurnaintisidufidenvesdusiiumisiseninaainvdnuas
ypanYaeisdruvesaumudimdnuyuludrmdiuarauinudndnnguludamas
(symmetrical component) LLazﬁﬂﬁﬁf\mmﬁmiﬁwmmaqa%ﬂ?mam%wﬁ@jué NA1A
Luuaeanana1szgniluiiansanandulAwssdaiuaius (Collins and Ashley, 1991)
sotuuUTIansngufaususimdnuyuldgmianly lasendenuduiusvesusanion
wliwdanlniln (magnetomotive force) ¥0aUARIMNNSNUATVARINYIY INNUUUIIADIAINGT?
Amiiwesazeglusuvesifunuuaziaunieni aunsvesusidnazeglusUveanszua
Ya9na1nuan(Mademlis, Kioskeridis,and Theodoulidis, 2005) 4n15RA154LLUUII1AD9

s A ° = I3 s a =
YDIUBDLFDILNULIULUULN AL RSN T UN DA DT UUAD I NE I@SWQWﬁmWQWﬂWQHQaBQLLﬂu (dq-



frame theory) Munua198ameniis(dq stationary frame) Ineuloglugurasaunisissiu
YDIUARINALADIHALUAAIALTLADS Imﬁ%méﬁ’uéﬁ’aﬂﬁnLﬁmmﬂma@mmaqmzLLaﬁumm
FumusnAuANandurinvesammasuazlmnes diuaun1IvewmsUATaNRLAUUSEY
szvagluzuremaguuaasuanuauduasinfulszaguiunssuanamines (Abdel-Rahim
and Shaltout, 2002) 91NN15WA1TAILUUIIAD9DIUBLADTINTLIUTLUUABUNAIINN YA
A o va ' ) ° a ¢ P a ¢ . .
aotunu Werhlldiasansiudunisinuvesaindusaiomilaud (centrifugal switch)
¢ A @ 2= @ 1w & <@ '3 & a ] ) v v

1LHB5LIaAINNLEIVRIUBMBSLAIAIUS VAU 75asiFuRveIANNLSITalATTE Vil L
WUUIABIVBINBMBS N UL aReILUUenE (Correa, Lima, and Silva, 2002)

2.3.4  msmuANAuaNUAnIsTuAGauNBImastiedUn

¥ & PN o o @ Aa ~ wa Ao

nsldnunewesmiienludigduluntendewinauaudiinaleysensnania
UOLMBTNTZHANTY UAn1TAIUANAIUSIvDBw s nTululdein Felinisiaun
MeuBLlEannsedndninas 1313saunsaruauAuLIvewewmasmienilauntulagis

a as vy \ ) ¢ a a a )
AIUANE 2 35 lakA N1SUUIAMSIAUAMNDINAUDAIN LAZNITAIVANAIINAYDILTIRY
AALNDT

NTLUIALTIAUALNLA DI NAINAAIT (Variable Voltage, Fixed Frequency: VWFF)
aad Y W & ada o v a | a
Filazldndnnisvesnisaiununa (phase control) WWIsMMlANeLazisIaIgn wisyuud

Usgavsnmanflesannilesidudvesmdsgadelulswmesvowamesaziinduniuady (Slip

' '
a 14 =

:s) Masgayideluammeiagiindumeiioninnisiiuduveanseialuannosiioady
WNTU NIAIUANLIIRUTUTEANSA MV oM asTIuNsIdn (torque) FvanaduInlag

ANETIAIEIA 9 1TeINNeLMDIHEINIUNAIEEUEY AIud A IUNITAIUANLTIN Y

(% [ (%
I [

aaedsiavyinliAnenTueiinuindusislu AC line warludiueames viliiidaugeyde
Ty SnMeiiUsenaufdiwesssuUIzanasmIumINEITeuTLewmesmededeninann
ibinisldnuesszuuamuauanuElegismunuusugnitdamnizlussuuiifivueién

LATYUIANAI FIABINITIIAQNUINNIUTEANTAMLAEAIUTENBUAIRY lAgn15AIUAY
LY

wsssuaunsamuaulanigisnisusuuivresaalandnaznistidiannsedndinaulusa

AIUAN (Metwally, 2001)

=

n1smIvAuAIINdveskIsiuanned luIsnsUTuA1AIIS BN BINaTIT W]
UMaTIgNINERIEUNaITIENa1NNTaUTUAIANNELA AAudNgnUSuRlia NSy

Ausaiuluguvesdnsdu FsdmalilaiSnsauguanud 2 wuu laun

1) MImuANlagN1INYITNTIEILYRILTRURUALATAAT
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Soisdesmaiivanuiwesewe findenivililaensmaiinnnuivesusdiu
nnyadunedinesivihvihiiduundsdngl uddefiuanudagilindndusiminludes
9107 (air-gap flux) anadlileanInnnsanasveensEuasinan (magnetizing current) il
15399g9gn (maximum torque) anad Ile3nw1szAuveInsELawsinanuazLssdngegn
dananlviasd Sndudesdnvisndiuveussiuresunasitonenudliiiiinad douals
Anmstuindouseimesfiiussinnsi (constant torque drive) aenslsfiniu AMsAIUANLUY
dlalugupnugasninarudaiinn (rated speed)

2) m3muaulnsmsnusnTduvossiundliagg

Tunsalfifesnsmuaumavisuveseimesfiguanuiiginitanusida usede
liannsndnuliasilfidomnagiliuemesiinan 1ginaniu fu msnunuuoinos
Tudnwauzild33 Variable Voltage, Variable Frequency (VWVF) mimuaummﬁﬂus}mﬁ
Mdugsaavosmamoivieihneddad winsdefidananionusufisiu tofves
N15IENIIMIVANLITIFIUAD d11150AUANLTITNVBINBIN DS ALlAEN1TAIUANERTIEIUVES
usaufuauivesmownes usadaidudu (starting torque) TasuawmaiiinAngs uanainiing
mauauauslagldnisavauussduilalaglisndudedinisloundunsedsyuy
dounduiindndesfazlineliifnnadomeofisulssiessuy udazviliAnanunainiadeu
YDINMIAUALATILTITOUWTY

NNMsENwIMuivesnstundeudiedu IEinmsAnvimadanmstundoulaed
mstuirdeuilifuneimesinioniuais: lumsAnuiisnsdundeuneamesiviiiiie
USuussanssouzveaemed 1y Aussda annudy Wudu wmedanisuiudiauives
wrgsgnefioeuisunareamainnisusunsatuliafigdsliaed (constant power
dissipation: CPD) fulnafiAn13nuANsnIdIuveLsssiuiuaudlingi (constant V/f
Tnonaillés CPD aglanssouzvosusadaiigauazannsalinuiigvesanuinieniis
Constant V/f udlu12aa21ud 26 Hz fa 60 Hz frdsaulnfinfldluomesnudn 35
Constant V/f agila1ianinis CPD wazAwsadudld 38 constant V/f azdldifesninis
CPD fiaudiiieaiu (Collins and Ashley, 1991) msmuammé’mﬁaiﬂums%’um?{auﬁﬁ
HaraAuauURvawmes UTUnsInuBunalagdiassinIun1sAIuANMIUSENaUMAa tnemn
ﬁﬂé’qﬁuwmﬁﬂ'ﬂﬁasﬁqmmzﬂizﬁw%mwﬁﬁmqﬁqmmﬁmﬁuﬁ&iaLﬁaﬁﬁéf’mizﬂauﬁﬂé’q
(power factor) fldvanzaniign N13AIUALATIUTENBUAEIILAILINAINYLANTDS
nNzUaLazLIIU (phase shift) lnaA1UsednSninazuanseanuluguveamaueding ol

nsUsuAusaiulagldlulasmeulnsamesusuyugavuau (firing delay angle) valnsuen
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dielildusedamuiiinandeansuazdssnwadusenaumasls (Benbouzid, Beguenane,
and Capolino, 1996) mamiﬁﬁ’aaﬂmqa%ﬂaﬁuamm%Lﬂﬁaumama%mﬁmﬂmwLWaLﬁm
WUURNN 9 WU AC/AC Chopper Cycloconverter Single Phase PWM inverter Two Phase
PWM inverter iiathluldlunsusuaudiveswamesmisitiaiion Tunstundeu
nnmsuanulaglingdnmdiudomnuiiansiiiiensimuaussousvosusedniisty
mmﬁlsﬁl’ﬁ (Ba-thunya, Khopkar, Kexin Wei, and Toliyat, 2001) N1591909NANDLADS
wilsnmaiiernnuvdsitsuuuassariugaduindounemeslnglddunosinesuegan
WUUNAS N1Sas1ussRuYRIduInsnesazidanlanaila selective hamonic elimination
(SHElngRansanyugaewwvesgUnsaiaing Wiledglviynuameudasynunainlaonailias
'ﬁﬂmﬁmmwamaqamaauwawaLmaﬂuamw%ﬂjLLazamwméh AINNAVDINITI1AD
nanuIINsTuRdsuNesLuasaaltaussausTinnIwUUIaLR ) (Abdel-Rahim and
Shaltout, 2002)
235 myUsendanasaulunamasmienin

nsuszndandenulunemesinieniiegluguuuuveunaiinnismiugunisvieu

q

[

vesypduindeuiielilfnivuzanivinliueinesiussansawgsganiefiddanunns
aydetiesiian Ingdsnsiungandmiuauaunshaunuresdunefine suuumndu
(six-step) AdelvinemesmilsnifiliiAnuszdnsnmgean madadnanAenisniuay
audveslsines (perturbing rotor frequency control) LLazmamuqué’mwdauswdw
wsadufuAImLd (V/F control) Tnstiaussaluguuuvvesdesifudvesuszsansamdy
Wesidudvesnud Tneauszansnmazeglusuvesilsiduvesdady Aarmduazen
u5eUYBILNEITE (Parviz and Jimie, 1991) nMsaandanugayidelunemasmilssthan
wia uuuiassildidunuuannzashiieglusunisiasanuuuasiuny Tnemadanismen
g fanaylinisfuminuuiuiuindaneifiu (Genetic Algorithms: GA) e ldndusindn
yaslained AlAuNgan MnuanIIAaeINUIITEUUTIEMIMIAIPINEaNSY GA /1
Adsugaidsazdosniiszuuildfinnsmndinuminzausdie GA UoNINHI U
Uspang S1uauiuresnsuvluaeiuddainadeussaniamludiaiuifiundeves
wawmes (Poirier, hribi, and Kaddouri, 2001) ﬁmumsuawszﬁw%mwsumuama%mﬁmﬁ’]W\Ia
FeruuuBuAueiesnsfuivuszglasuuudiasmuademanveueimesiiuuuy
symmetrical component model lun1sajuauazldlasuenlunisainuauusidues

wasdnenaglinemes (voltage controlnismiatanumnzanldauduiusvesnsz g
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YDIUARIANSNULALNTLWAYDIVATINYILLNEMIAIAIILMIzaN VI LaUsEAnSnnaiian

meldteulunsnsivosussdniMademlis, Kioskeridis, and Theodoulidis, 2005)

2.4 a3u
X P aw ad A A 1% ) a ° =
unilnanianwideuaznguiiiugiunineidesiuuewesiiimdenimaien g
nannalAsIaseuanowas i Iwmteldl nann1svinuveauames il unienn
° I’ & ~ ° ) ) B3 a &
WUUINABINANAANANSVDINDLADS b WTeI1 nsUsendandsnulaeuluiuawes

LY

Tnfmdenihwades Faduiugiuiazdundneilusnuised



uni 3

N1331829NALAZNITNAGDU

3.1 na@1in
nMsfnudnvuzautiveswewmesiumisnimaisuietnnldnuiundou

salyifh Fesfnuandiusedauazanuiiseududdny Wesnaussuutuiedouduaud

Fodldussaalunsiduoeniuagmassanuditeldnieiy wieaaluan Tuunilldvins

31809 ALAENAABINIUTUTWNTUABUANAD S BAN WA NBULaNURAINAILALNATDINS

(%
v

wlUlganudusaansmesiii (electric scooter) fatl

14

3.2 N15U52UUAILSITA-A1UL5259UVBINBLADS O TN I8 A8 DULIB S IaTA1USUNIS
JULARBUSO WA

S0TULARDUMIELUALADS T T T Ui ue 81903190919 Wi Tuauiunadu 159y

v a a

9AAIMNTIN NUILAUTIYNNT $TIa AL wieaiudnd 1Wudu nistuimdeudiunisniu

X
=

vewasiinAzNATUANME wiltaidenalsdsenis Wy N15UNTSNWIEEIN TIALNT LAz

a & v o

UINRBRNALANINNBLABS WA NLeT LTuau n1sUNBmastent et uldaudaltleas

a & ¢ v & A Ao = A A a & o
dunasmasiiowlastnlidued Adyg1andusUuraud sy aussousYoIuLnasLad

A QU

Aeldundanglid danuwandrsainnsaindeusisunasdnglns Uluilaense e1uideil
Aflunsfnyaussauzvewam SN uAMENYMranUALSI A -AMSITEUTRINeINDS

meldunasnelnsuamasy wuudaeduannstinsgniunldnuiediasmanisdnel

|
a v o

mewaITIg AR nanauauanlaazgniinly ieasianuduiusnisadinmansiu

¥
av A o

sUv9aNN159819978 HantAa1nauIde i lgeankuunistumaausa linmeuLnesLe

&

%ﬁgﬂﬁi’fum'mﬁuna%maﬂﬁaﬂﬁqﬁﬂizﬁm%mw wazteUszudanasnulusuaala Uelnosnd
fiin 1.86 kW wewwasiodilaingdfiin 0.26 kW uavuainasiedarumlaiin 0.37 kw gn
Yrnlineaeu eUseiliuaussaususidn-auEiseu naannageu WU ARANYNLY
amﬁam@umﬁ@-m’mL%asaumﬂmiﬂaulvﬂm81%LLwéaﬁiw81W§U§Lw§am f5Usemdneiuns
Houshounastioguled detufisssuausingeanwintu vlfaunsaussnueussdald
Tneldusuguitanzas

3.2.1 uawnasluiin

vowmeslilih Wuesesleilddmiuasundsnuluindundnunadssinsldn

lutagduegimaintate nsldanuuswesiniituzuumudnuuenisldau wiag
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‘U'i%Lﬂﬁn%\i@’j’lL%MWzﬁUﬂﬂuﬂizLﬂﬂniﬂﬁ’NLGZJ'L! muﬁ%’mmﬁ’siauqq uiifeanisusedn
1119 uiiFeaniznrvauami: Wudu sewefliiwvsesnlfiiu 2 Ussinnany
nszualniildany denoweslviinssuaadunazuawmaslniinssuanss uamaslni
nsvuaadutusasouvseanidy 2 Usvinnde vewmeslifiuaisinazuemesluii 3
wia luiillgnaniwemedmionimiavawavuomesmionh 3 wa eisoavidonsad

3.2.1.1 Ualpasna

1oL a5 insTuanse aunsaulseaniduaealsslnnaudnuiLueaLnLnes Ao
YARINAUNNULIINEN (wound field) LaTuUUTALIMENA1S AulsmuvnaInauIiumgn
gzuUanondu 2 Ussamaiun1snssAuues aunuudivan As wuunszauuen (Separately
Excited) uay WuUNsEAuF1Le9 (Self-Excited) ndn nsvinuvssuaimeslnihidduoide
#aNN13909UHA387 VoIEUINRILUNANIINUABINAUINRILNANUAY YNAINDISLDDSTI9
Aavudiotinszudlwinlvarushveaindiiiiiu ussiintulursaindtifidnseualnaniy
wazrvegluanuiingn lunsdeewatuldliuuusasmnndamansainsuil 3. 1uans

(%
0

TiudalassasiaveslamasnalazaInlATIas19vaILIns AT

tmotor

Ve Tanolied

7

JUN 3.1 laseai1avesuoinesng

[

LAUNTARHUAUNTADIUL ORIl

1R 1
i i ;0 v
L L a
T K K + 1 T (3' 1)
w -m __f @ 0 —-—— applied
J J J
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3.2.1.2 uawmasindylti 3 e

WUUTIABIYeINaIRaSNTe I INIMUY 3 Wa uay Luualiedtdy 91nn13AnY
WUINdnTIATIgYieg 2 LUU Ae NINTILUUANTIZAI (steady-state model) Uag WUU
an1agnadn (dynamic model) IagluuINaeswoINlnasuleuIluuan1IEAF1v84
WBMOTMLEIU U 3 WaagiaNTu1NITaANYaLUY dotlanianiaiuduiusvesnisnuy
a Y v A 5% ) ' a a . . a
Nawmeiiulssiunlsnedaiudnsndiuvesseulsedning (effective turn ratio) lagaydl

nsteAnssivesvesdsmesiveguuamines faguin 3.2

(I1=s)
R

w

JUN 3.2 2asauyanemeaiinieindl 3 wia

MNRTANYAaUMINszuavedsnaiiarusilavewamesivileniazaunsnssunglalag

aunseialul

| = Vi

r R (32)
(R, +—)+i(X, +X,)

S
Xm
V =——V
"ox +x (3.3)

— . - ij (Rls + jXIs )

Zth - Rth + thh - (3.4)

R, +j(X,+X_)

2
3v, R/
S

Tind - (35)

o, [(Rm + R%)Z +(x, +X, )2}

wuudaemenainvewamesivileni 3 waduannsaleuaunisanuglveglugy

1%

apolUil

= [AIDg+ (el .



e

[e.]=

le.]=

1 1]
Lls + Lms - Lms - Lms
2 2
1 1
- Lms Lls + Lms N Lms
2 2
1 1
- Lms - Lms L/s + Lms
2 2 i
2
L cos Q L cos (9, + —)
3

27T
L. cos(a - —)
3

L

27T
s cos[a + —)
L 3

L . COS Q

m:

27T
L. cos(@r +—)
3

27T
L cos(@r —)

oL, sin(@r

oL, sin(@r

@L_ _sin Q

16

L cos@
ms r

27T
L. cos(@r — —)
3

27
L cos(@r —)
3

L cos 9
ms r

27T
L cos(49r +—)
3

Llr + Lms

27[)

3
27

+ _)
3

27T
L cos(@r - —)
3
27T
L. cos(@r + —j
3

27T
.l sin(@r + —)

L cos@
ms r

27T |

L cos(@r +—)
3

27
L. cos(e, -——)
3

L cos 9
ms r

3

oL, sin@

27T
oL sin(@r — —)
3

27T
L sin(@r _—
3

27T
oL, sin(@r +—
3

L sinO

)
)
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i 27 vy
L, sin0 oL sn@ ——) oL, sin@ +—)
3 3
27 27
[H,]=| oL, sin@ +—) L sin€ oL sin@ ——)
3 3
27 27
oL sin@ ——) oL _sin@ +—) L, sin0
L 3 3 _
—R, 0 0
[H4] = 0 - Ir 0
0 0 _er
F 5
- 0
[m]=|
1 0

P T
[LI] = Vas Vbs Vcs var Vbr Vcr - (TE _ TL ) 0

2J
6 o
[c]=
G, G,
H, H, |
[H]= o
3 4
G o]'[H o
A =
[4] 0 1 0 M
G o’
Bl =
[5] o

Tnefi R flo mausunusemlavesamnes (Q)
Rir A9 ArAuaumussiavaslsiaas (Q)
Lis Ao Aaruwmienideimavosamaes (H)
Lis fio Aaumiieniremavedlsmes (H)
Lms A9 Aammiioniimiauindn (H)

0 Ao fumisvealswes (rad)

M 79 AMULSI99L593 (rad\s)
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[as, ibs , ics ] A NIZUANS 3 LlaURsaLALADS
[as, Ibs , ics ] A® NTEUENY 3 iavoslsines

Jn A9 ANTULAAINULABYVYDILBLNDS

3.2.1.3 uamasidenun 1 wia

lunsilvasuuinaesawamesnileddwuunalRe1dn1TRaN TN TAUYAIN
nouf auuwlndnuyugitlisasialieuvedamesgnuaneaniu 2 @i naaniduws

wildnvyuluthai was duuslmianryuludiunds fegui 3.3

Rl JXm
—_—

j7m 44— Forward
branch

Backward

branch

JUN 3.3 29asauyavetawmesivileni 1 wia

4 a o a 1% [ ] a U | [
UMD IAULIUNNFALIUTENDUAIY VAAINKAN VARINYIYNINIAININU 90 BIAN

a

mslalfihuudiuiiegfuil (stator) gpvaaIadavay (rotor winding) MIMIKUUTIABIMNS
adlamanivesuainesivioriinafoazlduvudrassuuunaindsiesordonisiansan
HOWBSUUU 2 UNU FeUsenaudae direct axis (WnU d ) uag quadrature axis (WNU q ) G
#3 2 unuazseaniu fdufednuasnsreivesauamevinuasynnaIntierlie
aunuuilimdniideaintu Seausofinnsalaeldndnnisvomaug 2 unuld Tuiidey

N TUNLNUB19BaveATis (stationary reference frame)
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Stator

g, axis

(7

Nas

Aux
Winding

e

Vas

———

Nes

igs s axis

w Qs axis
s
Vas
s Main
d-axis  winding

gﬂﬁ 3.4 direct axis Wag quadrature axis VOUBLADILUTIEIUN

NATUIATLSIFUVDIVARIANUUALALABS WAL ISHBS aLbanIuauni1sh (3.7) way

AUN159 (3.8) MUATGU

Vqss _ rqs + qusqs qusds

V(fs B PLsgs as T PLass ]
Vol e+l pb ]
ar | _| ar qrgr qrdr

drr P Ldrqr "o T Ldrdr ]

s r
lgs s Losgr  Losar | | gr
p

s r
s Ldsqr Lasar Iy (3.7)
i’ L L i

qr qrqs qrds gs

(3.8)

’,r Ldrqr Ldrds is

ar ds

MinsulasAwsesiu Anseua lulswes (Vgr, Vdr, igr, idr) lUeguu awnes 310

AUNITUIIAUTDY Nalaines uar awnesazlauuudiassuiglianiusuuunus1dmentls

[
v A

PNU
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qz r, 0 —@L,. sin (9, —@L,. cos (9r i i;
Ve 0 r oL cos@ —wL sinf ||i°
ds ds r—mgs r r—mqs r ds
' = ' " +
) —-wL sinf WL cosB r 0 il
ar r-mgs r r-mgs r r a
ve —wL cosl@ —-wL sin@ 0 r i
L dr | L r—mgs r rmgs r r 1L dr_
L, +L 0 L cos @ —L sin@ _,'s ]
s mgs mgs r mgqs r gs
0 (L',ds +L ) L _sn6 L _cos@ ||
mqs mqs r mqs r ds
. Pl .
L cosl L sinf (L +L ) 0 i
mgs r mqs r Ir 'mgs qr
' .'s
L, Sin Q L. cos 6’r 0 (L,r L ) Lo
JGRL lgs AD AINFIUNIUTDIVARIAWAN

Fas A9 AUAIUNIUYBIVARINYLE

Ligs Ao Anuwilenthadasiivnainndn
Ligs Ao Anuwilenthndesfivnaintiy
Lir Ao muwideniedesilsnes

Lings F8 A3 MATE I Iawingn

s Ao nszuai U UILTeAAIANEN

igs AD NIZUATENUAUNIUTOIVARINYIY

3.2.2 wasanglu
1 | =3 a o w = [y a & $ I~ ¥ o
wrasdnelidudsdragusenisnislunistuirdouuomesdaduiufidwesnis
FJuimaoua1e o wuasiglunldlusuided deneiu 3 Ussian
3.2.2.1 waaelned
wrasn i leduselwilinsswaadunltaurainiselndnduiivsandoulnilwlsan
Juilanduvedled dreai1ud 50 souneduil (Hz) Aswandlviwiulugud 3.5 3adugy

maudyanluilugauad
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VYoltage(Volt)

1 1 1 1 1 1
0 2 4 6 8 10 12
Time(s)

U7 3.5 unasaneligulend

3.2.2.2 wasieluigUdmaes

wiasinglindoulituuewmesinideidiediu Tunuideilseenuuuunasanglnmdu
sUAwRBNAwansliiuiagun 3.6 Feguaduiiluguadunliannsuuasweduesinesds

lassasavesduiesnaiiuazuanslanguil 3.7 uae 3.8

300 : T ! !
(e ) [0)] RO NP ............... . ................ ................ .............. .
— < : : 3
100 fF-eeefereeees ................ ................ ................
)
[
g 0 .....................................................................
©
2 .
_100_ ................ ................ ............... ................
[E5:T010 | SEEREEE R, ............... , ................ ................ ...............
300 i ] i i
0 002 0.04 0.06 0.08 0.1

time(s)

JUN 3.6 unasingluguavaey
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vdz — Da+ Tb+ Db+

@ +
4. -
[

SU 3.7 duasmasamsulawmasniedin 1 wia

U
Db+ Tc+\ ? Dc+

vd o

Db- Tc-\ ? Dc-

JUN 3.8 Bunefwesdmiunawmesivieni 3 wa

Ta

+
|
<

vd

Vd2 — Ta

sl

vdiz Ta+ Da+ Tb+

4
|
||
s

vd/2 Ta- Da- 1y,

||
||
L5
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Abstract
Bleciric vehicles driven by an on-board bettery hawe been
widely used in various applications. e.g. a golf cart in golf yard, a

fiolk lift im an indus=trial plant or service car in zoo. Their fraction
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drive conwentionally employs a simply-controlled DC mofor.
Howewer, there are =hll several dizadvanizges of using the DC
motor, such s maintenance problers, expensive cost and larger
aize. Altemnstively, fo drive an AC mofor by using the on-board
bafttery requires & power inverter circuit in which & sguars-wave
woltage s produced across it output terminal and then enengizes
the moter. AC motor characteristics especislly the forque-speed
curve under the sguare-wave excitation differ from that obtained
by the sinuscidal excitation. This research is to shudy the AC
motor characteristics through the torgue-speed curve estimation
under the square-wave powsr supply. Obtsined forgue-speed
responaes are used io formulale a simple expression to represent
the molor characteristic. The results can lead to fraction-motor
design of an elechric wehicle with high eficiency and ensngy
aaving. One DC mofor, one single-phase AC molor and one
three-phase AC mofor with the =ame rafing (10 hp) were fesied fo
evaluate the forgue-speed characiensic. Az a result, the torgue-
speed response obtained from the sguare-wave supply is wery
aimilar in shape to that obtained by the sinusoidal supply. The key
different i only the maxirmum pull-out torque. The torque equation
of the sguare-wave case can be simply estimated by using a
sinusoidal-excited  sieady-state forgue eguaBion  with
appropriate scaling facior.
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Abstract: - An electric vehicle driven by DC motors has been widely used for several applications. In this
paper. replacement of the DC motor by a single-phase induction motor on the electric vehicle is proposed.
Low cost and less maintenance make the sinple-phase mduction motor more impressive although a
complicated mverter omboard the vehicle 13 required. This paper investigates this possibility throngh a whole
system of electric velicle movement sinmlation. The whole system sinmlation consists of three main parts: 1)
power supply interface 2) moter performance calenlation and 3) vehicle movement sinmlation. The electric
scooter of (.26 KW rating was emploved for test. As a result. a single-phase induction motor showed ability to
drive an electric scooter canrving with 80-kg load at almost constant speed of 20 kph

Eey-Words: - Electric Scooter. Single-phase Induction Motor. Battery. Speed Confrol. Vehicle Movement

1. Introduction

To date, three-phase induction motors have been
increasingly important for indnstrial electric motor
applications [1]. It showld note that there still exist
DC motors in some linited applications. e.g. motors
for vehicles. Apart from a large-size electric motor
drive. single-phase mdnction motors are widely nsed
in household electric motor applications [2]. This
application tvpically consumes power of a fractional
horse power up to aronnd ten horse powers.

In general single-phase motors are controlled by
a thyrstor-phase contreller or a variable resistor.
This 15 guite stmple. but 1t 1s not efficient in terms of
energy constmption. To aclueve this goal. comyplex
control strategy cannot be avoided as long as AC
machines are mvolved One of widely-used control
schemes is variable-voltage, variable-frequency
(VVVE) [1.2]. It can be applied for motor control in
many forms. With availability of its performance
control. low installation cost and less maintenance, a
single-phase induction motor can replace an
expensive DC  motor for electnc  vehicle
applications.

In this paper. a whele system sinmlation of an
electric scooter drive system i3 proposed in section
2. It consists of three main parts: 1) power supply
interface ) moter drive performance and 3) vehicle
movement sinmilation. Section 3 presents a simple
methed to regulate velucle speed. Sinmlation results
and discossion are shown in section 4 and 3
respectively.

2. A Whole System Simulation of An

Electric Scooter Drive System

A whole system simmulation of an electric scooter
drive system consists of three main parts. The first
part is power supply interface. Battery storage [3.4]
and power-electromic inverter with ms controller [5]
are the heart of this part. Its main function is to
provide a conditioned voltage waveform to feed an
cnboard electric motor. The second part is motor
drive performance. In this paper. only the single-
phase induction motor iz focwsed. Adequate
mathematical meodels are briefed [6.7]. These
models are  emploved to  sinmlate  motor
performances, e.g. speed of the rotor shaft, motor
torque. etc. The third part iz electric welicle
movement sinmlation [8.9]. This part operates by
the motor torgque generated from the motor
performances. This torgue directly applies to the
vehicle wheel shaft as direct coupling. All three
parts are explained in more detail as follows.

2.1 Power Supply Interface

Battery is vital to energize overall energy to the
entire system. In practice. battery onboard a vehicle
cannot be modeled by an idea source duoe to its Ah
capacity [3]. This characteristic 15 the most
mportant  assumption  to make the  simlater
virtually realistic. However, a simple battery model
is not nmch complex. It may be sepresented by a
Thevenin’s equivalent circnit [4] as shown in Fig. 1.
This model can be wsed together with battery



discharge curve [3] to provide a practical battery
voltage characteristic as shown in equation 1.

a) Battery stuctre

Fo

m—

Rizad

) Battery equivalent circuit

Fig. 1 Battery model

I'=E-IR, (1)
Another component in this part 1s equally myportant.
It is an electronic inverter to provide controlled
voltage waveform to feed an onboard traction
moter. Although a single-phase imverter can be
either half-bridze or full-bridge confimwation. n
this paper cnly the fill-bridge inverter type [3-7] i3
chosen as shown m Fig. 2.

+

Fig. 2 Full-bridge inverter configuration

1.2 Motor Performance Calculation

A single-phase induction motor is selected as an
energy converter of the system to comverse
electrical energy into mechanical energy. Single-
phase induction motors can be characterized by
several different models. The space-phasor
appreach [10] is the method used in this paper. With
this model. motor comrents. torgque and speed can be
observable. The space-phasor model i3 very
complicated and needs more space for explanation
However, in this paper only a brief description is
presented as follows [6.7]
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Fig. 3 winding aligmment of a single-phase motor

Fiz. 3 describes winding alignment of a single-
phase induction moter comsisting of main and
avxiliary windings with their induced voltages and
cuirents. As shown in the fisure, a stationary
reference frame which is along the axis of the main
stator winding is defined and wsed for mathematical
analysis throughout this paper. It is essential to
inform that all quantities especially on the rotor need
to be transferred to the stator axis. This can be
performed by using the following transform matrix

sinf, || v

[cos®,  ainG |[v,
_'_—.rquI._ mer_"v:n

The superscripts 5 and r indicate the reference axis
i which the variable belonss to. Brieflv. the
induced voltages on the stator and roter windings
are sununarized in Equations 3 and 4. respectively
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By using the transform matrix menticned above, all
state variables can be transformed into the stator
direct axis as follows.

2= [+ (5D

(3

where,
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1y 15 stator resistance of the main winding

g 13 stator resistance of aumibiary winding

Ly, is leakage inductance of the main winding

L5 15 leakage inductance of the anxiliary winding
L g 15 nomual inductance on the stator g-axis

ry 15 rotor resistance

Ly is leakage inductance of the rotor q-axis

As can be seen the two mechanical quantities. o,

and 6, canse the need for additional two equations
which can be obtained from Newten's second lavw of
motien as shown in Equaticn 6.

-ﬂ\'_-lr B P

—=r m .

@ f_|-5— 0« T (8)
& ) e

L &

Combine Equations 5 and 6. Equation 7 is formed.
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where,
Jo is motor’s moment of inertia
B 15 damping coefficient

Applying a numerical time-stepping method to solve
a set of differenfial equations. metor cuments.
angnlar speed and positon can be calculated
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numerically. Moreover, an induced torque I. of a
single-phase induction motor can be expressed as
equation below.

i

I::

f ].[wf,‘_ (-, 5, -1 008, |1, i, (i, c05q, -1, ) (8)
1.3 Vehicle movement simulation

An induced torque generated by the traction motor
directly drives am electric vehicle through an axial
of the vehicle wheel With a simple relation of
linear and angular movement by a diiving force, the
moter torque can be transferred from its original
rotational quantity info its equivalent translational
force to push the vehicle box as shown in Fig. 4.
The torgue-force relation can be calenlated by nsing
Eruation 9.

Movemens
drection
G
- &
il
wot

©)
where,

TE 15 a vehicle tractive effort

F ey 15 @ vehicle dynamic drag force

Fyrat 1s a gradient force due to road profiles

Fi. 13 a friction between wheels and road

rw 15 4 vehicle wheel radins

M 15 a vehicle’s effective mass

£ is the gravity constant (2 81 m/s?)

To inclode the linear motion of the vehicle into the
motor performance calculation, the vehicle mass can
be represemted by an effective moment of imertia
added with the rotor inertia as shovwn in Equation
10. In addition. any linear forces nmitiplied by r,, are
effective torques coupled to the rotor shaft.

Jp=Jd +riM (109
As can be seen i the free-body diagram there exist
two vehicle resistances and gradient force as follows
[8.9.11-13].

Dhag force (Fimg) 15 a vehicle asrodynamic drag
foree to oppose the vehicle movement. It depends on
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many factors such as vehicle body shape or velucle
speed. Fy, 15 given in Ecuation 11.

Fm=éxpx_-.l*xC‘rm=2 (11}
where,
p 1s the atr density
A, 15 a crossectional area of the vehicle

Cg i3 a drag coefficient
v is a vehicle speed

Friction (Fy..} is a friction between the vehicle
wheel and road surface to oppose the vehicle
movement as shown in Fig. 5. It can be either static
or dynamic friction This force can be calenlated by
using Equation 12.

F,. =p, Mgcosd (12)

Fig. 5 Friction between the wheel and road surface

Gradient fosce (Fo.g) i5 a component of the
vehicle weight that i3 projected to the divection of
movement. This force exists only when the vehicle
climbing up/'down a hill. This force can be expressed

v using Equation 13.

Fq=Mgsin® (13)
From the Newton's second law of motion. the

vehicle acceleration can be computed by the
following equation.

L P Foo Faw (19)
M M M M

St
- i - 2
—
=

Fig. & Electric scooter

To analyze an electric scooter as shown mn Fig. 6 as
our test vehicle, two nmiually conpled sets (lnear
and angular motion) can be fornmlated as shown in
the free-body diagram in Fig. 7

Fiz. 7 Linear and angular motien coupling

To include effects of motor performances on the
vehicle movement, rotational quantities omst be
transformed in to a linear motion equation as
follows.

. T Fi Fa Fee (13
- T T T
R M+o=y a,_u+—jg| 2=y A+

R YR YR

TWhen the acceleration (m;) at time k is computed.
vehicle speed and distance can be updated with
stmple discrete time ppdating equations as follows.

Ar=1 -1, (16)

Vp =V, + 0 Af (17
1 2

5.=5 +"¢'—“-"+;f‘: [ Ar) (18)

where,
Ar i5 the time npdate interval
515 a velucle traveling distance at tumne &
Vi 15 a vehicle speed at time i
ay is a vehicle acceleration at time i

3. Vehicle Speed Control Strategy

To sinmlate vehicle motion. speed control strategy
of a vehicle 1s requared [8.9]. It can be achieved via
simple rules. As long as the vehicle is accelerating
and its speed 13 not reached the upper speed lumit.
the voltage supply fully energizes to the traction
motor. When the speed viclates the vpper speed
limit, just switch the power supply off or use a
reduced voltage supply to energize the motor. When
the power supply 1s off or reduced. the vehicle speed
15 decreased dramatically. Whenever it violates the
lower speed Lot the fall power supply nmst be
back to energize the moter for acceleration as shown
in Fig. 8. This speed-control strategy 13 a so-called
ON/CFF control strategy that is widely used in
several dvnanmec coofrol systems. eg  thermal
contrel system.
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Fig. 8 ON/OFF wvehicle speed control strategy

4. Simulation Results

To sinmlate a scooter drive system. road surface
profile as shown in Fig9 and system parameters as
shown in Table 1 are situated for test.

e

Fig. 9 Stator currents of the traction motor

0 ¥ &4 o # X ©H 4 o

RS

Fig. 9 Road 5'11;.1:"-:1-!:& profile

Table 1 System parameter for test

Inverter voltage { Vims) 230V

Supply frequency (Hz) 50 Hz

Mumber of poles (F) 4

Main winding resistance (1) 130

Avealiary winding resistance {1y} 160

F.otor resistance (1) 2010

Main winding inductance (L) 02785H i i

Aumiliary windinz mductance (L T004H Fiz. 10 Fotor currents of the traction motor
Rotor inductance (L) 00033 H

Magnetizing inductance (L) 00074 H .

Fotor wertia (Ju} 0.01 N-m-s"'rad iy .

Damping coefficient (B} .00 H-m-z7ad i T M
Maotor rating 026 kw L : L i :
Static fiiction coefficient (L) 0.7 Fig. 11 Angular speed of the traction motor
Dynamie friction coefficient (i) 02

Effectrve mass (M) 80 kg A 1
Wheel radius of the vehicle {r.) 01lm Tm I
Air dencity (p) 0129 E P DAL AMLAMA— bhNh AL |'
Drag coefficient (Cy)) 02 i : . .; . o
Cross-sectional area of the vehicle (4] 0.3 m” ) : ’

Figz. 12 Induced torque of the traction motor
Start the sinmlation by setting the upper and lower

z..l.. T T T L 3
speed limit as 1872 kph and 1728 kph ‘*}—J’umwmuml i '”]I l" L
respectively. The simmlation will be terminated :

when the vehicle distance is greater than 100 m. Te
achieve the ON/OFF control action. full voltage of
230 WV and reduced wvoltage of 100 V are chosen to '
energize the traction motor duning the journey. Figs i
9 — 12 show results from the motor performance " e
calculation throughout the joumey. Fig 13 presents k
the tractive effort of the traction motor. Figs 14 — 18
give the performance of the vehicle movement
simmlation.

Fig. 13 Tractive effort of the traction motor

Fiz. 14 Regulated speed of the test velucle
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Fig. 17 Speed versus travel distance of

the test velicle

o REsinn

hnin]
Fiz 18 Acceleration versus travel distance of

the test velicle

5. Conclusion

In this paper. modeling and sinmlation of a single-
phase induction motor to drive an electric vehicle is
proposed. Models of each past are illustrated.
Fornmlation of a whele system sinmlater for the
electric scooter drive system is developed in fine
detail and 1s the mwin contnbution of this paper. In
addition. an ON/OFF vehicle speed control stratezy
is demonstrated to regulate the vehicle speed within
the linut. The results showed that the single-phase
induction motor can be emploved to drive the
electric scooter with good performances.
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