(Y a a d o v U ;
ﬂﬁﬂﬂﬁ‘ﬁﬂlﬂ]ﬁﬂ?ﬁﬂﬂ!!ﬁﬂﬂﬂiﬂﬂﬂiﬂ%&“ﬁu!“ﬂﬁﬁﬁ1ﬁ§ﬂﬂ1‘§mﬂlﬂaﬂu

wames I unignhuuunenwe

a\

WMIYSIY BN

P

a a d 2 < (Y] = a Y} a
InentinusibiluaiunilaveamsanmmunangasiSygnisnssumansumiudia
s IaInIsylvith
uIngnagnalulaggsins

Umsanw 2552



SENSORLESS DIRECT TORQUE CONTROL
ALGORITHM FOR SPLIT-PHASE

INDUCTION MOTOR DRIVES

Tawat Chuchit

A Thesis Submitted in Partial Fulfillment of the Requirements for the
Degree of Master of Engineering in Electrical Engineering
Suranaree University of Technology

Academic Year 2009



[ agf a Y d o (%) [ di
i’)ﬁﬂ@‘i‘l’mﬂﬁﬂ’J‘UQN!!‘JQﬂﬂiﬂﬂﬂ‘ix‘i"lil"lfu!"]fﬂiﬁ“miﬂﬂ“l‘isll‘ljlﬂﬁﬂuu’é)!ﬂ’é)ﬂv‘lﬁ1

a o
wide i uuunenla

9
B2

a [ v a a J @ I 1 :
wriMIneaomaluTaggsuis oyda liiuineiwusatuiidudunilawesmsane

q

auvangaslsyaurniuaa

a a o
AUTNTTUNITADUINYIUNUD

o d 1 Aaa .
(WAl A3.071UN QU lad)

5L51UNTTUNST

v o a o,
(7. AT.FUAYY NAITNUFNIY)

S (=R a a o
NITUNIT (@’m’]ﬁﬂ‘ﬂﬂﬁﬂ‘hﬂ?ﬂﬂ’luwu‘ﬁ)

(WAl A5.YITEY NZ5IAT)

NITUNTI

[YK£
(WA, AF.NDINA @'ﬁiﬂlﬂ)

NITUNTT

a a Aalo J d o A
(@, A3.979 A T13A) (7. U.D. AT.ATNIU VINA)

a ] a 0o w A a o
59993MIVARIEININS AMUATIINIFIAINTTUATANT



53% y¥0 : danesnumsaiuguusiialaoasefisueesdmsumsiunaou
wones I miisniwuunenla (SENSORLESS DIRECT TORQUE CONTROL
ALGORITHM FOR SPLIT-PHASE INDUCTION MOTOR DRIVES)

s (R s v o a o v
@1%158‘1/]‘]J5ﬂ‘]5|’] D IONFNEANTI178 AT.DTUAYY f]a’Ji'ﬂu‘]fW\‘iH, 214 ¥iuN.

a - s Y o s s A 0 a an
'J‘V]EJ'IL!Wu‘ﬁu]’lﬂu’llﬁuﬂﬂWﬁﬂigquﬂﬂﬂ'liﬂf]UﬂllilfJLﬁﬂiH"iuEI'JHHV‘IETL@EJ'J 2195
Y
a v Aa a 4
ﬁ@ ﬂ'liﬂ')ﬂﬂllllﬁ\i'ﬂﬂIﬂUﬂﬁQLLUUﬂQLﬂN (DTC) ngﬂWiﬂ'J’UﬂNLLiQﬂﬂiﬂﬂﬁﬁﬁiﬂﬂﬁl‘%}nﬂm@ﬁ
Aa A 9y @ 4 a o S a ayny dy
ﬂiﬂuﬂJﬂ'ﬂﬁJﬂ'ﬂ\?Wﬁﬁ (SVPWM-DTC) G]'lﬁ'Nﬂ'l'iﬁ')ﬁ“]ﬂ!,ag!'Jﬂm’f)iﬂﬁﬂuilhlﬂﬁnﬂwuﬁWHﬂl@\i
% v A g a s s a % s
L'JﬂL@]’E)ﬁLli\iﬂu‘1/]ﬁi?\'jIﬂﬂgﬂl!ﬂﬂmﬂﬁ@un@im@ﬁ 2 !,"V‘Iﬁ 2 U HAZDUIIDIIANDT 2 L“V\lff 391
o a 4 4 d‘ o = d‘ 9) L] Y a Q' 9 o
LL‘UUﬂ?ﬁ@\‘]‘ﬂNﬂﬂ!G]ﬁ"lﬁﬁiﬂl’f)\?i]@m@iL‘Viuﬂ')u%ﬂﬁlﬂﬂﬁﬂisﬁﬂgiuﬂﬁﬂUﬂN@QﬂfalﬂlN Hl@ﬁmfﬂi
Y dy Y o o o Aa R
ﬂﬂﬁ@ﬂjﬂﬂisﬁiﬂﬁuﬂﬁﬂ MATLAB uaﬂmﬂu"lﬂwmumazmaama 2 ﬂaﬂ@ﬁ‘ﬂﬂﬂTﬁﬂ?‘UﬂﬂJ
A QaJJ Aa 1 o A o 4 dy
LLi\‘]‘UﬂTﬂEJ@]ﬁQLL‘]J‘]Jﬂ\‘]LﬂlJ (1) m’n‘ﬂmﬂqu%m@m LUae (2) NITLNUITUIULENADT UDNITNU
Vv <3 s A ° = Yo
"lﬂﬂizmmmmgsaia‘umamameﬁmummw!ﬁmaﬂ%%mmmmammm‘ummﬂ (EKF)
Vo v N ¥ ¢ e W A Ay Yo L gy
‘W‘]JTJTL‘]JHﬂTiGlGIfW]ﬂuﬂﬂTiﬂ’J‘]Jﬂ‘ﬂJIﬂflﬁﬁﬂllﬁL‘ﬂfulﬁ]fﬂﬁ muuaaﬂaimm"lﬂwwuwu“lﬂ

ATINADVUAZATNTTOULUAIIIPNADINGA

]

A A Y

1131 ens sl Meilo¥oIinANY

]

A A J

~ = A (=
1MsAnYT 2552 A8UFD19158NUT A




TAWAT CHUCHIT : SENSORLESS DIRECT TORQUE CONTROL
ALGORITHM FOR SPLIT-PHASE INDUCTION MOTOR DRIVES. THESIS
ADVISOR : ASSC. PROF. THANATCHAI KULWORAWANICHPONG,

Ph.D., 214 PP.

DTC/SVPWM-DTC/SINGLE-PHASE INDUCTION MOTOR/

SENSORLESS/ EKF

This thesis presents two control strategies applicable to single-phase induction
motor drives. Classical direct torque control techniques (DTC) and direct torque
control utilizing space vector pulse-width modulation technique (SVPWM-DTC),
were studied. Switching tables and space vectors were derived based on the voltage
vectors generated by the two-leg two-phase and three-leg two-phase inverter
topology. Mathematical model of single-phase induction motors in stationary
reference frame was used. Tests were conducted by using MATLAB programming
codes. In addition, two direct torque control algorithms (i) modified sector and
(i) Increase sector, were developed and tested. Moreover, speed estimates of single-
phase induction using extended Kalman filter (EKF) was determined to enable
sensorless direct torque control techniques. As a result, the developed algorithms were

tested and their performances were confirmed.

School of Electrical Engineering Student’s Signature

Academic Year 2009 Advisor’s Signature




daanssulszma

ya o

a a J alo a o < ' J 1 {
’J‘V]EﬂuWu‘ﬁﬁﬂTLuuﬂﬁﬁHii}Qﬂ’Nﬁjﬂﬂa NIVYUBUBUNITA UL ANALAZNYUYANANN ] il

v Yo (= o o 9 Yg Y . a VAt 2y oa v
langanlddn)inm nuzih saunal@dldanusiemasedisdss nedudmnnsuazaunms
o a Ao d! 9 1
AniuauIte e laun

o o Y] a 4 S (= a a S A 9Jyq ¥
509A1EA319158 A3. 51 A% NaITNUYNIY 019158NUTny 1 Inertinus 1lala

o = o o I A XY =3 Y
AJTnm nugih vazuuzuumeswiuilse Texiganenuive soude Idseasramu uaz

9 a a Jd d" o PL) I d? o’/’ I o w i<

ud lvsrwnuIneanusianiivui ilianwauyseaoavy saunuiludiaala vaziiu
I Aa o A Aa FY Yo Yaw
HUVeENA luMsA iU ana1e o aulnnugideauei
4 o a a a [ = ~ 1 A 9
p11350szdendsiaanssu il umInedemaTuTadgsuisnnniu 2'ldngan
Tdl5nm nuzi wazanuimeduimmsedisasan Insnaoa
=) =S ~ 4‘ 9 @ Aa K 1 2K A
YOUAMUIEIYIA NIFIFI 1Az N 9 1Y 9 103 ) TuNafanyINANIY 90D
3 = o A 1 Yo o o Aw
amensluedauaziliytiuiaesnm lonazldidalslumsiitemnlaeanon
a3 Aa [ A =} 9 A A v A d
YoUD VAW UNIABAD WIBHNE1 AN 1O UNTIBATIIMUFULUUMITIANHIAN
a a 4 I~ d A 9
MNHNUTIWEAT VAU (F8UTDUAIY
9 dy 9Ja o Y ' A a 9 Y J
gametl A9V UAMDINIIRTRUNNIMUNYTEANTUIEaIMANNINIATUAI 9

v
1 ~

09/’ o a asy I v
m“luaﬁmmzi’]m;uu HAZVINITUVBUNISAU VAT N1TAN 5’mﬁmumﬁuawmm%mﬂmum

q

=

9y
Jq ¥ [ 1 ] Y LY Y
laldnusn anweugu anuraele mseuswassg uaglimsmivayunaumsdny

'
=

1 dQ' 2/' I o w d‘Q’ [l Ia o Y L [] ya [
pd19AgIN Tagnaoa sauivduiidelanga vy luewngidenouaznnile ¥relninds

Y Ya o

9 <3 Y a o 1 o o o aa A
L"UNLLSU\‘]W'ﬁ@NLN“KiLIﬂU{IiUUWWQﬂﬁiiﬂﬁ'N 9 ’1]1!1”]']11’1W'J’i]ﬂﬂigﬁﬂﬂﬂ'lﬂﬁ']LiﬂGlu‘]f'JﬁLiﬁ)EJiJ'l

U



ARSI

%
Hin
UNAATD (D VHYINI) oo f
UNAATD (D THIDINNH) .o seesee e eeesee s s eee s seeeeseseeeeeee !
D AINIT TU L TZN I oo e s s s s e s sees s s s s e see e s e seeeseses fl
TTTAI D oo e e e e e e e e e e e e e e e e e s e e e e e e e 3
TNTUTATT W oot ¥
ANTUUTU oo gl
a
uNnn
T UTIHY oo e e e e e e e 1
L1 ANNARRUDITUIY oo 1
[ o Aa o
1.2 IAQUIZAAAMITIVY oo 2
v L v
1.3 UOANAIUOIA U oo s e e s s e e s s s e s es s eeseee s s s 2
14 UDTURUBINTTIDY oo e s e e e s s e e s e s es e 2
c" 1 1Y
IR | E A (0% AR 1L R 2 R k2 TS 3
1.6 MIIAGUBNMINGUWIWUT .o 3
= d dd‘d‘ £y
2 INANITIUNTTHIAINGHRTUDE VDY .o 4
2l UMM N e e e e e e s e r e s e e e r s ers s 4
a o 4
2.2 U T P AT TOINT T oo e s 4
o t:; o =
23 WBIADTIH LI U TR oo 6
v s A ° A
231 1a59a3198900A0 T U UO VI UNTIAGD oo, 6
232 HANMIMIUUDINOIADS HHEVIUNTRASD oo, 9
P o ~
233 wooT MU UH ARGV v, 11
o 4 d‘ o =1
2.4 HUUI1ADIUDINDADTEH ST UM TR oveeeeeeeeeeeee e, 12
P s A ° ~
241 295a4Yadv0anamd s MUENIMUUNARAEY ..o 12

242 WUUTI0UTYUADIUE (State-SPACE) wovvvvvvvrvrrrrrrrreeereeeeeeeeeeeeneeeeeeeeee 14



a51iey (A1)

v
Hin
o a A 4
243 u1U31009TQUINAADF (Space-phasor) ...............crrrrerrrrrrrrrrrrreeeeenee 23
244 WANTTDVAD coeeeeeeeeeeeeeeeeee et e e e e e e e s e e s eee s e s s e ss e e seseeseersens 28
2441 wansznunnuradneusaeu liuviau@er o 28
2442  wWansznunnuradntensaeu il 2 una g 32
2.5 BTU e 37
MUY IDAIASAS DAL TINATAIVDAUAN ... 38
3l LTI ettt et e et et e e een e 38
300 MEIAVUAUMUY V/F oo 38
302 PITATURUUUUIINADT oo 38
313 MIATUAUUIIDATABNTA cooooooeoeeeee e 39
Y
32 WUFIUMIATUANUTITA TAIATI oooeoooeoeeeeeeeeeeeeeeee e 39
4 { o
3201 NVINIUANNOIADTIMHGWINTMINGT oo 40
300 EIMADTUTINU oo, 41
4 [ Y a Aaa
323 NAMABTUSIAUTUATOUDIBGARND oo 43
324 MIAVUAVUIITATASATI coooooooeoeoeeeeeeeeeeee e 45
32,5  MISAONAIATIINADTUTITU oo 50
[ [ c’d‘ o
32.6 MUz nFFOU TGITAUADT oooeoeeeeeeeeeeeeeee e 51
a 4 d o [ 4 d‘ o =S
33 DUNBTIABTEIMIUAILANNDINDTINUEITUNTIAY..oooooes 52
a 4 4
330 DUIDTINDT L IWE oo 53
a 4 4
332 DUNIDTINDT 2 IWE 2 UT oo 54
a 4 4
333 DUNIDTINDT 2 IWE 3 UT oo 55
a o [ J d' o =
34 MIAuANLTITA Tasas i T uuene s He M UNARAY oo 57
a o v Aa 4 4
341 MIAUAULTINA TAsA I d I UBUNOTINDT T Ve oo 57
a o v Aa 4 4
342 MIAUAUITINA TAsAIId I UBUNOTINDT 2 Va2 U o 58

a ) v A J J
343 ﬂ?iﬂ?ﬂﬂﬂlliﬂﬂﬂjﬂﬂ@]iﬁﬁWﬁﬁUﬂun@ﬁm@i 23U e 60



15118y (M9)

v
Hin
o a Y a 3 a
3.5 mIstiaswanmsnduguuIsia laeasa laglsmaianuuauauy
) [ 4 ~ ) =
AT UNDADTIHHI I U FAG Do 62
351 0an0INUMIATUANUTITA TAGATI ooooooooooeeeeeeeeeeeeeeeeee e 62
352 mItiassramsaduauisie lagasedmsuuenes
4 -
TSI U FIRGD oo 63
[ a 9 a z a
3.6 madsulyamniuauustialasaselasldmatianunauay
) [ 4 ~ ) =
AT UNOADT U I U FAG Do 73
y 1 4
3.6.1  m3lasuvevwaveunazisnaes (Modified DTC: M-DTC) ............... 73
A s
3.6.2  MINUENNDT (Increase sector DTC: IS-DTC) ...oeeeveeeeeeeeeeeeeeeeeeeeeenes 80
37 AT oo 86
a o (Y} J d' ° =
MsnIuaNNsIlalaenssdHsuNaInesmta i ulaAe)
dJd v d
TaelHmATNARIUTHRANUN WA ..o 87
A1 UMHY oot e e e e e s e e se e eeeeene 87
d a a 9 [ 4
42 RBFUTYUANIUAININAT oo 88
J a Aa 9 [ o o v A 4 4
421  vuwesligianunavaddmivounesmes 2 a2 9. 88
d a Aa 9 [ < o v A 4 4
422  vuwesligianunavaddmivounesmes 2 a3 ... 94
43 mItaeswamsniuquuemes milsninlai@en
a S a Aa Y] 4
TaoldmatiannaosUsgianun A Nad e 100
a 9 a Jd a a 9 v J
44 minmauusitialagaselaslamaianmmesdigianunieiad. ... 105
o 1Y 4 ~ o
4.4.1 SVPWM-DTC §1HSUNOMOTHUE VT UWNARG Y oo 105
=~ =
442 DITAPUAUUUUTIOR...oooooooeeeeeeeeeeceeeeeeeeeee e 114
A5 WANTTVATOU ceoeeeeeeeeeeeeeeeee e e e e e e e e e e seee s eee s e eseesseeseesees 117
4.6 ATU oo 130
< d d’ o = Y
msdszanuanisisevvenamasvideiuaneNagly
AINTOIM VMV UUEIIE ..o e e s s eeees e s eeseeeeeeene 131

5.1 UNUT e 131



15118y (M9)

Vv
Hin
v o 3 [
52 @dunannuis 1390 Tas 1FEINTBIAMNQUULVENE cevreeeoeoeeo 131
521  ASENEMEHLILS 10903013 1S LA NTOPNaN LUV, 132
@ a v o < Y]
522  odanesnudidunaanusisouTaslddinieanina
BELITIUBVY oo s e 142
= a [ a R
523 QUIUANDANDTNN cooooeeeeeeeeeeeeeeeeeee oo 147
wAa YY) < @
53 msnadeunaautavesidunannuiaseulaslddinie
AVRVHD UV oo e e e 151
< {1 @ [
53.1  M5UTZINUANUSITOUNAMTIAUAT Voo 151
' o o A o
532 mM3UTZINUAINANFFOU THAAADT oo 152
533 MIAAFUIUTUNIUIINMNTIAUAZDINTIUY (ooroeeeeeeeeceee 154
a v W <
54 manuauuside laoasa 1aelFadunan S 150U e 156
5.5 ATU oo 161
Y
6 UNAFUIAZUBITUBUUL ... 162
6.1 BT oo 162
6.2 UOUAUDIUL oo oo oo 164
6.3 UINITURITIVIAD LU oo 164
SR L1 R 21 1 L1 oo 165
A P s A o a
MANUIN A, WITIUNDT VDN I UN AUV e 168
o 1 a g o [ a
MARNUIN U, MIMUUAAINITUABTAN ) AIHTUMIAIVANUTITATABAT............. 171
S A 9) a a 4
AANUIN A, HINFURTE UGV oo 194
~ Yo A a 4 1
MANUIN 3. UNANUNTATUMTANUIINIUNT oo 198
UTETARITOU oo 214



AN

3.1
32
3.3
34
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14
3.15
4.1
5.1

f.1

9.1

9.2

M3IUYM

4
7 i
a o a J J
JULIUMTAIATUDIBUIDTIADT MM ..o 42
a 4 a o o 9 a Aaa
JUUMDUMIAIATYDIDUIDFINDT TUNTOUDWDIAND wovvvvoveeeeeeeseseessesssssssssssssssssssssnsnnnsnnnn 43
R BT s RL e T LI LTI 50
° ' S (v A P
AUHNUIVDININADT WA NTIHOU THGTAUADT oo 52
a 4 a 4 4
ADIULNTAIATUDIDULIDTINDT 1 IWE oo 53
ADIULNTAIATUDIDUIOTINDT 2 W 2 VT oo 55
a 4 a 4 4
ADIULNMTAIATUDIDOUIDTINDT 2 IWE 3 U eereeeeeoeeeeeeeeee oo 56
A a 4 L4 LY a 4 4
NSAONAIAFINADTUTIAUVDIDUIDTIADT 2 WA 2 U 60
A a o o LY a 4 4
NSAONAIAFINADTUTIAUVDIDUIDTIADT 2 WA 3 VN 61
=1 1 4 %
M3SoUNIVVOVIVALADLIEAADT VDS C-DTCAV HU M-DTCAV ..o 74
a 4 o v A o o o [
MIADNAIAFINADI UTIAUDUIDFIADT AINTU M-DTCAV oo 74
1 4 [
M3SoUNe VUV VVALABLIEAADTUDS C-DTCSV NU M-DTCSV oo 78
A o v Aa o o o
MIAONAIATINADS UTIAUDUNIDTINDT TVNSTU M-DTCEV oo 78
A o v Aa 4 o Y]
MIAONAIATINADS UTIAUDUNIDTINDT TVNSU ISI2-DTCEV oo 81
[ 4 a z:;
VOUUAVDINA NBLUAZUTITA LAGIRDE oo 84
o o A ya 4 v Y a v 4
NN UTIAUNTNAFANAABTUTIAUDIIDI IULADLIEAUADT oo 97
AMI1TA035 U993 MATLAB’s GADS TOOLBOX d 1351611504

PVAL VUL DU VY oo s e s s ss e s s e s eseee s ssees s e s ssees e ssesseeens 148
A P s A ° ~

MmN suameswiteniulaResuunenva

YUIA 0.25 hp 2 pole 220 V 50 HZooonvieeieeieeeeeee ettt ettt s 169
[ o A 4 A A < 9

asnaaeumandiyen lesaamos uazusaiansanNws 5o Iae e

a o o

DULIDTINDT 2 WA 2 U oo ee s 173

~Aq Y o g ]
A NLEAINaN IuazaNuTUYeIn NS 150U Ine e

a J J
DULIDTIADT 2 WA 2 U oo s e 173



13U (A0)

=).

MIN

' v A J A A 3
9.3 ﬂ?i?ﬂﬂﬂﬁﬂﬂﬂ?‘waﬂ“]f!f]ﬁ’)llIﬂﬂﬁmm@ilmglﬁﬂﬂﬂ‘ﬂﬂn\‘iﬂﬁﬁ\l!i'ﬁ@‘ﬂ

TA8THDUNIOTINDT 2 1WA 3 UN oo

! @ ]
.4 miNuﬁﬂQL’Jmﬁclfffuazﬂ’s”m%ml@mmms’J’i@‘u

TABTHDUNIOTINDT 2 1WA 3 UY e

' v A J a A a3 9
.5 ﬁ’li’l\iﬂﬂﬁﬂﬂﬂ'lwaﬂG]fL“]fE]llIﬂﬂﬁl@!@]ﬂﬂlﬁ3lﬁ\‘l'ﬂﬂﬂ“]f']\iﬂ')’lﬂ!i?]ﬁﬁ]ﬂiﬂﬂ‘l"]f

N s s aA v aa £ =
DULIDILNDT 2 W\Iﬁ' 31 IUﬂimﬂﬁﬂllﬁﬁﬂuﬂcﬁaﬂﬂiﬂﬂuﬁ ......................................

3

Aq ¥ 3 ya s s
V.6 GI15N!L’(?fﬂ\1L’Jﬁ1‘1/]1"11!&61&?]’3']%“]51!51]0\1?]’31%!,5’Jiﬁ]ﬂiﬂﬂi“]ﬂﬁ]un@im@i

2 a3 N TUNTANAAUTIAUATAIATINT oo seeeeeeeeeeeees
1 A v A < a
9.7 ﬂWﬂ’NiJﬂanﬂﬂle.!"ll’ﬂQ"Nﬁﬂ“])'!ﬂfleIIENﬁmmﬁ)ﬁllﬁglliﬂﬂﬂ ....................................
1 A v A o a
9.8 ﬂWﬂ’NiJﬂanﬂﬂle.!"llfN“V\l'ﬁﬂ“]ﬂ‘]ff)llifl\‘iﬁmmﬁ)ﬁllﬁglliﬂﬂﬂ ....................................
Y = da Aax
V.9 NMINATDUNIANUNINUDUUDUVIFTINDITHTAIT M-DTCAV ...
Y = dA Aax
.10 NMITNATDUNIANUNINUDUUDUVIFTNDITHTIT C-DTC8V ..
1 [ o v A o J
.11 GﬂiNllﬁ'ﬂ\iﬂﬁﬁquﬂW]’Jﬂl‘UﬂMﬁHl@ﬁ'lﬁi‘]_l’t’)u!,’mim@i 2 L“I/‘Iﬁ 2 (1 PO
1 " o o v A o J
.12 GﬂiNllﬁ'ﬂ\iﬂﬁﬁquﬂW]’Jﬂl‘UﬂMﬁHl@ﬁ'lﬁi‘]_l’t’)u!,’mim@i 2 L“I/‘Iﬁ R I 1 PO
1 " @ o v A 4 J
.13 GﬂiNllﬁ'ﬂ\iﬂﬁquﬂwnﬂl‘ﬂﬂi]ﬁul@ﬁ'lﬁi‘]_l@u!,’mim@i 2 L“I/‘Iﬁ 2 1 PO

1 1w ) v A J
.14 ?5]151\1Llﬁ'ﬂ\1ﬂ15ﬁqﬂﬂ?@’)ﬂ?ﬂﬂﬂﬁq@ﬁ'l“l’iﬁ‘]_l’t’)un@{m@i 20 3 VN,

1 a J v o <
.15 Naﬂ1§1/lﬂﬁf]ﬂﬂ”liﬁ”lﬂ”lW']ﬁ']ilW]’l’)ﬁm@ﬂ‘u@ﬁ@]ﬂﬁﬂmﬁﬂ?WNliQiﬂﬂiﬂﬂﬁl%

AINTOIATAN VUL UGN ..o eee e



Qo
=i
=).

2.1
2.2
23
2.4
2.5
2.6
2.7
2.8
2.9

2.10
2.11
2.12
2.13
2.14
2.15
2.16
2.17
2.18
2.19
2.20
2.21
2.22
2.23
3.1

W
ARSITRE]
v q
%
i
J { o
LR e N L R VoIt L R TN AT AR N L (o (CcL< e PO 7
4
TATAAS19UD TTADT UUUNTINTETON oo 8
J
R e N LR (L Lo s 9
] < 1
N AU IR ANITYUT oo 10
Y] ] s A ° ~
FUTAQ T-S UOINOADT NI UNTRG Yoo 10
o s A ° a
ANHULVDINDIAD TN UG I UN A WU LI T e 11
4 Y] = = [ 4
NANOTUTIAUUTIUNBUTUNINABTNTIUN 1, UAL 1 cooooeeerrrreeennennenresesssnneennn 11
] ] s A ° ~
FUTAG T-S Vo IuAd T L e UH AR MDUUSPIE oo, 12
s s A ° ~ A A
vsauyadvoNamesmileniuwlafed luvasngatiaaziauenHa
] I~ [
VDIE U TR AN DDV TNIU 1o e s s s s s s s s s 13
s s A ° ~ o w
NITANYAIVDINDADT I UM UNAAGIVUE A IAINY Y e 14
o { o
Tasaadraveauomo s m e U @@ e U UMEAN oo, 15
s s P ° a
HAUNNUADIATIANDT AL 15IADTUDINDINDT I U UN ARGV oo 15
o { o a A
2T ANYAVOINDIAD I e U ARG IVUNTOUDNBINYATIN oo 20
o A o
M3 aaumM N IUaaa o5 UNTOUBDIBIN T oo, 24
L a o'/
M3 aeaum N U 15005 UnTOUDBIN T oo, 25
o 4 d' o =
NAN1T1809U0 NI U U I UN AUV e, 29
[ 4 4 A ] 1 @ 1
ununnszinulauealdndiyon Teadre2surasnteusagu lihuvaa@en. ... 30
o 4 d' o =1
NAN1T1a09UDINOIAD TN UN AU TIINUNE —eeoeeeeeeeeeeeeeeeeeeees 31
[ 4 4 A ] 1 @ 1
ununnszinulauealdndiyon Teadre2surasnteusagu lihuvaa@en. ... 32
o 4 d' o =1
NAN1T1AD9UDINOIAD TN UN AU TIINUIE —oeoeeeeeeeeeeeeeeeeeees 33
[} 4 4 =Y 1 1 [} 1
ununnIzanu aveld o Toadr1e75urasnronsadu i 2 uvaq . 34
o 4 ~ o =\
NAN1591809UDINIA05 UV UN ARG IMUVUEDINE e 35
[} 4 4 A 1 1 [} 1
ununnIzanu aveldnd o Toad 1075 urasntousadu i 2 uvaq. .o 36

Y
UEHUANAUZIUMTADTUAUUTITO TAIATI oo 40



Qo
=i
=).

32
3.3
3.4
3.5
3.6
3.7
3.8
3.9

3.10

3.11
3.12
3.13
3.14
3.15
3.16
3.17

3.18
3.19
3.20
3.21

3.22

Y] L
a5l (Me)
vq
%
i
a o o
DI TIADT A NI T oo s e s s e ses s s ses s 41
a 4 o 1 ]
DUIIDTINDT AN T DU TGV e s s 41
a d o v Aa 4 4 ] ]
JULIUMIAIATAMTUBUNIDTIADT ANMNADININIY e 42
FIADT T IAUVDIDUIIDTIADS VN oo 44
Y Y
UHUNNHUTIUMTAIUANLITITA TAATIUUAUANAIOTAADTTE ... 44
o o A o o P
NNND5VBINANHFON TeITANDTUALIINADT ATEUATAUADT covoooeeeeoeeeeees 45
S (v A oo o s A o
manugunnmesandFon Teadamesdmivuemasiilenia e ... 47
° ' S (v A &~ P
AuntsveannmeiNanagdou Teaanos NN 1
4 (%
U ER R LA L R L R U L AT IO 49
° ' S o A S S
Aunnaveannmesanmson leaaaaes NynmosN 2
o [
AENTEADALINADT IUTIAU oo oo 49
a o o
DUEIDTIADT LI oo e e s s 53
o Y] a o 4
INABDTUTIAUUDIOULIOTINDT L AW D oo 54
a o o
DUIIDTINDT 2 BT 2 U oo 54
o Y] a L4 o
INABDTUTIAUUDIOULIOTINDT 2 1WA 2 Voo, 55
a o 4
DUIIDTINDT 2 BT 3 U7 oo 56
L4 Y] a L4 4
DNADTUTIAUUDIDUIDTINDT 2 T 3 UNeeroeeeeoeeeeoeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 57
MInIUANLIITA TAenTI TAsMIAIANILUFAND I Ta
o [ =) 4 4
AMTUDUIOTIADT 2 IWE 2 U oo 58
S A <o v a s P
M3nUANNNNDsNaNHIFoN TeadanoT T MIVBUNBF DT 2 1WA 2 V..o 59
S w A <o v a s P
M3nUNNNDsHaNHIFoN TeadanoT A MIVaUNDFNDS 2 1WA 3 Y. 61
< A A 9
ANMITITOUTOUUAZUTITAN IBFATURN oo 64
HAMIADUTUDITINTUNMIAILAULTITA TnsAT
9 a J a Y ad
1A 1HNATAUUUAUANAIIIT C-DTCAV oo 65

o oA J o @ A
Wﬁﬂ'lﬁ@]ﬂﬂﬁuﬂ\imu'lﬂm@\?waﬂml%@ﬂjﬂﬂﬁlﬁlﬂﬂﬁﬁ'lﬂiﬂﬂ'liﬂ')ﬂﬂlll,ljﬂ‘ﬂﬂ

Y a J a Y ad
Taea 5918 1HNATAUDUAUAUAIIIT C-DTCAV oo,



Qo
=i
=).

3.23

3.24

3.25

3.26

3.27

3.28

3.29

3.30

3.31

3.32

3.33
3.34

3.35

3.36

a5 (A9)

¢
@
ot

Y
Hin
HANIADUAUDIVOWTITATIHTUNMIAIUANLIITA TAenT
9 a qﬂjl a 9 an
1A 1HNATAUUUAUANAIIIT C-DTCAV oo 66
o & A o o a
WandiyouTosaamos dmsumsniuauusia Ingas
9 a J a Y ad
1A 1HNATAUUUAUANAIIIT C-DTCAV oo 67
[ d‘ [ 4 d‘ J a o [
maNuaaanaouYINdnFIren Teamawos azis1AveId S
Y
AuaNNTIdn Ineas TaelHnatauUUAUANAIEIT C-DTCAV ..oooocceeeeeeee 67
usIRUIIENRINBUNESIneT AT UMIAIuANITITa Taoas e
9 a $ a Y ad
1A 1HNATAUUUAUANAIIIT C-DTCAV oo 68
HAMIADUTUDITMTUMIAILANLTITA TnoAs
9 a :JI a 9 as
Tae1FNAUAUUUAUANAIIIT C-DTCSV oo 69
1Y & A o o [ a
HaM3aoUaUoIvIAUeIlanGFou Teadames d 11T UMIAILAULTITA
Y
Taga 39 T1a8 1 HNATAUUUAUAURIITT C-DTCEV oo 70
HANTADUAUDIVIIITATIMTUMIAIVANIIITA Tnens
9 a ng; a 9 as
Tae1FNATAUUUAUANAITIT C-DTCSV oo 70
o o A o o @ a
Wangrou Tesaamos s umMsnIuauusila Ingas
9 a ng; a 9 as
Tae1FNATAUUUAUANAIIIT C-DTCSV oo 71
[ A Y] ¢ A o a o Y]
maNuAaanaouYoINanTIyen Teaaames uaztsAveId 1ML
Y
AU Ita laensc aelHmAlAIUUAUANAIOTE C-DTCBV .oovvooi e 71
LIIRUPIANAINBUNBTIADT AT UMIAIUANITITA TAsasa
9 a qﬂjl a 9 an
10 1HNATAUUUAUANAIIIT C-DTCEV oo 72
VOUAAMTUUIUAASLENADT F1HSUDUNOTIADF 2 WA 2 U 74
HAMIADUAUDIF IS UMIAIUANITITA TAAT
9 a $ a Y ad
10 1HNATAUUUAUANAIIIT M-DTCAV oo 75
v oA J o [ a
WandFou Tesmamosdmiumsaruauusila lnoas
9 a $ a Y ad
1A 1HNATAUUUAUAY AVIIT M-DTCAV oo 76
VOUAMTUUIUAAZLENADT F1HTUBUNIOTIAOF 2 WA 3 VN 77



Qo
=i
=).

3.37

3.38

3.39
3.40

341

3.42

3.43

4.1

4.2

43

4.4

4.5

4.6

4.7

4.8

B

a5 (A9)

¢
@
ot

Y
i
HANIABUAUDITIMIUNMIAIUAUITITA Tnsns
9 a qﬂjl a 9 Aan
10 1HNATAUUUAUANAIIIT M-DTCEV .o 79
o o A 7o o a
Wandiyou Tosaamos dmsumsnruauusia Ingas
9 a $ a Y ad
1A 1HNATAUUUAUANAIIIT M-DTCEV oo 80
MUY ADS TR UDOUIDTIADT 2 W 3 U 81
HAMIARUTUDITIMTUNMIAILAULTITA TasAT
9 a J a Y ad
10 1HNATAUUUAUANAIIIT IS-DTCEV oo 82
v oA J o [ a
Wand¥ou Tesmamos dmiumsarauusila lnoas
9 a :JI a 9 as
Tae1FNAUAUUUAUANAIIIT ISDTCSV oo 83
[ A Y] ¢ A o o % a
MANuARIANADUYRINANGIFON ledaanos A1 UAIUANLITIUA TAsnT
9 a :JI a
TAG BN ATIALUTIAGURI oo e 84
MANuAMIAnAoULTITAd IS UAIUANITITA Tasns
Y
Yo TR LT R L Lo L 85
d Aa Ao v A 4 4
NINPOIUTYNAMTVIUIDTINDT 2 WA 2 VT oo 88
o a o o v A 4 o
MIRUIVIAMTEINFUDI SVPWM dHSUIUNDTIN0T 2 WA 2 U oo 90
usaR e Taeminequadu 2 wld uuuauinag
o v A 4 4
FVMTUOUIIOTIANOT 2 1WA 2 U oo 93
d a Aao v A 4 4
NNNDIUTYNTMTUBUIBTINDT 2 WA 3 U oo 94
SVPWM UULAUIINT TUEADTT Lo 96
s eIANA Tasmsnegadu 3 e nuuauuas
FIMSUBUIOTIADT 2 1WA 3 U oo 100
Y d’ 4 d' o =
NAMIADUAUDINTVUIAADUNBIND T He T ulafeuuuenvla
TaglHmnatin SVPWM S5 UBUI0TI0D5 2 W& 2 U0 oo 101

Y o [ o 4 J 4 )
HIIRULALNTLUAFINTUMITLIAADUNDINDS M T T U aAe
9 a o Y]
wvuvenla Tagldimaiin SVPWM a5y

a J J
DULIDTIANDT 2 WA 2 U oo s s e s 102



Qo
=i
=).

4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

4.21

4.22

a5 (A9)

¢
@
ot

%
i
[ 4 o o [ % 4 4 { )
Wdndaaaes dmsumsvumnasuuames e niua@ewuunenula
a o v A o 4
TaglHnatin SVPWM dnsUUI0TNDS 2 W 2 U oo 102
o d' 4 d' o =1
NAMSAUAUDINTVUIAADUNBIMD T H e afeuuuenvla
a o v Aa 4 o
TaglHmnatin SVPWM dnSUDUNIOTNDS 2 W 3 U oo 103
HSIFULAS NI UM UNMITUIA AR UNOIMDS e u a@e iy
9 a o v Aa 4 J
uenlalaslFmaiina SVPWM d 195 U0UN0T00T 2 91& 3 U eoeeoeeeeeoe, 104
I 4 < o @ @ 4 s { o
Wansaawmos ausumMsvumasuuomosisniua@emuutenvla
a o v Aa 4 o
TaglHmnatin SVPWM nsUDUNOTNDS 2 W 3 U oo 104
o [ % 4 o { o
SVPWM-DTC § 95 UMITUAA0UNDIADT M TSI UN TR oo 106
o Y a A v A 4
MAr9IV0INTOUDNDINYATNNANTIFON TITANDT ... 107
4 [ ~ =)
DIAUTZNDVVOIA A IUAUT LOR ..o 115
< a a o
ANUISITOULAZUTITADIIDUDIUBIADS e 118
o [ a a o
HANMIADAUBIT T UMIAIUAULIITA Taeas Taeldmalannaes
a A Y] o =Y
Y3niinnunaiad §2098 SVPWM-DTCAV ..oooooooeoeeeeoeoeeeeeeeeeeeeeeeeeee 120
I o 4 o [ a
nam3IaeUauoIrIavesldndieon Tovamnes dmiuminiuguusila
a S a a % o
TagassIagldmaiannaesUsginnunheiad
TR RoRTA A B 0 K€ AV 121
HANIADLAUBIVBIUTITAd IS UMIAIUAULS A Taeas s Tagldmailn
Jd a a 9 v Y an
1NN UTNNANNNINHATAIEIT SVPWM-DTCAV ..o 121
d o ] a
HANTADUAUBIVDINITLUAAIANDS M TUMIAILANLIILA Iaons Tagld
matannmessginnuniaiad A283% SVPWM-DTCAV .......oooooooeoeeee. 122
s Yy a v A P
NANTADUAUDIVDINTLUAAIANDST VUNToUD 1IN AN ¥o U Togaanes
o [ a 9 a d a a
dmsumaniuauussiialasaselasldmaiannnesdigi
ANUNIIWATAVIAT SVPWMDTCAV oo 122

o o A < o [ a 9 a
Wand¥ou Tesaamosdmsumsniuauussialasaselasldmaiin

NAB3139IAUNARATAIOTD SVPWM-DTCAV w..oooooeeeeeee 123



Qo
=i
=).

4.23

4.24

4.25

4.26

4.27

4.28

4.29

4.30

4.30

4.32

5.1

a5 (A9)

¢
@
ot

%
i
v 4' [ rfd' o a o [
amanuaaanaeuvIlangi¥en lesaames uazusIUAveId 1y
a 9 a d a Aa Y [ 4
auauussa lagnselalamatiannmesisginnunnaiad
AT SVPWIMDTCAV ..o 123
[ 4 a 4 d o Y] a 9
HIIAUIDIANADINDUNIBTIADT T IMTUMIAIUAUITITA TasnTd Tag 1o
matdannnessginnuniaiada1o3s SVPWM-DTCAV ...oooooooeeeeee. 124
) [ a a J
namsaouaueIdmMIuMIAILquLsItalasasi lasldmatinnnmes
a a [ J =Y
U3 9iauNINHATAITT SVPWM-DTCBY .....ooooeeoeeseesseeessees e 125
namIneUanoIvavesldndiseon Toaaanes dmiumsnuguusiia
a S a Aa o o
TagassIagldmatannaesUsginnuniaiad
R R AV A B DY KAV 126
HAMIADUAUDIVBIUTITA T UMIAIUANITITa Taoas TaglHinaiin
J a Aa 9 v Y an
1NWO3UTNNANNNINNAT A289T SVPWM-DTC8Y .ooooooeesssese 126
J o o a
HANTADLAUBIVBINITLUATANDS KT UMIAIUANLTITA Taensa Tae ]y
a a A o 4 A,
mALANNAB TN 1NN adA183T SVPWM-DTC8Y ......oooooooeeeee 127
o Yy a v A o
NANSADUAUDIVDINTLUAFIANDT VUNToUD1DIWA N ¥oU Togainnes
o [ a 9 a J a Aa
dmsumsaruauusaiialasaselaglamaiannmesdigi
ANUAIINATAVIIT SVPWM-DTCSV .o 127
A v oA 7o o A ]
madnvelangron loaamamasdmsumsaIuauLs It lnoasdlaeld
matdannneslsginuniaiada1e3s SVPWM-DTCSV ..........ooccccoooerren. 128
manuaaanaouvINansFen Teadamos azusalauoId sy
a 9 a d Aa Aa Y v 4
auauussa lagnselaslamatiannmesisginnunnaiad
AT SVPWIMDTCV ..o 128
[ 4 a 4 d o Y] a 9
HIIAUIDIANADINDUNDTIMDT AN UMIAIVANLTITA Tans e Taeld
matdannneslsginnuniaiad@1s SVPWM-DTCSV ........ooooooooeeeeee. 129
TATAAS1IAINTOIAVAN VUL UGN .o 142



Qo
=i
=).

52

5.3
54

5.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

a5 (A9)

¢
@
ot

Y
Hin
v o w qgj 1 a s A 9
HHUASS LT UADUMTMIAINS AT NINE Agaa 1875
=S a [ Aa K
UL AN ANDTIIN creoeeeeeeeeeeeeee oo e e e e s e e e e e e e e s es s 149
v 9 YA Aa o aR
MIGUIVDIHANA TASTHITIUUANTANDT NN ..o 150
' < P Ay a P
NaN 3Tz MNSI1T0UAY EKE NAUKINITININDS
) A Aa o asf
ATV ULUANO ANDTNIN oo e e e 150
1 < iAo Y]
WaN13UT2NUAINNUEITOUAY EKF MNOALIISU 220 Vims
LEE1E 110 VIIT00S 1 nnn 151
' v A s Y ~ ~ o
msdszanadndyen Teaaamasn lain EKF nlSsufeusuauns
v A ~ °
WANFHDU TN AV VUAUUT VDY oo 152
' A v A Sy Y
manuaaanaouveIldndyeu Toaaanosn 14910 EKF uazaumsg
v A ~ °
WANFHDU TN AV VAUUTVIADY oo 153
< Aw Yo v W 3 Y}
uaaanNussounIa ldanunlszanamnndrdunaniunsisouTaeld EKF................ 154
o 1 <3 Ao Y o A v W
dyanusumuszninanusiseuialanuilszunuandiduna
< 9
AT ITOULABTY EKF oo 155
I o 1 1 { o
LAAINTOAANUBIT AU TUNIUVDINTLUATAADS TENIIAIN IR 1A
v A v W < 9
AUNULNAAITUNAAINIS ITOUTAGTE EKF oo 156
a 9 a QaJJ a Y
HHUMNMIAIUANLIITA TaenseTasldmaiaunuauan Tasld
AINT OGPV DUV e s es s 157
HANTADLAUBIVBINMIAILANLTITA Tasase IaslHinaiin
Y
HUUAUAUAIITT MDTCAV oo 158
< ~ Y v W o < 9 a
AMNS250UN 1A 1nAIFUNANUAUSITOUD 19D
FMTUATUAUAIIIT M-DTCAV ..oooooooeeeeeeoeeeeeee oo 159
HANMIADLAUBIVBINIALANLTITA Taoasi IaelHimalin
Y
HUUAUALAVITE MDTCAV oo 160

< Ay ¥ v o Y < Y a
ﬂ’JHJL‘J’JimJ‘Vl]lﬂﬂm@’JﬁﬂLﬂG]ﬂ‘Uﬂ’JHJLiTJﬂ‘UE]N?N

AIMFUAIUANAIIND MDTCAV ..o 161



Qo
=i
=).

9.1

9.2

9.3

.4

9.5

9.6

9.7

a5 (A9)

¢
@
ot

%
i
Y <
AITHIA DTN B UUDIADIUET ITOU 1o e e e s s es e 174
3 A Aq Y ~ < A
ANVIFTITOVIOVLAZUTITAN TFAILAY ATUANMSITOUAIN .oooeeeeeeeeeeee 177
Y
HAEMIADUAUDINIAILANLIILA Taeas Taeldmalauuuauan
Y ad = I ~
@287 M-DTCAV TUNTAAIMIS ITOUAIN coveoeeeeeeeoeoeeeeeeeeeeeeeeeeeeeeeee e 178
a [} J 4 < o Y] a 09.: a
mauAuvesnangrou Toadianos MM UMInIUAULTITA TasnTIAuAL
= = I {
TaglHmnAtiauUUA1835 M-DTCAV TUNTAAIMSITOUAIN oo 179
3 A Aq Y ~ 3 A
ANuITeUIoULazusItan lgnugy nsalaNuS I o UeUIURY 181
Y
HaMIApUAUDINIAILANLIITA Taens Iasldmalauuuaua
9 ad ~ < ~
A2875 C-DTCSV 1unsan NS 350U oo, 182
v A J a 9 a 09.:’ a
anayou Toamamasvoanmaaruauusida lasaselaglsmaianuuauan
9 ad ~ < ~
#2875 C-DTCSV 1unsan NS 350U oo, 182



<

o

o a YY) d o
mﬂﬁmﬂaﬁyanymuazmde

9 4
AUATUMUVDIVADIATLARDT ()
= o o
FUONUAUTUDIVAAIATIANDT (Q)
a J [l <3
FuonUAUTEUINLIIMAN (Q)
) s Y ~ o
ANUAUMUYDIVARIA 151ABT NENININIRTANDS (Q)
s 4 o'd'a) ~ o
SUDNLAUFUDIDIVADIA 15IADT NENBNINT AT (Q)
[ v A Y o FY a A 4
unasneusasunileulfvaaiananuuunudavsnvedames (V)
] [ [ d‘ Y ] 9 a A 4
unasneusasuniloulivaainsieuunud190IRVIAIANDS (V)
] [ [ d‘ Y 9 a A 4
unasneusasunieulfvaaiauuunudiedenlvedIsmes (v)
Vo o A ] Y a o o
unasneusasunioulfvaainuuunudiedsduealsmos (V)
d' [ Y a A 4
aszuan maluvaalandnuuuaudadmvesaames (A)
~ [] Y Aa A 4
aszuah lvaluvaalarisyuunud19BIRveIaAmes (A)
d' 9 a aAa 4
aszuan lvaluvaalauunnudedsmivealsmes (A)
~ Y = 4
aszuad lvaluvaalrauuunudieosdveelsmes (A)
[ Aa A 4
ANUMUMUVDIVAAIAH ANV ULNUS DI IVDIAAADS (Q)
Y ] 9 a A 4
ANUATUNMIUVDIVARIAB ISV ULAUD 1N DIAVDIFIANDT ()
9 Y a a 4
ANVAIUMUYDIVARIAVULNUD19D9AIVDI 1518835 (Q)
9 Y a A 4
ANVATUMUYDIVARIAVULNUD19D9AVDI 1510835 (Q)
Y Yy a a ~ 4
ANVATUMUYDIVARIAVULNUD19DIANLAZAVD 1518835 (Q)
[ ¢ A ~ [ 9 d? 9 a A
Nanayaen leaNUAaIAHaNa3 19V LU ULAUD 19097
4
VOIAINNDT (Wh-turn)
v A A 1 Y d? Y a
Wanayaen JeaNvaa 1A% Ied3 MUVUVULNUDI19D9A (Wb-turn)
Y P 4 4 a A o
Wandyon TeanunaInas NUVUUULNUS19D IR 151005 (Wb-turn)
o @ A : 4 a P
Wandaen ToanuaadInas NV UUULNUD19D9AU09 1519193 (Wb turn)
o a A o a a 4
$1IUTVYTLANTHAVAAIANANVULNUD1IDIAIVDIAAN DS
U UUTTANTNAVAAIAFIBVULNUS19DIAVDIT AN DT
U T ANINaYAAIALULNUS19DIAIUBI 1TIn0F

SusevlszansNavaaIAUULNUS19DIRV0 9 15I0DS



les

Igr

ler

o a YY) d o
MeBadaanyaiazA Lo (¢19)

SusevlszansnavaaIaUULN USRIz AYD I TTI9DT
wavoamad i lugeaiisernie (w)
d‘ o 4‘ [ 9 dgl 9 a A
ANV T ¥ Te9UIVAAIANANAS WIUVULNUD19DIAD
4
Va0 (H)
~ ) di [ 9 4?’ 9 Aa A
ANUHH eI 10U TeaueIunaIananas 19UV UUULAUD 19D
4
VIR0 (H)
~ o A y 2 Y a a
ANV T s Te9UIuAAIAAT 1YL ULAUD 19D 9A7
4
19415191905 (H)
A o A y & Y a A
ANV U BN Te9UDIVAAIATT VUL ULAUD 19D 99
4
193151993 (H)
d‘ o d' 9 d? 9 a A =
ANV U s Te9UDIVAAIATT 1NV ULAUD 19D9AALA
4
1931519935 (H)

a 4

wAsnENsLlag
@ a 4
MINTLIAFIYNVDI 1510037 (rad)
Y] J A [

BUWUTINUN U
1 d'g} 1 9 Aa A o
AMNIINIBYVULNUDDINIVRIAAADT

<3 o
ANUISIVOINDINDT (rad/sec)

A [ <
HIUATUINLNVIAN (Developed electromagnetic torque) (N-m)
15909v04 1vaa (N-m)

LY} a Q{ o

AFUUTLANTUT UTIANIUVDINDINDST (N-m/rad/sec)
o 4 Ps Pe

TuudaNuNoeved 151M05voaNIA0s (kg m’)

a 4 4 [} 4
WA nHNAIFDITUSIAUaIANDS (V)

a 4 4 [} A=W I~ o o [ J
wasnglaosusaau Ismes Uauuguadmsulsmosuyy
N3IN3IEI0N (V)

a 4 4 4 4 o
wasnlasesnIzLaaLaos AL 1SNBTANAINY (A)

a 4 9 o o o w
WATNFANVA MU AN DTHAE 15190TMNA19D (A)

A o A o o
wasnEWanmron leavssvaalaanosiay 15903

ANA1AY (Wb-turn)



S

- rsf

S

o a YY) d o
MeBadaanyaiazA Lo (¢19)

gmmusaﬁmmzﬂszuaﬁmmaﬂuﬂsauﬁwqﬁqﬁgmﬁa{
[ L a o
ummmmuuazﬂ'izuﬁTimaﬂuﬂi@uéjmammmai
WA NFANNIMTEINA NIRRT Las 1Smo s mud e
A < A o A ' s Pl
WwasnFANUHHeNIuFou Teeszravaaaaameias 15no3
v
o % J
UIUVIVDINDINDT (pole)
[ o’d’ 4
aavinanansiyen leaainnos
A v A s
Wiuvnananssou Teaaanos
v A P4
aavinananiyen Teaainnes
A v A P
Wuvinananssou Teaaanos
[ & A 4 a 1 o @
‘Naﬂm%ﬂﬁmammaﬁLmummﬂiﬁ;uu (Wb-turn)
o o A o ' )
Wandyou losaamosunuanilagiiv (Wb-turn)
nmzj U (Sampling time)
v A s Aa
Wanaen TeaaamosUAUAIAIBAA (Wb-turn)
v A s '
Wanaden TedaamosunuAA10AN (Wb-turn)
v A P4
vavesandiyen Teaaianes (Wb-turn)
o v A s
nwesuazvuIaveIransson Teaaanes (Wb-turn)
v A P4 A a
Wandiaen Teaaames UuLAUS19DIAD (Wb-turn)
v A o A A
Wandaen Teaaamos UULAUDI9DA (Wb-turn)
4 J
NAPDIUAZVUIAUDINTLUTTLAUNDT (A)
o a a
AU AAADT LULNUS 19D A (A)
J 9 a A
NIZUATANDIUULNUD19DIA (A)

(v A = @ Y a a
gmammmimﬂm%ﬂmammaimanﬂmmuawmm
s sY a v A o

NNABINITUAAIANDT D 190INa NI ¥o U Toganmes (A)
JY a o A o A
ATZUAAANDT 01909 AR Fou Teaaame T UULALAD (A)
JY a v A o ~
AIzUAAANDT 01909 A R Fou Toaama T UULALA (A)
S v A JY A v A o
nnwesvansson Tesaanesorednansiyen losanwmes

(Wb-turn)



o a YY) d o
MeBadaanyaiazA Lo (¢19)

o 7 A a o 7 A a
of = WandisouTosmaansoredsandison Tesdmans uuunuA2
(Wb-turn)
A = dndirenTesmamesdradaldndion Tosamaes uunnud
(Wb-turn)
J Yy J
[x(k)] = NNADTADIUZ VDU IANA
[v(K)] = nnAes anuzveudmyandoandoanuduiliniala
J a
[u(k)] = NNADTTDIUSVDIDUNTN
a d
[As ()] = IMATNFYDITEUY
a 4 a
[By (k)] = LUATNEUDIOUNN
[u(k)] = ASNFVOUBIANA
[v(K)] = NNIABS AYRIUTUNIUIINTZUY
[w(k)] = NNABS dyaIUTUNIUIINMTIA
[x(k+1]k)] = ANhIeUDIINIAGS A0 (Prediction of state vector)
1 J
[x(kIk)] = A11/321NVYBIINNBTADIUL (State vector at previous estimation)
~ a 4 = 4 o
[P(k+1lk)] = IUATAE AT EUFUBINTIIUY
~ a o ~ J ' @ o Y
[P(kIKk)] = uNuNAIN lawdioudguoamlszinanmanuzmenainslivun
Al = Artifical Intelligent
V/F = Volts/Hertz
DTC = Direct Torque Control
DFTC = Direct Torque and Flux Control
DSP = Digital Signal Processor
FOC = Field Orientated Control
SVPWM = Space Vector Pulse-Width Modulation
GA = Genetic Algorithms
CSI = Current-Source Inverter
VSI = Voltage Source Inverter
RMSE = Root mean square error
SVPWM-DTC = Space Vector pulse-width Modulation-Direct Torque Control



o a YY) d o
MeBadaanyaiazA Lo (¢19)

MVL = Maximum Voltage Locus
MCL = Maximum Circular Trajectory Locus

EKF = Extended Kalman Filter
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Stator flux responses
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Stator flux for basic DTC schemes
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Stator flux for basic DTC schemes
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Stator flux for basic DTC schemes
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Responses for SVPWM-DTC schemes
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Stator flux responses by SVPWM-DTC
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Torque responses by SVPWM-DTC schemes
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Stator current responses by SVPWM-DTC schemes
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Stator flux by SVPWM-DTC

0.4

0
s

0.4

{ v oA ) o a a
1 4.22 Wandiyen Teamaaos dmsumsaruguuseie TneasaIng1dimaiia

N3l

a A

U

TINUAINNT

9

NWada1875 SVPWM-DTC4V

error
/as

error
1:9

0.1

0.05.

-0.05

-0.1

0.05

0

-0.05 "

-1

Flux and torque error

0

0.5 1

0.5 1

Time (sec)

1.5

123

{ 1 4 o P A J a ) o a
Eﬂﬁ 4.23 ﬂ1ﬂ31ﬂﬂﬁ1ﬂlﬂ§@u"1®\1waﬂ“ﬁl%@uiﬂﬁﬁmmﬂilmzui\‘lUﬂﬂlﬂ\iﬁW?‘iiUﬂ’JUﬂNui\iUﬂ

a A 9

a 4 o o A
Tagasalagldmaiannaeslsaianuniawadaisds SVPWM-DTC4V

U



124

Voltage-source inverter
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Responses for SVPWM-DTC schemes
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Stator flux responses by SVPWM-DTC
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Torque responses by SVPWM-DTC schemes
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Stator current responses by SVPWM-DTC schemes
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Stator current responses in stator flux by SVPWM-DTC schemes
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Voltage-source inverter
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113 91U 18 : Covariance matrix of prediction) 1 14 8 16 U Ta ‘c’Jﬁ' [Q] Hyura 5%5 [R]
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Speed by EKF
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Responses for basic DTC schemes by EKF
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Speed by EKF
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Parameter

Optimal value

Nominal power: P, (HP)

1/2

Nominal speed: N, (rpm) 1425
Nominal voltage: V, (V_ ) 220
Nominal current: 7, (A_ ) 5.3
Nominal frequency: f, (Hz) 50
Nominal Torque: 7, (N'm) 2.48
Stator main winding resistance: Tys Q) 5.2
Stator main winding leakage inductance: qus (H) 0.0179
Rotor main winding resistance referred to Main winding : rq'r (Q) 7.5
Rotor main winding leakage inductance referred to Main winding : L;qr (H) 0.0118
Stator main winding magnetizing leakage inductance: L, g5 (H) 0.3
Stator auxiliary winding resistance: 7, (£2) 14.75
Stator auxiliary winding leakage inductance: L, (H) 0.0118
Rotor auxiliary winding resistance referred to Main winding : rd'y (Q) 4.12
Rotor auxiliary winding leakage inductance referred to Main winding : L,'dr (H) 0.0068
Stator auxiliary winding magnetizing leakage inductance: L,,,; (H) 0.168
Rotor inertia: J,, (kg-mz) 0.02488
Rotor friction factor: B, (N-m-s/rad) 0
Pole pairs 4
Turn ratio (main/aux) 0.749
Disconnection speed (% synchronous speed) 75
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13190 .11 M3nuaaamsguidImuguiidmsusunesines 2 wa 2 1
Kp(4) K, (1) Kp(T,) K, (T,) A 7" Sum error
10 0.01 10 0.001 0.043642 0.148121 0.191763
10 0.01 20 0.001 0.034707 0.089622 0.124329
10 0.01 30 0.001 0.033414 0.073801 0.107214
10 0.01 40 0.001 0.036942 0.076892 0.113834
10 0.01 50 0.001 0.047428 | 0.113911 | 0.161340
20 0.01 10 0.001 0.021244 | 0.107598 | 0.128843
20 0.01 20 0.001 0.020799 | 0.086969 | 0.107768
20 0.01 30 0.001 0.021277 | 0.081927 | 0.103203
20 0.01 40 0.001 0.020948 0.069429 0.090378
20 0.01 50 0.001 0.020746 0.065423 0.086169
30 0.01 10 0.001 0.018749 0.114083 0.132832
30 0.01 20 0.001 0.018221 | 0.083924 | 0.102145
30 0.01 30 0.001 0.018300 | 0.079712 | 0.098013
30 0.01 40 0.001 0.017794 | 0.072406 | 0.090200
30 0.01 50 0.001 0.016695 | 0.065633 | 0.082328
40 0.01 10 0.001 0.017924 0.124356 0.142280
40 0.01 20 0.001 0.016561 0.092973 0.109534
40 0.01 30 0.001 0.015288 0.081643 0.096932
40 0.01 40 0.001 0.015658 | 0.071730 | 0.087389
40 0.01 50 0.001 0.015052 | 0.064781 | 0.079833
50 0.01 10 0.001 0.016659 | 0.138346 | 0.155006
50 0.01 20 0.001 0.014788 | 0.093801 | 0.108590
50 0.01 30 0.001 0.014820 0.082758 0.097578
50 0.01 40 0.001 0.014262 0.074311 0.088573
50 0.01 50 0.001 0.013372 0.067946 0.081318
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Kp(4) | K,(4) Kp(T) K,(7) A ;" | Sumerror
10 0.001 10 0.001 0.0202705 | 0.0583355 | 0.078606
10 0.001 20 0.001 0.0199827 | 0.0452649 | 0.0652476
10 0.001 30 0.001 0.0196173 | 0.038283 | 0.0579004
10 0.001 40 0.001 0.0199888 | 0.0346385 | 0.0546272
10 0.001 50 0.001 0.0197746 | 0.0328902 | 0.0526648
20 0.001 10 0.001 0.015879 | 0.0611102 | 0.0769893
20 0.001 20 0.001 0.0179964 | 0.0430507 | 0.0610472
20 0.001 30 0.001 0.0182262 | 0.0380317 | 0.056258
20 0.001 40 0.001 0.0186504 | 0.0346684 | 0.0533187
20 0.001 50 0.001 0.0186661 | 0.034294 | 0.0529601
30 0.001 10 0.001 0.0122096 | 0.0536087 | 0.0658183
30 0.001 20 0.001 0.0121512 | 0.0439803 | 0.0561315
30 0.001 30 0.001 0.0120101 | 0.0385185 | 0.0505286
30 0.001 40 0.001 0.0123853 | 0.0348086 | 0.0471939
30 0.001 50 0.001 0.0122077 | 0.0326072 | 0.0448149
40 0.001 10 0.001 0.0106895 | 0.0524165 | 0.0631059
40 0.001 20 0.001 0.0107097 | 0.0423901 | 0.0530998
40 0.001 30 0.001 0.0106428 | 0.0381243 | 0.0487671
40 0.001 40 0.001 0.0107868 | 0.0351075 | 0.0458943
40 0.001 50 0.001 0.0106029 | 0.0337064 | 0.0443093
50 0.001 10 0.001 0.009648 | 0.0498472 | 0.0594951
50 0.001 20 0.001 0.009349 | 0.0436548 | 0.0530038
50 0.001 30 0.001 0.0093341 | 0.0376397 | 0.0469737
50 0.001 40 0.001 0.0094252 | 0.0351629 | 0.0445881
50 0.001 50 0.001 0.0095606 | 0.0331429 | 0.0427035
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K,() | KGA) | K@ | k@ | A ™| Sumerror
40 0.01 50 0.01 0.0125706 | 0.0411381 | 0.0537087
40 0.01 50 0.1 0.0125706 | 0.0411381 | 0.0537087
40 0.01 50 1 0.0125706 | 0.0411381 | 0.0537087
40 0.01 50 10 0.0127665 | 0.0429668 | 0.0557333
40 0.01 50 100 0.012582 0.0419503 | 0.0545324
40 0.1 50 0.01 0.0125706 | 0.0411381 | 0.0537087
40 0.1 50 0.1 0.0125706 | 0.0411381 | 0.0537087
40 0.1 50 1 0.0125706 | 0.0411381 | 0.0537087
40 0.1 50 10 0.0127665 | 0.0429668 | 0.0557333
40 0.1 50 100 0.012582 | 0.0419503 | 0.0545324
40 1 50 0.01 0.0125706 | 0.0411381 | 0.0537087
40 1 50 0.1 0.0125706 | 0.0411381 | 0.0537087
40 1 50 1 0.0125706 | 0.0411381 | 0.0537087
40 1 50 10 0.0127665 | 0.0429668 | 0.0557333
40 1 50 100 0.012582 0.0419503 | 0.0545324
40 10 50 0.01 0.0125294 | 0.0416147 | 0.054144
40 10 50 0.1 0.0125294 | 0.0416147 | 0.054144
40 10 50 1 0.0125294 | 0.0416147 | 0.054144
40 10 50 10 0.0126818 | 0.0433495 | 0.0560314
40 10 50 100 0.0125307 | 0.0421299 | 0.0546606
40 100 50 0.01 0.0126876 0.042123 0.0548106
40 100 50 0.01 0.0126876 0.042123 0.0548106
40 100 50 1 0.0126876 | 0.042123 0.0548106
40 100 50 10 0.0126082 | 0.0416493 | 0.0542575
40 100 50 100 0.012517 | 0.0416283 | 0.0541453
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Kp(4) | K,(4) Kp(T) K,(7) A ;" | Sumerror
50 0.01 50 0.01 0.0095606 | 0.0331429 | 0.0427035
50 0.01 50 0.1 0.0095606 | 0.0331429 | 0.0427035
50 0.01 50 1 0.0095606 | 0.0331429 | 0.0427035
50 0.01 50 10 0.0094435 | 0.0332884 | 0.0427319
50 0.01 50 100 0.0095233 | 0.0335157 | 0.043039
50 0.1 50 0.01 0.0095606 | 0.0331429 | 0.0427035
50 0.1 50 0.1 0.0095606 | 0.0331429 | 0.0427035
50 0.1 50 1 0.0095606 | 0.0331429 | 0.0427035
50 0.1 50 10 0.0094435 | 0.0332884 | 0.0427319
50 0.1 50 100 0.0095233 | 0.0335157 | 0.043039
50 1 50 0.01 0.0095753 | 0.0331141 | 0.0426895
50 1 50 0.1 0.0095753 | 0.0331141 | 0.0426895
50 1 50 1 0.0095753 | 0.0331141 | 0.0426895
50 1 50 10 0.0094435 | 0.0332884 | 0.0427319
50 1 50 100 0.0095507 | 0.0334261 | 0.0429768
50 10 50 0.01 0.009299 | 0.0326755 | 0.0419744
50 10 50 0.1 0.009299 | 0.0326755 | 0.0419744
50 10 50 1 0.0094129 | 0.0331969 | 0.0426098
50 10 50 10 0.0094758 | 0.0326825 | 0.0421584
50 10 50 100 0.0094478 | 0.0334028 | 0.0428507
50 100 50 0.01 0.0093296 | 0.0326162 | 0.0419457
50 100 50 0.1 0.0093296 | 0.0326162 | 0.0419457
50 100 50 1 0.0093296 | 0.0326162 | 0.0419457
50 100 50 10 0.0092622 | 0.0322118 | 0.0414741
50 100 50 100 0.0094118 | 0.0326414 | 0.0420533
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My wasng [Q] ma3ng [R]
Az f
G g, Js a, 0Os h I

1 0.00003725769 0.00003364815 0.00000001899 0.00000291812 0.48879082785 0.00376766493 0.00025025677 0.48615414053
2 0.00026757813 0.00011806289 0.00000000100 0.00000022452 1.00000000000 0.00003656907 0.00073573845 0.42859434941
3 0.00008560703 0.00000899408 0.00000157467 0.00000160115 0.95534946559 0.00250786245 0.00081081129 0.57012619378
4 0.00007937451 0.00001208804 0.00000006060 0.00000009041 0.94861465942 0.00032433201 0.00076739124 0.31987092989
5 0.00009621281 0.00003126890 0.00000209315 0.00000000100 0.99314780998 0.00237489213 0.00178012694 0.54702112805
6 | 0.00010948183 | 0.00004463697 | 0.00000093814 | 0.00000003597 | 0.96036043089 | 0.00451940165 | 0.00363261145 | 0.58540506797
7 | 0.00000010000 | 0.00011067849 | 0.00000212181 | 0.00000001590 | 0.98079939617 | 0.00339607467 | 0.00000100000 | 0.44469362455
8 | 000000770154 | 0.00001409533 | 0.00000197072 | 0.00000159237 | 0.90378344260 | 0.00261956331 | 0.00115676751 | 0.60674636713
9 | 0.00000010000 | 0.00000010000 | 0.00000022484 | 0.00000117851 | 0.99959619141 | 0.00113464355 | 0.00218750000 | 0.39141746087
10 0.00000722504 0.00010691152 0.00000023942 0.00000000100 0.98146875000 0.00000100000 0.00218750000 0.21953245361
11 0.00001962280 0.00000045991 0.00000000100 0.00000517202 0.74094314940 0.00493336678 0.00000100000 0.17451814757
12 0.00003488159 0.00000010000 0.00000000100 0.00000612570 0.99514062500 0.00414062500 0.00171257019 0.45178157453
13 0.00000010000 0.00005732046 0.00000380080 0.00000000100 0.97657176600 0.00000100000 0.00021530151 0.15156216912
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v i
@

waing [Q]

w3 [R]

A5 f
A a, A d, 0s A 2
14 0.00000084734 0.00032289124 0.00000006060 0.00000000100 0.89162500000 0.00000100000 0.00390725000 0.19026993721
15 0.00000311232 0.00001962280 0.00000023942 0.00000007551 0.87990625000 0.00000100000 0.00002764328 0.14760297096
16 0.00000251291 0.00006565249 0.00000231100 0.00000000100 0.95412500000 0.00000100000 0.00000100000 0.15131314532
17 0.00001535879 0.00000148809 0.00000016523 0.00000478427 0.99713504311 0.00609375000 0.00000100000 0.21317939108
18 0.00008065796 0.00000054932 0.00000237061 0.00000904633 0.98537500000 0.00000100000 0.00000100000 0.58970745835
19 0.00000722504 |  0.00010691152 |  0.00000023942 |  0.00000000100 |  0.98146875000 |  0.00000100000 |  0.00218750000 | 0.21953245361
20 0.00001962280 |  0.00000045991 |  0.00000000100 |  0.00000517202 |  0.74094314940 |  0.00493336678 |  0.00000100000 | 0.17451814757
21 0.00000434911 |  0.00003012812 |  0.00000000100 |  0.00000006060 |  1.00000000000 |  0.00000100000 |  0.00182128906 |  0.19890466529
22 0.00003488159 |  0.00000010000 |  0.00000000100 |  0.00000612570 |  0.99514062500 |  0.00414062500 | 0.00171257019 |  0.45178157453
23 0.00000010000 0.00005732046 0.00000380080 0.00000000100 0.97657176600 0.00000100000 0.00021530151 0.15156216912
24 0.00000084734 0.00032289124 0.00000006060 0.00000000100 0.89162500000 0.00000100000 0.00390725000 0.19026993721
25 0.00000010000 0.00002832508 0.00000330938 0.00000000100 0.98457961079 0.00000100000 0.00511718750 0.17301505342
26 0.00000010000 0.00002319908 0.00000976158 0.00000046326 0.95510156250 0.00000100000 0.00609375000 0.40363306683
27 0.00000010000 |  0.00008351898 |  0.00000022484 |  0.00000000100 | 0.99870786114 |  0.00004340172 |  0.00000481470 |  0.17766401641
28 0.00001535879 |  0.00000054932 |  0.00000000100 |  0.00000523163 | 0.94843478888 |  0.00000453949 |  0.00218750000 | 0.39212822706
29 0.00000722504 |  0.00009591675 | ~ 0.00000023942 | ~ 0.00000000100 |  0.95900781250 |  0.00000100000 |  0.00052429199 |  0.19831746316
30 0.00000010000 |  0.00004918671 | ~ 0.00000000100 |  0.00000135733 |  0.99690856329 |  0.00000100000 |  0.00000100000 |  0.19658035846
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Abstract

This paper illustrated a modified strategy of direct torque
control for single-phase induction motors. The proposed strategy was
based on classical six-sector hysteresis-type direct torque control
scheme developed by using stator reference frame. The modification
made in this paper led to two control strategies called modified six and
twelve sectors, respectively. A switching table was derived based on the
voltage vectors generated by the three-leg two-phase inverter topology.

Simulations were carried out and performance analysis was presented.

Keywords: Single-phase induction motor drives, Direct torque control,
Hysteresis control, Six-sector based DTC, Twelve-sector

based DTC.
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Counter-clockwise direction:

dr. =1 if |1|<|r,,|-|aT] (14)

dr, =0 if |1|=|1.,| (15)
Clockwise direction:

ar. =-1if |1|z|r, |-|aT] (16)

dar, =0 if ||z, (17)

It should note that the selection of hysteresis band-width

is the key. Too small band-width may cause loss of

controllability.

3.2 DTC With Different Sophisticated Tables
Improvement of direct torque control can be carried out
in many different ways. The followings are some.

1. Six-sector of different zones:

In this instead of having the first zone sector from -45°
to 22.5°, it will be from 07 to 45 as given in Fig. 8. that
the states VI and V4 are not used in the classical DTC
because they can increase or decrease the torque at the
same sector depending on the position. In the modified
DTC, V2 and VS5 are the states not used. However, now
the ambiguity is in case of flux instead of torque as it
was in Classical DTC which makes us inclined towards
modified DTC as the main point is to control the torque.
Table 2 shows modified DTC lookup table for all its six
sectors.

i, (010) i, (011)
[
1
i, (111)
iy (110) = > i, (001)
i, (000)
4
[
3
A
ii,(100) ii,(101)

Fig. 8 Modified DTC and its switching vectors
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Table 2 Switching table for modification DTC

sector
1| dT
i 1121341516

2. Twelve-sector

In both classical DTC and modified DTC there are two
states per sector that introduce ambiguity and hence
cannot be used. In order to utilize all six active states
per sector the stator flux locus is divided into twelve
sectors instead of six. This novel stator flux locus is
introduced in Fig. 9. The look up table for 12-sector
DTC is as presented in Table 3.

1#,(010) 1,(011)
- 4
2 3
6 )
- (111) ]
£ 15 s
1, (110) = 7 000) i, (001)
12
E)
9
10 i
3
ii5(100) 1, (101)

Fig. 9 Twelve-sector DTC and its switching vectors

Table 3 Switching table for twelve-sector DTC

di | ar sector
' 1 2 [ 314135 6

1 i |, | ug || |
1 0 |, |u, | || |4,
= I A I VA TR I VA VI N TR
Vo, |, | u | | b | o

0 0 | d, | W, | i, | |H|u
o I VP I TH VA AN TAN IS TA N TR
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Modified Direct Torque Control for Single-phase Induction Motor Drives
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Abstract: - This paper illustrated a modified strategy of direct torque control for single-phase induction motors. The
proposed strategy was based on classical six-sector hysteresis-type direct torque control scheme developed by using
stator reference frame. The modification made in this paper led to two control strategies called modified six and twelve
sectors, respectively. A switching table was derived based on the voltage vectors generated by the three-leg two-phase
inverter topology. Simulations were carried out and performance analysis was presented.

Key-Words: - Single-phase induction motor drives, Direct torque control, Hysteresis control, Six-sector based DTC,

Twelve-sector based DTC

1 Introduction

Three-phase induction motors have been increasingly
important for industrial electric motor applications. It
should note that there still exist DC motors in some
limited applications, e.g. motors for vehicles. Apart from
a large-size electric motor drive, single-phase induction
motors are commonly used in household electric motor
applications. These applications typically consume the
power of a fractional horse power up to around ten horse
powers. Although most electric appliances require a few
amount of kilo-watt input, minimizing power losses
during their operation gives a great benefit resulting in
nationwide electric energy used by householders.

In general. single-phase motors are controlled by a
thyristor-phase controller or a variable resistor. This is
quite simple, but it is not efficient in terms of energy
consumption. To achieve this goal, complex control
strategy cannot be avoid as long as ac machines are
involved. One of widely-used control schemes is
variable-voltage, variable-frequency (VVVF) [1]. It can
be applied for motor control in many forms. However,
this control strategy does not guarantee minimum loss
operation. Therefore, adjustable frequency and voltage
of the power supply is more flexible and can lead to
more economical operation of household electric
appliances.

Over half a century, steady-state analysis of induction
motors has become a powerful tool to characterize their
performances [2-4]. It is fairly good in describing
steady-state behaviors. For simple control where
accuracy and precision are not that much important, any
steady-state model is moderate. However, nowadays, a
very accurate torque-speed control of induction motors
via the space phasor theory, called vector control [5,6],
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is increasingly required by industries [7.8]. However,
there also exists some simple control technique that can
give good performances in responses. One of them is
Direct Torque Control (DTC). It gives outstanding
features of fast torque response and simple control
structure.

Control of induction motor drives based on direct
torque control gives a fast response following the torque
command. In fact, this control technique is not new.
There is a thousand of works published on well-known
international journals and conferences especially those
of the three-phase induction motor drives. Also, there
exist some articles describing the strategy of direct
torque control for a single-phase induction motor. In this
paper, a modified DTC was proposed in order to
enhance  single-phase  induction  motor  drive
performances. The basic structure of inverter circuit is
given in Fig. 1. It consists of three legs with six switches
as same as those of the three-phase voltage source
inverter.

w

Fig. 1 Inverter circuit topology for single-phase
induction motor drives

This paper was divided into six sections. Section 2 is
a brief review of single-phase induction motor modeling

779 Issue 9, Volume 8, September 2009
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using space phasor theory. Section 3 illustrates a basic
DTC used as reference. Section 4 presents the modified
DTC proposed in this paper. Results and discussion are
in Section 5. The last section, Section 6. is conclusion.

2 Single-phase Induction Motor Model

Stakor L9, axis
W
Voo N
N,
s
Raior y N,
& = . axis
Ne
i,
Vie o Vo
" Main Winding
Aux Winding d, axis
Vi MNas

—_—

Tas Y

Fig. 2 Winding alignment of a single-phase motor

Single-phase induction motors can be characterized by
several different models. The space-phasor approach
[2,4] is the method used in this paper. With this model,
motor currents, torque and speed can be observable. The
space-phasor model is very complicated and needs more
space for explanation. However, in this paper only a
brief description is presented as follows.

Fig. 2 describes winding alignment of a single-phase
induction motor consisting of main and auxiliary
windings with their induced voltages and currents. As
shown in the figure, a stationary reference frame which
is along the axis of the main stator winding is defined
and used 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.

Ve {cosﬁ, ] v,

v, —sin@_ v,
The superscripts s and r indicate the reference axis in
which the variable belongs to. The dynamic machine
model for a single-phase induction motor with squirrel-
cage rotor in a stationary reference can be expressed as
follows [2].

sinb,

()

cos0,

d .

Y T g g
flf!' i i ¢

2)
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d ., ‘ : 2
‘J;’afr\ =Taby TV (3)
d oo oas
T e = e tad, 4)
d ., s ait
7 e =i 0.2 (5)

By rearranging (2) — (5) based on flux linkage and
current relations of the single-phase induction motor, the
state-space model, in which stator and rotor currents,
and rotor speed are state variables, can be formed.

(6)

i
1=+ (][

(]=[C]l+] ™

Where
[«]=[i, & & i
[)=[, + 7]
=[]
[4]=[6¢]'[M]
[8]=[G]"[¥]

1 00 0 0
#
] [0 100 u}

L + L 0 L. 0 0
0 Ly, +L,, 0 Lo 0
[6]=| 1, 0 I +1,, 0 0
0 Lo 0 Li+L,. 0
0 0 0 0 1
=y 0 0 0
0 - 0 0 0
[M]= EJ X, —:;" ’t'r 0
X 0 =X = 0
aiy, —ai, 0 0 —-ff'-“-
i
10 0
01 0
[¥]-= 00 o0
00 0
00 —
J,
Pl

iy

27

m

X,=ol, X =0l +1L,).ec=
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Bod i

g qr

Ji A ALAD AL are current and flux

the
linkage of the stator and rotor windings. £, .1/, .,

g

are

the leakage inductances of the stator and rotor windings.
L, 1s the stator-rotor mutual inductance. #, .rf .1’ are

iy * Ty
the stator and rotor resistances. All variables and
parameters are referred to the stationary main-winding
reference. J,, is motor’s moment of inertia and B, is
damping coefficient.
Applying a numerical time-stepping method to solve
a set of differential equations, motor currents, angular
speed and position can be calculated numerically.

3 Direct Torque Control Schemes

A Basic direct torque control [9] is given in Fig. 3.
Inverters performed by following the command
generated by using the control block diagram in Figure.

Inverier optimal
switching table

Flun-linkage
veckor section

T, :

o pnetic tongue,
Ll | Seator Muslinkage
- estimalor

Fig. 3 Basic direct torque control Schemes

With this control strategy, stator flux and
electromagnetic torque are both calculated by using the
mathematical model given in the previous section.
According to (2) and (3), stator flux linkages can be
estimated by integrating these equations as expressed in
(8) and (9). Eq. (10) gives the expression of torque
estimation. Results from this calculation will be
compared with flux and torque references. The errors are
interpreted by looking up a provided switching table for
commanding the voltage source inverter [9-10].

A, = [ (v =i, i ®)
A= [, =l &)
‘JJ
=>4, (10)
« =5Vt
For single-phase inverter-fed induction motors, a

classical space vector technique similar to that of three-
phase inverter-fed induction motors. It consists of six
unsymmetrical non-zero vectors and two zero vectors as
shown in Fig. 4.
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q,
'
ii (010) ii,(011)

A
i,(110) (111 w0y
- - d.

1, (000)
i
ii,(100) ii, (101)

Fig. 4 Space vector for inverter control

3.1 Principle of Classical DTC

A simple direct torque control utilizes a control strategy
based on appropriate hysteresis bands for torque and
flux regulation. Torque and flux errors are fed to the
inverter optimal switching table. This table looking-up is
used to synthesize a switching sequence for governing

the voltage source inverter as shown in Fig. 5.

Tverier optimal
sawitching tshle |

Fhus-linkage
wector section

El ic forgue,
Stator Max-Hnkage
estimator

Fig. 5 Classical direct torque control Schemes

The relationship between the voltage vectors and flux
variation when stator resistance drop neglected is given
by the following equation.

_d2,

= (11)
Lo

Vv

The above equation shows that the applied voltage space
vector produces a stator flux variation which has the
same direction of the voltage space vector and amplitude
which is proportional to the voltage and time interval for
which the voltage vector is applied. Fig. 6 shows the
possible dynamic locus of the stator flux and its
variation with respect to the chosen VSI states. In Fig. 7,
the stator flux revolves in a direction of the selected
voltage vector. Therefore, reduction of the stator flux
magnitude can be made by choosing a voltage vector of
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the table in which the stator flux is reduced. The
possible global locus is divided into six different sectors
as signaled by the discontinuous line. Accordingly a six
sector lookup table is derived as given in Table 1.

1i;(010) i, (011)
3
7,(110) a—aWD L2 1y 7001
ii,(000)
5
6
ii:(100) ii,(101)

Fig. 6 Classical DTC and its switching vectors

q, t 1

sector 3
al3)

scetor 2
P al2)

sector 4
ald)

seetor 5
al5)

sector 6
a(b)

Fig. 7 Locus of the stator flux vectors based on the
classical DTC according to the six voltage vectors

Fig. 7 illustrates the strategy of controlling the
magnitude of the stator flux vectors within the hysteresis
band of EAE._‘ . From the figure, the circle is divided into
six sectors. At a particular time sampling, the stator flux
vector is located on which of the six sectors. Each sector
corresponds with six voltage vectors given at the top
right corner. To force the stator flux vector revolving
within the hysteresis band, one of the six voltage vectors
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that yields the best direction of riding on the dash circle
must be chosen.

Table | Switching table for classical DTC

sector
dA | dT.

1 2 3 4 S 6
[ I T T 7 I T I T 7
I O | u, | w, | w, |, ||,
o N 7 VAR 7O AT T T
V|, | u, | u, |u, | o |ud,
0 0 | & | |4, |4 |4 |
I I TP I I T IS TR I TR I T

From Table 1, the summary of voltage vector selection
is presented according with the need for changing the
stator flux and torque values. Although six vectors are
normally mentioned, there are totally eight voltage
vectors, where the two left are zero vectors.

In this paper, to control the stator flux magnitude
uses the strategy of two-level flux hysteresis. It consists
of two codes for the flux change. dA=1 is for flux
incremental while d4 =0 represents the flux reduction
as given in the table. The following equations describe
the determination of the flux change based on the two-
level flux hysteresis.

di=1if|i|<|Z,,|-[a4] (12)

da=0 if |1|z| (13)

+ |._*\/‘..]

sref
Equation 12 illustrates the case such that the stator flux
is located inside the inner circle, the lower limit. In this
case, the flux must be increased. This gives dA=1.In
the same manner, Equation 13 illustrates the case such
that the stator flux is located outside the outer circle, the
upper limit. In this case, the flux must be decreased.
This gives dA=0.

Meanwhile, where the stator flux is regulated, the
induced torque is also controlled by the six voltage
vectors. The torque change can be classified into three
values. d7. =1 is to increase the torque. In the opposite

direction, d7, =~1 means to reduce the torque. Unlike

the flux change, the torque error control is based on the
strategy of three-level hysteresis. d7 =0 is used for

which of regulating the torque level. These can be
summarized by (14) - (17).
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sector
dA | dT,

7819 |10]11]12
1 [T I TR I 7 T VR I TR
1 0 (w, | u, |u, |u,|u |u,
-1 | ou, U | | ou |
1 | ou | u, |, | u | U,
0 0 |, |4, | u, | u, | |
L S I TN 7 I T I T S T I 78

4 Simulation Results

To verify the effectiveness of the proposed DTC, the
stator flux was assumed to be regulated at 0.8 Wb while
the electromagnetic torque was controlled accordingly as
follows.

7 ,=00Nm for0s<t<035s

I, =05Nm for05s<t<10s
I =20Nm forl0s<t<15s
I =10Nm for1.5s<t<20s
I =-05Nm for20s<1t=<30s

The test [13] was challenged by three different strategies
of the switching table:

i) classical six-sector DTC of Table 1

ii) modified six-sector DTC of Table 2

iii) twelve-sector DTC of Table 3.

It notes that parameters of the test system can be
obtained in [14]. The test was divided into three cases.
Each case represented the change in sampling time or
the hysteresis band-width. Also, each of which was
performed the stator flux regulation and the torque
control as given above by the three switching tables. All
the three test cases were illustrated as follows.

4.1 Test1:
Sampling time = 100 ps
Hysteresis flux = 0.01
Hysteresis Torque = 0.05

By applying the three different switching tables of DTC
for single-phase induction motor drives with hysteresis
control of a specified error band, results of current,
torque and flux responses can be shown in Fig. 10, 11
and 12 for the classical DTC, modified six-sector DTC
and twelve-sector DTC, respectively.
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Responses of Direct Torque Control Schemes

Fig. 11 Responses of the modified DTC case
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Responses of Direct Torque Control Schemes classical DTC. This can be explained by visualizing

- 78 s ids stator flux trajectory of the motor due to the operation
< ~ . .
% . ARSI 1 o Ko for all three cases as shown in Figs 13— 15,
g
= 05 1 15 2 25 3 Stator flux
1
i
£ o5 08
E
O 08
a 05 1 1.5 2 25 3
o B 04
5 P —
T o Aot N tpsasne 02!
g o
=]
2
60 05 1 1.5 2 25 3 % 0
500 w
s 0.2
E
g 04
% g
a 05 1 1.5 2 25 3 08
Time(s)
08
Fig. 12 Responses of the twelve-sector DTC case
" 05 0 05 1
Stator fux Fps{Whb)
as .
3 Fig. 15 Stator flux of the twelve-sector DTC case

The results revealed that the modified six-sector DTC
(Table 2) gave the better response in both stator flux and
torque than the classical scheme especially in transient
states. However, the performance can be further
improved by applying the twelve-sector DTC. It is due
to the number of sectors. The twelve-sector DTC
consists of more choices to command the VSI input.
Therefore, optimal switching commands can be
2 3 4 5 variously synthesized.
Fps(Wb)

2. 13 Stator flux of the classical DTC case 4.2 Test 2:

Fas(Wh)

Fi

i Sampling_ time = 25ps
1 ; : Hysteresis flux = 0.01
Hysteresis Torque = 0.05

e In this test, the three different switching tables of DTC

for single-phase induction motor drives were still used.

The hysteresis band-width of the flux and torque was set

as those of the test 1 while the sampling time was

smaller. With the smaller sampling time, the classical

05 DTC was unable to control the induced torque following

the command. Thus, its results were not presented. The

results of current, torque, speed and flux responses of

A =+ = : 3 : e the two left can be shown in Fig. 16 and 17 for modified

Fps(Wb) six-sector DTC and twelve-sector DTC, respectively. In

ig. 14 Stator flux of the modified DTC case addition, the stator flux trajectory of the two DTC was
also given in Figs 18— 19,

Fas(Wb)
o
]
|

]

As can be seen, the results showed that two proposed
DTC schemes can be used to regulate both flux and
torque more accurate than those controlled by the
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Responses of Dwect Tuque Control Schemes Stator flux
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Fig. 16 Responses of the modified DTC case Fig. 18 Stator flux of the modified DTC case
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. . Fig. 19 Stator flux of the twelve-sector DTC case
Fig. 17 Responses of the twelve-sector DTC case
4.3 Test3:
Sampling time = 25 ps
Hysteresis flux = 0.005
Hysteresis Torque = 0.01

As can be seen, when the sampling time was reduced,
the stator flux locus was smoother in case of the
modified six-sector scheme. At this test, the difference
was not significant. It indicated that the choice of
sampling time is essential in order to achieve good

1 . . ™ o 1ffe w-‘ H 0 o
performances. In this test case, the three different switching tables of

DTC for single-phase induction motor drives were still
used. The hysteresis band-width of the flux and torque
was set to different values while the sampling time was
held as the test case 2. With the smaller sampling time,
the classical DTC was still unable to control the induced
torque following the command. Thus, its results were
not presented in this case. The results of current, torque,
speed and flux responses of the two left can be shown in
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Fig. 20 and 21 for modified six-sector DTC and twelve-
sector DTC, respectively. In addition, the stator flux
trajectory of the two DTC was also given in Figs 18 —
19.

Responses of Direct Torque Control Schemes
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Fig. 20 Responses of the modified six-sector DTC case
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Fig. 21 Responses of the twelve-sector DTC case

As can be seen, when the hysteresis band-width was
changed, the stator flux locus was smoother in case of
the twelve-sector scheme while the result from the
modified six-sector was not as good as that of the
twelve-sector scheme. At this test, the difference was
clearly different. It indicated that the choice of band-
width is also another essential factor in order to achieve
good performances.
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Fig. 22 Stator flux of the modified DTC case
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Fig. 23 Stator flux of the twelve-sector DTC case

5 Conclusion

This paper presented a modified six-sector based DTC
and a twelve-sector based DTC for single-phase
induction motor drives. Looking-up table based
switching control strategy of the inverter was provided.
Test was conducted to perform the stator flux and torque
regulation. As a result, the modified six-sector based
DTC and the proposed twelve-sector based DTC gave
satisfactory results and this confirmed the effectiveness
of the proposed DTC schemes. In addition, from which
satisfactory results choices of sampling time and
hysteresis band-width are two key factors in order to
gain good performances.
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