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aun1si 23) manso@euiuaumssadulanail
LAa(t) + RA(t) + ko Aw(t) = B.(1) (24)

Tﬂ&m Aer (t f?(,u’f o(t) = f}‘.-ﬂf{,(h‘.. Ans(t) = ffhf,;,(."f + - ffh;,f dt),
B.(t) = ; f toapdt + 1 [ topedt
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[
v

mviualf o, = [L R kT #ag A, = [Aa(t) An(t) As(t)] davueglaaunts

%

A ¥ dAao 1
IYUTUNNANHUS N
A (t)r, = B.(1) (25)

wemviuald 71, = 0 waz k, = k. 11.Jt sgami@esi1avesaunisi (25) udanm

msufSiusuuna [0, 1 uarld

1
){l’g - _Bﬁwm + {"rf'
dt

J / tdw,, = —B / tw,, dt + k, f tTeedt (26)

aosnanyiflvisozla

J B
E(twm - /w,,,(it) -+ o ftw,,,rft = ftrr.,ad.r‘. (27)

T et Toe = %[F({J{,)fﬁﬂ + F(0. — )iy + F (0. — 4)i, }ua swailaluaumsi (27) ey

I~ a Y b4
tiluaun 75!‘1!0!@7’1!@5‘!76)

J B .
:‘T‘qml(t) + ;\_»Amz(r-) = Bm(t) (28)
r 't

Tﬂﬂﬂ 1ml W f""m“rf m7 frwmdf “a"’B”* ffT“(H

1
v

mviuali z,, = [Z BT yaz A,, = [Au(t) Ana(t)] ez laaumsiyadun

f4m(f:)~'f:m - -!jm(f:) (29)

nrsmminl Haunish 28) uaz 29) e dinung fgamiuauel voglugzi

Jdo

Wanviingilsyaenaail
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of
J(x,t) = /62(;1.'.0)(10 (30)
0

2| =

Taedi
e(x,t) = A(t)x — B(t) (31)

= 1 A cs' ) cs' 1A ’ ¢ o Ay 7 ’
Famiimanggaruezoglugives r uilumiii/szananwanmosaaud/silunsiua
A A 1 A o9 v = a' A = deg 0 9 A o ¢
lwanﬂ&‘fﬁ797ﬂn7? W!ﬁﬂ7$7’§'ﬂsll@\7ﬁﬂﬂ75n (30) gﬁlnfilﬂfluﬁﬂ\fgﬂuT?J]?75W9W7f’)ywufsl’9\7
= (% ﬂ'd’ Y U ) d 4
J(x,t) MeuA UMM TNeIN1sUszanamImsIimes - i)&’?ﬂ

. o1 (",
V. J(z.t) = ;—J/ ¢ (x,0)do
s Jo

) &
/ idrf
0

:/ :))— (z,0)do

Tagil = (A(t)z — B(t)) = AT (t) T

3]

V. J(x.t) = /f AL (o) [A(0)x — B(o)]d(o)
0

' [
v v

d o 4 c’:
14 V,J (. t)dluilanvunounnaud ez ldnfimdmiganseungunnil aanu

k]

V. J (2. t) = 0 innnar udaesla

t t
{/ AT(O’)A(U)] r= / AT (0)B(o)d(0) (32)
S0 J 0

glan AT (1) A(t) € R¥3, AT (1A, (t) € R7? AT (1) B.(t) € R* yag
hl,,,T( ) B, (t) € R"‘lmnﬁumw (32) i]wUlﬂ’dilmi“lflﬂ’diwmﬂﬂu‘nﬁﬂﬂiﬁmﬁiﬂﬁﬁl

t > 0 g zﬁunmﬁawmﬁaaaﬂsﬁﬁﬁmn757)51119'7 T a’73~l”lﬁﬂﬁﬂﬁﬂ7ﬂﬁ3~lﬂ1§
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= [f /’iT(ﬂ);’l(ﬁ)dn] / AT (0)B(o)do (33)

- ] 1o o q ¥ v Yo o 1 = A o
IH9NDIN 73]5"”9‘]%"71’!?@7‘"7?Wﬁﬂﬂ75ﬂ7”ﬂ”?‘b'ﬂlﬂﬁ‘lﬁsﬂ‘b'?\ﬂ?auaﬂ‘] NN

o { v & o (%4 i
51ius [0, €] € > 0 anndamldausilamsiwmamnsama laneuingsius?

a Jd J A Y
3.2, ﬂ7353}751?’7’71’\”5731!9795”0!ﬁ057ﬂﬂ3§ﬂ'liﬂﬂﬁaﬂﬂﬂﬁuﬂ\?ﬂﬁ,’!!ﬁ

msszymmslimesuemesl ag3tn1sianano uaueInszua (Chen et al., 2000)

U a d ad d’ re ¥
gi’]umﬁ::ymwnmma 5!!111]7)571?3]“1[1!"1[@) HNINUN

M 3.2 a”nym::mm'a ?Giﬁ!ﬁ@ﬂ'lﬂ"lﬂ?‘lﬂﬁ%”ﬂ?” mm’mammﬁsmﬁ

N371: Chen et al. (2000)

-
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Ml 3.3 WARNBUAHOINITZUATIAGN THINIANMNIUNIY HaZAIN NI
N31: Chen et al. (2000)

210 3.2 117U 150929951 HIAIUNIY HazA 1A K EIM ] AedIns1ZH

WAV W INITXUTY INFUAZHAND LA HOIVIaM Iz ANA NVenuiluaunis]daail

i(t) = —=(1—e7) =iy(1—e7) (34)

I H4. AV U A @ AL U =
el iy £ o = mpszuaiianieasdd uay T £ L = masiimaa
N1 — oo MANNNUMUAINITOH IADINTNATT

e (33)

i— Lss

o t — ¢, 91d i(t,) = 0.9i,, manunitsnimelwhannsemldonnaums

S — t

{ [ { o o o %3 J
msmmasinseaillihitieni (k) vldl agminisdvuemes] Hryua e
& d’ d’ [ Y v v d' g:/ J [ & v
A3 uazegl uamagi luiil naa udaiaussduiVinemea suas Ian N3 150U a3

J U d’ %4 d’ o Y
i)s‘,’ﬁ"lﬂ'lﬁﬂﬂ'qulmﬂ'lﬂ\‘lﬂ!li@ﬂu?Wﬁ?lﬁ”t’l?”ﬂﬂﬁ1ﬂﬁ'ﬂﬂ75

- Coeak
kr) = !
Wm

(37)

= = = < ' a
INAUNITN (34) AUNITN (35) LAz aUNITN (36) NILAIWITANIAINITINIADT VD
S YR am A Bhg [} 1 a S ¥ ] o w 4’ A A
N@m@i‘lﬂ “Ii\’l'J‘ﬁVlGl‘Ifuul.llﬁ1lﬂiﬂ1’i'lﬂ'lW'li']llW]@illﬂull“L!EJ'IUﬂ IHONNIDINYUYINION 1 IO
I o A s A Y R Aa G’d’ ﬂldyd ) %
AINNUNUENVOIUATOIND INDNN I ﬂﬂuuﬂ7w75'lﬂlﬁ957]%7%77ﬂ”i)\7!773l7&’@'71’751]ﬂ75?)?1!@1/

UUUMNNY
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A aa
UNN 4 I5MIAIUAY

4.1 MINWANUTITAIAEAT

daunuusstalaoasanaiuluil 1986 (Takashi and Noguchi, 1986) Fafit1uilulu
mM3nuaunsidalagase (DTC) Ao Arulrmassdia 1l (Electromagnetic Torque) 1%

{ a J 1 @ -
gnAoa TaeNuwesaumsusea liihvewwemesnszaseliussammaail

a { Aa < a o [}
aumsuseda lWives PMSM Nnsous1984 d-q nyudrennusizelasie Tag'l
AndnINaveInNNMNe3 WUy d-q usauaadIdnuaunIs N (38) (K. Y. Cho et

al., 1994)

3P|(dL,. do o (dL,. dg .
T,==— O +—— iy +| iy +—+ i 38
em 2 2 |:( d 99 sd d ee (Dsq] sd ( d 09 sd d 99 (Dsd sq ( )
Tag Pra» Prq mmiam"lﬁ'mmumiﬁ (39) uag (40)

¢sd = Ldsisd +¢rd (39)

(osq = quisq + (qu (40)

<3|
> g unszualuunu dq

< o 2 < ¢ .
Tagn P ifluswauan 6, iWuyuveslamesnialail i
<3| ' = o
(synchronous reference frame) Ly, L Auamanumienirluunu d-q uaz Pt > Prg> Pt » Psq

& ¢ Sl da o
Hulsmesuazaamosiansasang

a I 1 $ [ H
Tagauudald L., L 0uaineh uasunu o, o #18aunsin (39) ag (40)
3 ds qs q)sd (/)sq

qameudinylausadia vl luunu d-q @3 Salient Pole PMSM i1 Tluaums® (@1)

3P| (dg, . (do, : P
Tem :T[( d%d _¢rqjlsd +[d—0q+¢mj'sq (L - qu)'sd'w} “1)

e
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A o da & A a v g A A Iz
Neamesangassinanmannuimanasasundlasaugiaduaned o, =g,
<3| ' [ a o
uag ¢, =01as g 1Wudargegaveslsmesanddsdine udrverilide, /do, =
9 ci’ a A @ [ <
dg,,/d6, =0 Aemgil aumsussialifheawemeids Innfauuuuimana s (PMSM)
¥ . . A @ [ 4 =
W4 Salient pole 1A% Non-Salient pole Ailng g lihdwnduiugdaduanoiamisadiou
1 Y
19 Tan
3P . . 3P . .
Tem = T[¢Sd Isq _¢sqlsd :| = TI:(DSaIsﬂ _(osﬁlw] (42)
A .. . . I v da
R8T iy, iy Pgs Py 1ss P » 0 WUNTZLAAIAMD S URZ AR T NTNFRIAIND
VUNTOUB DI Insiauaznsous 9B IMgatina a1y Tasdunsndneiiovesaunisi
I~ a a a o A <
@2) szduaumsuseda liihvunseudredsdalania uazvniovesaumsi 42) axiiu

aumsusada Idhounseudridangaiia

= a ) Y A 1o o Y 9
Iﬂﬂ‘Vli]E;]ﬂ'li@@ﬂ!L‘]JULLiQUﬂI@fJG]i\1ft]$sl“]5ﬁllﬂ'li‘Vl'l\WI"I‘H"U'J'liJE]!Wi']thiﬂﬁ_]u@]@\ig

9 3 ' J
mﬂyaﬂlﬂﬂ@nllﬁuﬁiim’ﬂi

o 1% A 1% . d' Ia o d‘
dmFUINT9ININALUY non-salient pole ( Ly, = L, = L) Hoeninmamaiasnnai

a 1 < = @ A 1q 1 4 o ¥
mannuimanasulasundasmudygyiun lilegdaduasied duiu de, /d6, =
=~ 4 a k) a a o g‘./
dg,/d6, =0 lunsdives BLDC vomad aumsussda lilihuunsendaddaIniiant
A v [ g 1 4 o = A
Surface-Mounted BLDC futsasiu lihdundulilsgdaauaned awnsodou ldameaunmsi

(43)

3P[(do, _ (dg, .
Tem =T [ dé’: _q)rq]lsd +[d_0eq+¢rd]|sq (43)

S v da o A ' { 1
Tameslandasnninunsounyaiis ¢, uag ¢, annsaunulieglumenieguy

Aa Aa v W o 1 4 §
A50U81909%4 Iasianudurua Tameos na lih 1dauaumsn @4) uaz 45)

Dra = Prg COS He ~ P sin ge (44)



19

@iy = Qg SING, + @, COS O, (45)

TagTlAMNANNITN (46) Lag (47)

do, _d
ﬁ .
=— cosd, —@,, sin 6,
dHe d9e I:qord e ¢rq e] (46)
do, : do, .
= d—é;ecos 0, —sinb,p,, — dé;e sin @, +cos 0,9,
Loy
46, d
ﬁ .
— = siné, + ¢,, cos 6,
dHe d9e I:qord e ¢rq e:l (47)
d . d .
= %sm 0. +cosO.¢,, + d(p; cos 6, —sinO,¢,,
e e
ATEUAUUNTOUBDINEATIA i, 1Az i, aunsaunulioglumenieguunsoy
9oz Iasianudrialsmasna v 1dmuaunsn 48) uag (49)
Iy, =l cos @, —ig, sin6, (48)
Iy =1y 8in 6, +ig, cos 6, (49)

A o S (v da & A v o A
Iﬂﬂlllf]u'lﬂi%LLfﬂ!ﬁ315m@i“l/\laﬂ“]fﬁ\?ﬂlﬂi]’ﬂuﬂi@ﬂﬁq@]uﬁu?ﬁ]mﬂu UIFUNITN (46)

uaz (47) llgauiuaunmsh (48) uaz (49) vz ldamannsh (50) uaz (51)

de,,. dog,. .., . :
—j =—05j_sin" 8, +cosb. sinb.p I, +
dge sa d@e sd e e egard sd
qu | . s 2 H
s €086, sing, —sin” O,¢, i, +
. e (50)
d(/;d iy, cos 6, sin 6, +cos’ 6,04l +

e
do,, . i [
d(/;q I, cos” 6, —cos §, sin O, ],

e
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uag

d¢rﬂ - d(ﬂ . . .
d—gelsﬂ = d—éedlsd cos’ @, —cos @, sinO,p,,i, —
d
Pr iy cos 6, sin 6, —cos” O,¢, i —
d ’ (51
Py iy, cos 8, sin 6, +sin’ 6, +
e
dey

- . 2 . -
I, Sin” 6, +cos 6, sin 0,9, 1,

e

a 4 1 [ v
AuMIHsInveawames nizuanse 15 ulssounius s Iihdundy (Back-EMF)
I [ d‘ ] 1 4 d‘ d' Y a A é VA 9 1%
Whudyaan lilyglaend @uasuaiany) vunseusiedagatia de limerdeiy Tnua
9 '
M5uInszuand 2 lauay 3 e Iﬂﬂ’éﬁi@ﬂﬂi@mﬂﬂuﬂ (Stationary Reference Frame) (Liu et

al., 2006; Ozturk and Toliyat, 2007) v laweunsi (52)

e 22[d9 “de Y 22| @ (52
d e 4
Tag 99, _ 8 wag —2% — =8 qedlylaeums (53)
dé, w, dé, o,
3P[e,. ©. | 3P . .
To =575 it Ly —Ez[ka(ﬁe)lsa+kﬂ(ﬁe)lsﬂJ (53)

€

Tag o WuanuEilamesmalduaz k (8.), k. (6.), e , e, fuaininvedusaay
e a Vi e o i)

e

o ]

Tihdundy TasuegiudumiaTsme fnaliuunseudidwmeaiiuazus adu i
Sundununsedidamgainudidn Taadlefinsanaumsussialumeumanioves
aumsi (53) wrnunlianuEisevvelsmeFludnis i ldag hifidaymmsduna
wsadafianudaseulng o weidlu 0 (Ozturk and Toliyat, 2007) Tasdi P fos1uau
Fusimin, 6 feyuTsmeina i, o, AoanudisenTsmesmalilih, ¢ | @, A0 13

4 v Jda o A o Y o . A J Yy a
Lc‘lﬂiwaﬂ‘ﬂfaﬂﬂlﬂﬁl, €, eﬁ ﬂauimu"l%lﬁmmmmmz i isﬁ' ADNITTUAAIANDT 1UD19D 4

sa?

A ' @ o A @ v g
nseungaiy Tasawseau liihdunauianisadaldornszdosiailuuny line-to-line

A 1 Y Y o Y Y =
1119991n9@ neutral Tuansadald auiu e, e, e, aunsom lannaumsa (54)
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ea 1 1 ) 1 eab
=— 54
e, 33 0 3 :b" 69
di, do
V — Sa ro
Sa SSa+LS dt + dt
(55)
do,
V., =Rii Ly—2
® dt dt

Tavit Ve, Ves.Re L Slunssduuunseudadangaiia manuduniuiaz ANMUINTHENN

domla awddu 1n ¢, =@, —Li, 102 9, =0, -Li, 10t ¢, 0, AoaINNDS-
v Ja 4 1 ~ ~ 4 [ [

Wandasama weunua luaunish (55) 12 1dmmannisn (56) nagiiosagdInsez lda

aumsi (57)

V. =Ri +L Isa +d(¢sa_ sm)

S S Szx d dt
(56)
d (gps/i sisﬁ)
Vsﬂ:Rlsﬁ+LS d £ m
do O di o di
se —\/ _Rij 4| —sa_ sa
dt S S Sa S dt LS dt
(57)
d(psﬂ . dlsﬁ disﬂ
pm =V =Rl + L . -, —= .
fmsniusnaesiaitenm 0. 0., W AT aTUMSIT (58)
Dsq = J-(Vsa - Rsisa)
(58)

Psp = I(Vsﬂ - Rsisﬁ)

{ . . s { { o o
Tagh ig,, i, Tdnnmaulasnarinawaumai (60) Tasulasnnnazua 3 unuiiyuiy

I 4% o A v A T A . J
120 ®3F HJ‘L! 2 UAUNAIRINAUNIDIYVULNUNBINUN (Stationary Frame) YT 91D T
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Tumal§idawsoldguaviAvesszou i 3 wlaauaa (i, +i, +i, = 0) ez 1d7a

o 1 % [ v 1 1 [ o o
nszuaInmuIaiissodaz 2 e Faildseudaaldsenuginsaimsia

a_) o
b —7> b
—):C: Clarke ﬁ )
IS
a,a
c
= s
A 4.1 msutasuesnaiin
Tagasndlumsutasan abe 1 apy Aoaunsi (59) Tae [T, .| =1

b1
2 2

Taﬂ;//abc = \/g O ﬁ _ﬁ (59)
3 2 2
L
V2 V2 2

Fa - { M - - ' I T
108 i,y =T, jane "l 1ABMWMAAUQA (i, +iy+i,=0) y vzliauiu onazunusn

=i, —i, 91 meanmsh (60)

IC

ISD{ = Isa

(60)

] 1 .. ]
i :ﬁ(lsé1 +2|3b)

° A o da o ] A
ﬂﬁ‘ﬂﬂ!’m‘l‘ﬁ‘I“U‘Lﬂﬂllﬁ%“I/Iﬁ‘VINi’fmmﬁ]‘ﬁ/‘lﬂﬂ“ﬁﬁﬂﬂlﬂﬂﬁWﬂJ‘liﬂ'ﬂﬂﬂ@]‘lNﬁNﬂﬁ‘V] (61)
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2| = (@2 + %)

(61)

my.uooom a,a

Ve(100100) ,

LV (000110)
i}

A 7 o & A
NN 4.2 NAmBITYBINaNFUUNTBVYYALL (AU af )
1: Ozturk and Toliyat (2011)

o a (v da o 4 q9 a .
FUNANNN AU AN TNANTAIAIND !11@1“]5 2 W‘Iﬁ'ﬂ’J‘UﬂNﬂiZlLﬁ TINA sharp dips

a X

[ Y
matunn 60 09N 1 11109910 freewheeling diodes 1AZILINATUITFURBINUNITAIUAL
I Y H
useiinlaoasauuuaoud 11199910 sharp dips %mﬂﬁunmﬂﬁaumm (60 pap 1M 1nlil)
9 A v o 9 R 9 A A
Llﬁ$EL1J'JI°L!1]‘UENﬂﬁ&lﬁl’ﬂll@uﬂ‘U’d'J“L!‘]J“L!"U@Q!,ﬁ\iﬂu‘lwﬂwmuﬂﬁﬂlwEl‘l/lﬂ1iﬁ§'l\1ll§\1‘ﬂﬂ‘ﬂ
= 12 ~ a J (v Jda o 9 <
INULIYY llllil‘VH\Wli]%ﬂ')llﬂqZJLlﬂuwaﬂﬂﬂﬂﬁﬁlﬁlﬁﬂiwaﬂ“ﬁﬁQﬂ!.ﬂi] Glumw]iwmmmw’ﬂu
(o da o Vi v v a A
fﬂS'ViﬁgLl51]@\1ﬁl@]L@]f)'i“l/‘laﬂ“]fffl\‘]ﬂlﬂ%fﬂllTiﬂQﬂﬂTUﬂll"lﬂxi18]!;!@Qﬂgqﬂwaﬁﬂﬂﬁuﬂﬂﬂlﬂﬂlliﬂ‘ﬂﬂﬂ
3 Y s o A A a o A A 1A
i'Jﬂli’Ji]31’7'l1ﬂﬂ1ﬂnﬂmE]il,!,iQﬂu‘m“ﬁll'l$ﬁﬂJGLu"Uﬂ!ZVILLE]NWﬁi]jﬂﬂl@i?\lﬂﬂ“ﬁlﬂ@ﬂi]ZﬂiﬂﬂaYJﬂ@

P A
aznumamuauﬂaﬂm
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{ J @ 4 a J a
GﬂiNﬁ 4.1 NNANDIUIIAU 2 L‘V‘If’ﬂﬁﬂlaﬂﬂﬂﬁﬁ?ﬁ“]f"llf]\iﬂ1iﬂ3ﬂﬂmliﬁﬂﬂiﬂﬂ@]i\i

vor 6 0, 0, 6, 6, 0,
1 V1=100001 V2=001001 V3 =011000 V4=010010 V5 =000110 V6=100100
: -1 V6:000110 V,=100001 V,=001001 V3:011000 V,=010010 V5 =000110
1 V,=001001 V,=011000 V,=010010 V,=000110 V,=100100 V,=100001
° V,=000110 V,=000110 V,=100001 V,=001001 V,=011000 V,=010010
1 V3 =011000 V,=010010 V5 =000110 V6:000110 V,=100001 V,=001001
! -1 V4:010010 V5 =000110 V6:000110 V1:100001 V2:001001 V3 =011000

Wu1ee lagdniues V. (589910 A High, A Low, B High, B Low, C High, 11a% C Low

ANA N

17: Ozturk and Toliyat (2008)

Vdﬂ‘
c 1 1 1
T SH;’H SW:BJ SWEJ

0 0 0

a

b
Cc

o 1 1 1
—=  SW SW S

o2 | &l
T o 0 0

SW, SW, SW, SW, SW, SW,
ATATTAT AR

Two-Phase Voltage Vector
Selection Table

~ 1 a 4 J v s A a @
NINN 4.3 NMITADDUNDTNOTNUNDIADILUDWITUULIIAU V.

17: Ozturk and Toliyat (2008)
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V,, uag V,
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A a al 1 v o A 1w a 4 4 9
wevalgugiiauyaiignitealsusaunminy lasduneswmes lagly Inuans
o $ o 4 [ a 4
inszuauuudoudan Tadlunnd 7 usedu V, . V,, ag V, wldainaniugves 6 dind
o [} ] 9 I A < a
SW,, SW,, SW,, SW,, SW,, SW, @r0d1a5u 91 SW, 11lu 1 Wa1995) SW, 1w 0 (il
1] Id I Y
1495) SW, 1w 0 SW, Wlu 1 SW, uaz SW, iiluouddr VvV, =V, /2 uag V, =-V, /2

TaelumilaDeen v Freewheeling diode Tu Tnuamsihnszuauuuaoula

A s o o
AT NN 4.2 INKDILITIAU 2 W‘I’dﬂﬂﬂ’)"lll V

an?

v o J
Vi Ve dunius V,,V,

V. SW State V,, vV, V., V, Vs
V V \/EV Vdc
V. 100001 e 0 - de
! 2 2 2 2
V. 001001 0 Ve Voo 0 Vi
2 2 2 2
\Y Y NEY, Ve
\Vi 011000 ——ge e 0 Y7 —=
3 2 2 2 2
V V \/§V Vdc
V 010010 — L 0 g N7 de -
4 2 2 2 2
\Y) \Y/ V
V. 000110 0 ——d —de 0 ——d
5 2 2 2
Vdc Vdc \/gvdc _\i
V, 100100 5 0 — = 5

anaumsusada lwih luaumsi 52) Fuiumsmuuvaenla dedasaaunsidesns iy
. . 4 = = L} U = 4 = d' 9}
line-to-line riioaninnsaifarsaern uawnsaiaesald dedinsanaunisn (62) 15lun1sudas

¢
13N

3\l L Thex,
a 2 2
== X (62)
(Xﬂj 310 ﬁ ﬁ Xb
2 2 ¢

=1

I J a A I J
n X,. X, iWunouTnuuivunseuddangatisiag X,, X,, X Wuaou Tnuuiuunsoy

a H J 1% da 4 a
#1989 abc Tas X luaunisi 62) ununszuauazlsmosidngasanaluaunisusaia

Il
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Weaumsi (62) X, X , ganszanein ludrdagilmilioglumenves ba—ca

line-to-line 9% 1deuauNITN (48) Uag (49)

22X =X =X X =X+ X, =X

X 3 3
63
— Xba Xca ( )
3
ag
X, =£(xb —xc)=£(xb — X+ X, - X,)
3 3
A (64)
3
:T(Xba - Xca)

]
a

N X, =X, - X, uaz X, =X_—X, 1naunsf (63) uaz (64) am1sodonlna ldan

aumsh (65)

11
X4 3 3 | X
= 65
[Xﬁ'j ﬁ _ﬁ [Xca] ( )
3 3

eennsadeuaumsusadialuihluildedlugives ba—ca frame line—to—line 1aas

aumsh (66)

_EE{d(—l/S(prba -1/3¢,.,)

=37 7 (=1/3i, —1/3i, ) +

(66)

d(ﬁ/wrba—ﬁ”(/’rca)(ﬁmib ~J3/3i)
dee a ca

Taoh iy, =i, —i, wag i, =i —i, ndnudaumsFuavindiaeg ldawaunsi (67)

TemZB 2d¢rba _% iba+ %_% ica (67)
6 de, do, dé, dé,
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wioawsnleulieglumenves Back-EMF ba —ca frame line—to - line ldawaunisi

T, = EM 25 ~Cex Jiba + ( 260 1o ] ica} 68)
6 @, ,

TasN e_=e —e uaz e_=e —e aunisn (53) awsameuliodlumeuvesninai
ca C a ba b a 1}

(68)

% Q. v e e d'
usasu llihdundy (0 ¥k, =2, k, =2 awaumsi (69)
@

ca
e a)e

T, :%[(2kba (6.) Kt (6)) i + (2K (6,) ~ ki (6))ice | (69)

o . . < {
H3oaIndamey ab—bc —ca frame line —to — line 1&iluaumsn (70)

Tem — E eablab + ebclbc + ecalca (70)
2 3w

e

; S : e e
Taoh e, =6, —e uaz i, =i, —i, v3omould k,, k.., k, ¥9 k, =-2 k=% uay

e a)e

e r
k =-—2 l@nuaumsn (71)

“ o
e

Tem - %[kab (ge )iab + kbc (ee )ibc + kca (ee )ica ] (71)
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le phase

.

~

zic;‘ l_

P

v

o, =tan”’ [ﬂ]
: Pe

2= (Ve ~RiL)

A

(0]

m

YYYYY Y

3-phase

Inverter

o=t 20)

Clarrk transformation

d

Electromagnetic Torque Estimator

Hall effecf or E

ncoder

dt

NN 4.4 'Ni]iﬂﬁﬁ]@ﬂ!,m“]ﬁm\iﬂ?iﬂ?ﬂﬂﬂlliﬁﬁﬂiﬂﬂ@]iﬁ

4.2. MINIUANAISUFUDUANINY

NISAIUANNSUTUVUAINHY (Chen et al., 2000) Vi1 naInIuanile undy 1o

v P 2 1 a A o v -
ﬁ@\?ﬂ]ﬁ?W?JN@W'I@Uﬁu@@?l@@?&’llﬂﬂﬂ?“ﬂﬂ iﬂﬂﬂ"lﬂw%ﬁ?ﬂ?ll@ﬂﬂﬂu?l]ﬁu? MNUY

[

HafAeUae

sgnsunIumndygrasunIuinanmsindyaaideunduuaznaved

Ao nvesnImnes uazionoanisaaNansznuAINg 1394 tinianIuguilow

lwiwvvaadgyanasunauanmni 62 iuuwumn] agsinvesszuuiil 1l unisaaugu

< Y ! J v ,;
AINNLTI ﬂsznaﬂmﬂmumeq PN

1. ManIa3 Usznoudleniasdied 145 uNenes IGBT Az NoInD3

2. manugn Usznounae G, w, (s), Ge,ia(s), Gevip(s), Ge.ic(s), Unit vector

current generator, V,,.; U Gate drive

2.1 Gate drive Ao @auimilasondyagnamavan] i IGBT ansorau]d
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2.2 Unit vector current generator (F;(0,)) Ao S Q@ 1a4nszuao 19999049 i, (1),
in(t), i (t)
" A r = A tg
2.3 G, wy,(s) Ao Speed controller 11l PL-Controller 2 ?N‘};\lﬂﬂd? HIT1HIVEY

Al . v - " . =~ d’ U r
24 G i,(8),Geyip(s), G, i.(s) A Robust current controller naznarnely

Guate drive

. ‘;'; ~
WHP Jlt
P

+ - .
_>O_>(’r--\'~*-:m("".

Win

I, I, I
O

Unit current vector|

dt ]

MNN 4.5 !!NHﬂ”lWﬂ”liﬂfJﬂﬂﬂiﬂﬂi?M

N31: Chen et al. (2000)

n1seenuuUMIAIUANNSZUa] AEIENUMUN UGN RNTU] a8 C.M. Liaw uag S.J

Chiang FIAIUANNSZUaUUVNNY NewTioziiluiIniugunszuauuuninuil 3 vila asil

1. Mnupunszuaesnade mnsuguydaiiluiiien] ¥niuilesonannsering

%

YSugumnruguldae Usznevdisdinivaudoundiiesediauies iniisnm

> Q

@RITMNVOITZUY
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I motor model per phase |

7 Gr(s) Vi Vi €4 G(s) |

S5+ PI f— I 1 | I»
A i >
! |+é SLt R |

K, |«

M 4.6 !!NH!H‘W?Jﬁl’:)ﬂSUENﬂ759?11@3Jﬂ5§,’!!a’881’7\7\7'7£l

1131 Chen et al. (2000)

2. (PIAIVANNIZUAUYUNUMUOENIY AIVAIVANY ATz Urano ua e 3161
r ' 4’ (4 - p o b4 d’? 14 7 * I 4’ (%4
AIUPNNILUAOELNIIIY (HBIDINAIAIVAN G 1. (5) Aol I /1* = 1 1aendanivgu
» ; o b4 d’ W ! Aﬁ' U a Jd d U Y Y a A
G 1.(s) szmnmnii laanaademmsidimesvesnema s lagneod ual unajia
’ a ¢ v ’ X 1 & % o9 ¥ ay v o
mnndme saansarlaonmlszanaduaun i 3onl vinane vaue i ldiuieadin
a a Jd d v v &

AIIMAANAIADININIIAIAD TVDINOIND S LA T YYIVUTUNINVRITZUY AIH U0 IINT

% (% v v 2 U a Jd
vinnndanudenliiwuvdndyaasuniu ieananansznuve MM IiNe 3ve3

Jd [ [
oo sias agyeyIdIuNINIINNI1IIN

Gie(s)

sL + R
1‘-.\ 1\'!”}.'”

(-"p ( S )
1 [ E]

sL+R+(1-W)(sAL+AR)

G ()

PI

\4

Kpwm

K

A

ﬂ'l‘Wﬁ 4.7 !!NH!H‘W?Jﬁé)ﬂﬁ?ﬂ?ﬂ@ﬂﬂi&’!!a’llﬂﬂﬂM?’)'I”E)EI’NG’TEI
N31: Chen et al. (2000)
(%4 >4 a dw Q’ >4 34 24
3. mmu@unﬁmmmununm ﬁ?ﬂ?U@N%Hﬂuﬂ&’ﬂ’vﬂﬁﬂﬂ?ﬂ@ﬂﬂﬂM'Zl]ﬁu‘l!lllilﬁﬂ

o § a d Y a 1
aeyyINIUNIN lﬁﬂﬁﬂﬂﬁﬂ?&’”ﬂﬂ?'lﬂ??f!lu’uﬂN‘llf)x‘lﬂ"lW'lTl?J!ﬁﬂiN@!ﬁ@? %@ﬁ?ﬂ?ﬂ@ﬂ‘b’uﬂﬁ

aunselsuanudosnisiamudyanamisenisaanansenuvesdyIasunIula
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(;!",(H)
sL+ R
KoK pm

(?fh(s)

+
—>—>O—> PI
*

C’T.frl'(""')

sL+ R |
Jr\’.- 1\’prr'ru = +

N I
motor model per phasel

I ¥
| e(i C’p("") l I‘,

Vs T
Kpwm ‘:»é—» : Ly
! ' + sL+ Rl 1]

r—F——-—

M 4.8 um!mwuﬁané’amugunssumwunumu

1131 Chen et al. (2000)

%

r Y g o v ' A
ﬁ?u?fﬁ&’ﬂ@ﬂ? Un 75?7'JU@N"IH\?WMEIIE’JGﬂ?ﬂ?ﬂeﬂijﬁgﬂﬂﬂﬂ?ﬂﬁ?uﬂNq JH

4
v Y

1 muguloundals (G 1, (s)) tiludmvguilounaviid sifhuvuiile fnini

SN UADYTMNVDITZUUNANNITAIH

_ sK, + K;
Gpuls) = 2Dt A (85

S

1
[ (4

wilansuaelouvea 1/ /1* mnmui 4.8 laglirhirnsuamuudevulmimsaesiin

Anazla

T 7= s+ K
I" Ir\;u’mn"'-r\ s (_!—)

e sL+R; 86
F - . T T sKy+ 1 (86)
5 s+ I puwm I\ g SL+ s

v
v %4

d' % d'dd r v = ’ Aa a’d' r A a A
Tﬂynmmlsnumﬂaguumanymwmmmwnmmasmﬂumuaw a navoinniaen

K: = K,R./L aumsii 86 gl vislldaaii

1_-": _ F}m'mr.u II\F‘U/E (87)
Ir a s+ Fpu'mr,-\- I‘L},/E
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N o Y d o

= ’ Ao 1 A~ a
aunN1in (87) Nﬁﬂym&‘fﬂa7ﬂﬁ3ﬂ‘b'uﬂ75’?9‘H?’@@?\?‘ﬂiﬂ593ﬂ?7ﬂ€7ﬁ7ﬂ7”7’3]ﬂ373~lﬂ

vouvunny f, = K, K ... K./(2rL) Tagun@inisu/asuni/asves V,,,, desluiing

14
v v

o/ (% 4 = i = 4 v a  da
AnusuvesdyaagUnauanundsnilynSevdisvme mdyagaaIng e adau
fo=0.25f,,; nazazld

- 7 feri L . iR

\p = ————, I\.;zﬁ (88)
" 2K K pum 2K K pum

Y Y 3

2. dmavguiferluih (G,.(s)) fmhimlvilensuaelouvea 17 /1 iaumay

1 aauinuguleulumindaunisasii

Gy~ SR 5

I\ -‘\‘[\ P

v =

A q v J o Y 1 oA = £
lW@? HHane iltmawadtrtytwmﬂ5:,'!!trﬂni17uililmmilgmﬂa NII ll?’i”79€l7\7!ﬂfl? ﬂ@!ﬁu@? ‘ﬁg? Y

v
U =

mmuvguiloulmhdndyanasunauuuunumu fiaznaneely
3. mvguileulimndadyanasunIuuunumy (G 4(s)) nhiszanam
dagnasunIuine [Uind 19 Ud Yy asUN NN IUSZUY HazaANansENUYeIAIIN

T Aa X o o a d Jdy o A
'hmum)umnmmnﬂmwﬂmmaﬂawmmamm GNNTIGPNY

sL+ R
Grals) = —

I\ S I\ puwin
luauvesinuguagea Vi, = Wé, dyanamavguiignasiatuazili]ms
g
aunsil

I/:'f rl — L,f b+ 1}( + Vyf.'f — I"ffb + T'iff + H"farf 91

Tagit W, 0 < W < Liluaniminiidsumel danwd gl unismavvesianiugu
U Q’ d’ﬂl a A d’ L d’ U
seHINaIAeIsAIVgN uazlszansmmvesnisaavaxl umwil 72 wumsildeunilasm
a Jd % d’q 4,: Y - ] & 4’ U

YoIW15 1IN0 3 nazdaaasunIuinaTy awsaaalaon (W — 1) egel samuion

vaa W @nlngd 1 maganamavgunoziinnu] e
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4.3 mimuauilSuanesn iaad1eds

drmuauliuduesldauTumadadanlSuilswud (MMRAC) (H. P. Wang and Y.

. 3| A o 4 9 X P o Y a s Y
T. Liu,, 2006) Wumadiauuusiassnainvulaslunsaauuusiasssradannnaiudaie
o ' o [ A o 1 1 A o @ I @
TagdSuriudnaugy 151 naudi, sasraiumsniag (&) (natidududed) iudu @

) A
ﬂ?ﬂﬂhﬂi%ﬂﬂﬂﬂ?ﬂ 2 NAD

<3| A o J @
1. ’NcluL“]JM’N‘VIJJﬂ’li’ﬂﬁ]uﬂﬁUGUﬂQWﬁTL!@]LLaW]’Jﬂ’JUﬂN

I Aq Y [ a J v
2. ’Nuﬁlﬂl‘ﬂ°L!’NVI'IGI?GLUﬂﬁ‘]Ji‘]JﬂWW”IiHJLﬁ@iﬂ’)ﬂ’)‘ﬂﬂll

-

s v Yy a o Y ¥ a
“If\iﬂﬂl]igﬁ\iﬂell@\jﬂ'liﬂr.]Uﬂ?J1]iUﬁjL@Q@1Q@QLLUU%’]a@QUﬂa G]E]Qﬂ’lirlﬁﬂ?’lllwﬂwa']ﬂ

e=y-vy, iauilnd o

Reference | Reference model output

model _ L Y

Adjustment

Control parameters - . -
mechanism

o
A
U, u y
Controller — Plant
Command signal Control signal Process output

~ [ Yy a o
NINN 4.9 52UUUSUANB90190 VU004

3 s ¥ ' A 7
’Nﬂ’J‘Uﬂllﬂ’ﬂllli’ﬁl@\‘mﬂmﬂiﬂimlﬁﬁi\illiuﬂiﬂ‘ﬂ]u mmmﬂwmumﬂuaumi

DUAVEDY (H. P. Wang and Y. T. Liu., 2006) fo

y(s): c
u(s) s*+as+b

G,(s)= (76)

Tai a=&+E’ b= BR; = PP
L I

S
v
v @ ° a I v v
ﬂ'JﬁJL?TfJﬂVITL!) ﬂmu%wemmmmumamé’nawmszumﬂuﬁumiaumﬁm ﬁf]

4 4 o a Qﬂ’
(J Ao TuuuuAnNUReY ay B Aoduilszans

S
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Y (S) _ o;
U (s) s’+2lms+w;

G (s)= (77)

0=

o 9

Tag Y, Asuuuassndeds u, Asdyaamdwud) & Avdasidiumsniiues o,

g

A

I A a k3 o
WuAuasITNNa Taglnsaindiniuguae
u=6u,—-0e (78)

{ 1 a s o 1 (Z o W {
Taeh 6, 6, Ao mwsilmoeinlumsuSumludauguuvulsuduesld vnaunish (76)

wim y(s)=G,(s)u(s) uaz e=y-y, laounu u Sreaumsi (78) 9218 y fio

cou, N co,y,

- 79
y s’+as+b+ch, s*+as+b+ch, 7

10 Loss Function e J (&) 1w MIT Rule fnua J(0) =(1/2)e’ udrvz ldwmniimes 6

a

Tumsisudanesnune

do__ @ o "
it ‘o6 o6

A I a Ia A o 4 o o J J ' a '
n ]/L‘]J'L!WTinJlﬂﬂiﬂﬁigﬂﬂi‘]J LlazLﬁﬂ‘ﬂ1ﬂTi‘ViWEIHWM‘ﬁLLfJﬂﬁ’Ju“UENﬂWﬂ'JﬁJWﬂ‘Wﬁ']ﬂﬁ'ﬂ Hl
uaz 6, v

oe cu

06,  s*+as+h+co,

C

oe Yo c’ou, ~ c’o,y,, 81)

06, s*+as+b+c, (sz+as+b+092)2 (sz+a3+b+c92)2

{ A 1 U { v ¥ o o
1o W13 HIIA UG Steady State 7 € — 0 dariuazihIiwnd cd, =0 Favzld
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oe  CU,
06, s’+as+b

S c’Ou,
892 52+as+b (sz+as+b)2

%Yy cy
s’+as+b (32+as+b)2
(y_ym)c
s’+as+b
____ &
s’ +as+b

(82)

o Ot & v o Yo o o A
ANFUNITN (80) LUNUAM E‘ﬂﬂﬂﬂﬁnﬂﬁmmi‘ﬂ (82) i]zvlﬂﬂ’JE)WLﬂﬁWJﬂ?l‘Uﬂll A0

%:—c e o u (83)
dt 4 s’+as+b) °

%—c o 1 e (84)
dt  “\sTras+b
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2-Phase Voltage Vector

Selection Table

H

AC 3-Phase or Sing

Rectifier

le phase

.

v JHE

@, =tan”' (ﬂj
s
Psa

A 4

0. =[(Vi-Ri,) |
P = I (Vo -Riy)  fe

[ = o' + 0,

3-phase

Inverter

Iy = 75 (e +2is)

Clarrk transformation

A

Electromagnetic Torque Estimator f Hall effecf or Encoder
2
O] 6
dt

AN 4.10 naaInsAIuNsIba Iagnsiausunumslsoauesdrdwuuiaswuuliul;e
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o =~ I .
4.4 AINIUANUVVINNDTIF T (Hysteresis-Controller)

v v A 2 a

dMmuquuuudanesizarrinien 2 41 Ae dntuauussdauazdaniuquildnd
o = 1 v o L4
TAgLUUNITIINUBEN 0.001 1182-0.001 N.m 15UASINUAIAIVANNENS 0.001 1aZ-0.001 wh
y a A o a J I ' 2 a a a
donasanarnuguussbaudaduomwaily 1 naasndesmsiiuusiia (usalingsaios
' A o @ 'd I 1 A a a ] a
n1usaiamde) sazdueminailu -1 uaasidesnmsaaussda seliasawinnius e
o o 1A o (Y v Y o 3 vy 2 S (v o
M) ru@eInu ludrnrguians duemwailu 1 taasndesmaiyaamasland (ae-

S v o a Y ' S v do @ Y o < vy 4
L@]E]i“V\IEm“lﬁ]Nu@ﬂﬂﬂﬁmmaiﬂaﬂ%ﬂ1ﬁi) uazmmmwmﬂu -1 L!.’dﬂﬂﬂ@]f]ﬂﬂﬁ’dmm@iw

v
o o

v J (v Jda 1 J (v o
angan (awesianyasaninnNanos Wansaga)

out

Y

-T A in

M <

A @ = o A
NMNN4.11 ANIUANUUUITANDT T W

Marsudnunuuuudane s da

void HYSTERESIS FUNC(HYSTERESIS *v)

{ v->error = _IQ(_IQtoF(v->cmd)-_IQtoF(v->fdb));
if((v=>error)>(v->UpperBound)) {
v->out=_1Q(1);

H

else if((v->error)<(v->LowerBound)){
v->out=_1Q(0);

H

else

v->out=_1Q(0);//v->out
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45 d2an2uAuuUUA Io (PI-Controller)

o ! ° (] J A < o
aamuauil lotuau 1 a2 iuaunldnruauieanusa Tdsunsuauqumsiiau
= I y o 1 o 1 1 4 @ =\ [ ~
i]$L"UEJu!,ll“L!IiJCj"ﬁlﬁ@5‘]Jﬂ1!,51:])1111?"]TL!’JleLl,’cwﬁﬂﬂ%ﬁﬂﬂ?‘!@]m@ﬂ@nﬂﬂﬂﬁ]ﬂw DANNINN 34 Tums
= <3| o ~ o Ja g a I o o
WouTdsunsuldidudrnruguitloszi lWaaginsaididnnsefindniimiadiensasda

~ Y v o Slﬁy = = <
ﬂ’)‘lJﬂiJW"l@llﬂ11Tﬂua3EN‘VIﬂ?iWuﬂﬂl@ﬂ’)ﬂ%iiﬂﬂiﬁijuﬂlu1ﬂlﬁﬂEN

InRef
o e KK fedt 0%

InMeas

A <3 o =)
NINN 4.12 ’Uﬁ@ﬂhlﬂﬂguﬂiilsuﬂiﬁﬁﬂimﬂllwllﬂ

Wandudaniuauiilo

#define PID_ MACRO(v) \
v.Err =v.Ref - v.Fdb;  /* Compute the error */ \
v.Up=_1Qmpy(v.Kp,v.Err); /* Compute the proportional output */ \

v.Ui=v.Ui + _IQmpy(v.Ki,v.Up) + IQmpy(v.Kc,v.SatErr); /* Compute the integral

output */ \
v.OutPreSat=v.Up + v.Ui; /* Compute the pre-saturated output */ \
v.Out = _IQsat(v.OutPreSat, v.OutMax, v.OutMin); /* Saturate the output */ \
v.SatErr = v.Out - v.OutPreSat; /* Compute the saturate difference */ \

v.Upl = v.Up; /* Update the previous proportional output */ \
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5.1 Controller Area Network: CAN bus
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S 4 . a o H
LlﬂuﬂﬁlﬂUfngUﬁ@ﬁ'ﬁﬂuﬂill (Serlal) LL‘U‘U@%G]NIﬂiqu (Asynchronous) ﬁwwu’lu’]

nnms1Flugaamnssueuoudsuauldae liidudou Toimu limdossuuianiiua

9
melaeadu dnvuzauvesauimiuianunumuaedygramssuniuna iy

' 9y A 9 2 o Y o & Aa
ﬂ’JﬁJ’dﬂJ1§t‘lal)uﬂ1§‘3]5®l|!,l,°1ﬁﬂlﬂNﬂWﬁWﬂ“IJENGUE]Hﬁ %wﬂmmuumﬂumuﬂﬂmm

J a
PATINNTIN NITUNNY LAZTNIITNTSUIUNTHAS

v @ Aq ¥ 4 g v Y
mﬂmmtmuuﬁmm CPU 1/]51"5"1]@\1 Texas Instrument uummmmmmuua“lmﬂu

2 1D UA® Standard CAN (CAN2.0A) 11ag Extended CAN (CAN2.0B) 4015 & 9eQ 0194 U0

g I @ ' 2
Foyansaosuvaziludininge luii

A19F5118 Standard CAN (CAN2.0A)

S1oavie |RI bl
0 e T|D[r0|DLC 0...8 Bytes Data CRC |ACK|O|F
Identifier
F R |E F|8
AN 5.1 doyay1as Standard CAN (CAN2.0A)
NU: Corrigan (2008)
. S|I - E |1
11-b -
(6] ,“‘ R|D 18 t_”_t rl|r0| DLC| 0...8Bytes Data CRC | ACK|O|F
F | Identifier| p | g | Identifier F|S

AN 5.2 doyay 1o Extended CAN (CAN2.0B)

NU1: Corrigan (2008)
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-1ATFIUV09 CAN 2.0 A Tudruves §U519M1d9 (Message Frame) 921)5zn0111A20 7 bit
field NUANA1INY

. A 1 d' I A 9 1 o é
-Start OF Frame (SOF) Field ﬂamumﬂu@mimumm gﬂiNﬂTdﬂ (Message Frame) 5349
Usznouaie Taduuud Un(Dominant bit) 1NEAIAY?
-Arbitration Field 1/5 $ﬂE)°JJ€°2|} 8 ‘lil) CRERITE 1331 (Message Identifier) (1212 Remote Transmission
Request (RTR) T 5znoudioa2521 (Identifier) 12118717 11 1A 1Ag9zisu910 ID10 99 1D 0
-Remote Transmission Request BIT (RTR) 144 Data Frame 923 RTR 1@ A9 Taluuu 1a
(Dominant bit) a1ulu Remote Frame 923 RTR 19 Ao Siyadyl 1a (Recessive Bit)

1 . 9 a = ] I a o . A
-821U84 Control Field 921/52noun28 6 Ua avzuiieonilulad15ed (Reserve Bit ) 9 r0
1Y) U A A A = 1 Y I @
AU rl FIUUVANYABILLI8NI Data Length Code (DLC) %4 Data Length Code (DLC) 21T ua?

v 1 3
Navensulud ninavuludiuved Data Field

. 2 =2 o
-Data Field 92133210 0 94 8 lud

-Cyclic Redundancy Check Field (CRC Field) 921l5znoudae 15 Dasgsimihiifaindoyad

aeliilonaasaudrnzminuainld lu Cyclic Redundancy Check (CRC) %30 it ldiminu
[ a9 A

waaan lufideranainlan

-ACKnowledge Field (ACK Field) 1/5znoudeini11u 2 ia fio Slot Ua tiag Delimiter 0

é < " A d' 1 1 a A d' A "y d‘ (=Y

Favznoodagniafdanaivesdaiinsnasuniavmie luduldsumlasuaasiuna

tonanainlunsaa

-End Of Frame Field (EOF Field) 15znoud18 Sivadw 1a (Recessive Bit) $119U 7 110
195118 Extended CAN (CAN2.0B)

CAN 2.0B 921i#1521) (Identifier ) 31471 29 Tauazdia1u1509ansnunNIsAnAo a3

Y ]

521319 CAN 2.0A Ideeg1alufifynida CAN 2.0B Tdvensniowanianein CAN 2.0A
M3V AU

Data Message %gﬁ’ﬂﬂﬁ)ﬂlﬂmﬂnﬂiﬁ‘u&] (node) UUCAN Bus (Control Area Network
Y
System Bus) a2 133 address ¥ 1¥1U@ (nodes) @318 THUA (nodes)5V 5100218 8AVD
9 o o . Ao o A
1A (Message) 3£9nM1UATasAI3521) (Identifien)NNanyuzmwizaalunsovn 109

T¥ua (nodes)UU1AS 0V1892 5TV F0AIY (Message)utag A1dan1591191u 1agga1nda5 1)
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(Identifier) tazuAag 1nuA (nodes)rzAndulainng sy oA (Message) 130 liTaogain 2
Y k4 o A A g Y ™ v W
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1
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I CAN [ CAN (I CAN : [ CAN |
: Controller : : Controller : :___Eontroller_ I : Controller | :
I o Yooy ! [ |
[ [ L [ y | [ 1
| CAN o CAN I CAN 1 | CAN ]
: | Transceiver | : : Transceiver : : Transceiver | } : | Transceiver :
| \\ CANH
§ RL CAN Bus-Line // RL§
W\ CANL

A Wi 5.3 m3segUnIsintuauaNd iU

N11: Corrigan (2008)

52 Mk 7-Segment 4 Digits

{ a v I 4
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2o Q0T O o
=
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L c2
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7 TOD-2281BG-6G

msaeldauee 14 led 74HC595 AN VLAY Segment YBY 7-Segment LAV

1 1 o o 1 H <
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a VA g ' < A g
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£ o Y 4 .. v 3 o '
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) o ' .. ' 3 g o S L.
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g 1N dig

9
YN 7-Segment uumw%’@uﬂuwm

A o = )
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A ~ 9 A g a7 v
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A Ao o o . . . E] Y o 4 A Y
VANUUITIAYFIFA (Most Significant Bit: MSB) mﬂuuﬂ%ﬂwamutymuam (Latch) 1o 1
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30kQ
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U1A
220 O 10kQ
yye AMA >
—=L 2200 T470UF oy
I, o—ww A—— 4
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[s2]
| ] 2
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o
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=
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+5V
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220 Q 10kQ
_L AV AV =
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L 2200 TA470UF oy
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v 5.7 fuassfiez1Fenszauus iy pe V'l 1.5V A1dnnednaves R
Shunt ideoynsuludunesine’ Tu1938nsfUNTIAY DC 1.5V 2993nasmveonu i
ndulaU, (Summing Amplifier) Ta8i0 1 WAve4 R Shunt fiussduauinuazaunugaiu
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4 [ Y o 3’1 1 [y ciw 9 = =
"luimﬂauimmammmsasﬂﬂ ANUUANVDILTIAUNTULIVINIDIN R Shunt AITUAYDAD

goavuansIau linu 1.5V uaaaldasninm 5.8

ﬂ15E]@ﬂLL1J1J’Ni]iNai’JiJ"llfJVJLLU'IJUliJ'ﬂﬁJ‘]JLWﬁ
R

) V f
91N Gain = = = 1+?

i i
@on R =R, elisasveominy 3 Tagiden 10 ko
N1399NUUVIIVT Non-Inverting Summing Amplifier

fiuald R =R, =R, =R, uaz R

R
NNV, = (1+—’j—(v' V)

f

R) 2
f@on R, =10 kQ wag R =30 kQ

1.5V Analog offset

Measured l\ +
» Al >
R Iy + TMS320F2808

NN 5.8 WADINNTENTTAVLTIAY DC 1.5V Y09 CPU TI 320F2808
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1.65 V Analog offset

Measured - l\ +
Vs & Is - I’*y + TMS320F28035

\ 4

Volt Volt

NN 5.9 WADINATINTEAVLTIAY DC 1.65V U949 CPU TI 320F28035

[ @ <3
5.4 195UuMmA Ay IPUIADN (Analog Command)

Iy <3 J Y [ 1 I Y Iy [
199505uAMUG Wewes vz lFardumuasum IainludadSunsedu 0 - 3v uag 0 —
2 & o 3 ' Yo o P ) 3
33V FuludyanaeuwraenaalinylulnsneuInsamesnuwesaunlasdyaraourasn

Id an 4 I~ 1 a
1)1AYM0a (Analog to Digital Converter) fiot)adiilua181994

TMS320F2808

1OKQ§<—’\N\,— A0

1 1

TMS320F28035

1OKQ§ < AAA A0

L L

{ [ ' o <
MU 5.10 25U5uMmenudyauouden
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5.5. MAdeFYyIUTLINA IPM (Integrated Power Module) ¥048U1105 105

melumlulasaeuinsames inesadyara Pulse Width Modulation (PWM) 16

sosdyana (Fuun 6 vesdaaa) Tasrzasdayaia PWM uazduuny GPIOliduing

o

U®3 IPM (Integrated Power Module) AININN 5.11

PWMI1H/GPIOO0

PWMIL/GPIOI

PWM2H/GPIO2

PWM2L/GPIO3

PWM3H/GPIO4 Gate Drives Inverter

PWM3L/GPIOS
TI TMS320F2808
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TI TMS320F28035

{ U % a J 4
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Minimum Drilling Hole 0.30 mm. £ 0.05 mm.
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Minimum Conductor Width 4 mil
Minimum Spacing Width 4 mil
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Punching Hole Tolerance +0.10 mm.
Oblique Value of V-Cut +0.10 mm.
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5.9. W97 Summing Non-inverting Amp

Y 9
N1309NUUVIIVT Summing Non-inverting Amp (319393 ADC) vzuen Ilines idann

v Y
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control) Tagtlouussiamdauniay 1.225 N.m tazusiiia lvaaminy 1.2 N.m

Time(Sec)

d' 1% 4 Y a A d‘ a [} a2
NN 7.6 UINAUTANDTUUNTOUD WOINYAU (Vsa,Vsﬂ) NAIURULIIUADYINLAY (Torque loop

control) Tagtlouussiamdauniay 1.225 N.m tazusiiia lvaaminy 1.2 N.m
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Abstract

This article describes the fast parameter identification by using
algebraic method and the robust current control of Brushless DC motor
(BLDC). This identification method is capable of determine fast, and
accurate on-line parameter identification. The robust current control
method is of easily design with high efficiency. This method reduces

the effect from uncertainties of motor parameters to motor response.

Keywords: Identification Parameters, Robust Current Control
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Abstract

This research paper proposes a brushless DC Motor control
method using the direct torque control with the modified model
reference adaptive control. The objective is to design the feedback
system so that it results in a better response comparing to conventional
control method. In this research, it is shown that the direct torque
control with the modified model reference adaptive control yields a

better response and more effective than PI control.

Keywords: brushless dc motor, direct torque control, model reference

adaptive control
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Abstract

This research proposes the Gauss pseudospectral method
(GPM) for solving nonlinear optimal control problems. This method is
a direct method for discretizing a continuous optimal control problem
into a nonlinear program (NLP). Furthermore, it is based on using
global polynomial approximations to the dynamic equations at a set of
Legendre-Gauss collocation points (LG points). The application and
effectiveness of this approach has been demonstrated by simulating
path planning optimization of a SCARA robot. The objective is to find
the minimum-time path planning to move a robotic arm between two

points in minimum time.

Keywords: minimum-time path planning for SCARA robot, Gauss
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Abstract

This research paper proposes a position control design method
of one link robot arm with parametric uncertainty. The objective is to
make the feedback system response as required. Furthermore, the
system stability is in the pre-determined bound in all the range of
parametric uncertainty. This control method is called robust control.
Therefore, this research uses the Quantitative Feedback Theory (QFT)
to design a robust controller. It can be seen that the robust control is

more efficient than PD controller.

Keywords: single link robot arm, quantitative feedback theory,

robust control, parametric uncertainty
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2011 IEEE International Conference on Robotics and Biomimetics

December 7-11, 2011, The Mdvenpick Resort and Spa Karon Beach, Phuket Island, Thailand
Wednesday, December 7, 2011

12:00 - 18:30 Registration Desk Open
16:00 - 16:15 Opening Ceremony ( Ballroom I&IIl)
16:15- 17:30 Keynote Talk I Blind Spot of Biomimetic Approach
Makoto Kaneko, Osaka University, Japan
Keynote Talk 11 Peripheral Nerve Interface Device for Robotic Arm:
William C. Tang, University of California, Irvine, USA
Chair: Aiguo Ming
Thursday, December 8, 2011
08:30-9:30 Plenary Talk I: MEMS Robotic Inchworm for Cortical Neural Prosthesi:
Yu-Chong Tai, California Institute of Technology, USA ( Ballroom 11&I11)
Chair: Wen J. Li
Room 1 Room 2 Room 3 Room 4 Room 5 Room 6 Room 7
09:45 TA1-1 TA%—Z _TA1—3 TA1-4 TAl—S TAL-6 .TA.1—7 .
' Interfaces for Medical Walking Robots | | Soft Robots Sensing for Control of Biomimetic
| Teleoperations|  Robotics | Detection and | Multiple Robots Control
11:00 Localization |
Coffee Break
. TA2-1 TA2-2 TA2-3 TA2-4 TA2-5 TA2-6 TA2-7
1115 Control of Medical Walking Robots 11|  Vision for Sensing for | Motion Planning | Biomimetics |
| Teleoperations| Robotics 11 Robot Detection and | and Control for
12:30 Navigation | Localization 11| Mobile Robots |
Lunch Break
) TP1-1 TP1-2 TP1-3 TP2-4 TP1-5 TP1-6 TP1-7 TP-P
13:40 Telerobotics Medical Walking Robots |Image Analysis| Sensing for [ Motion Planning | Biomimetics 11 Poster
) for Medical Robotics 111 11 Detection and | and Control for Session I:
15:10 Applications Localization 111 Mobile Robots |1 Robotics
Coffee Break
15:40 TF’Z—l TP2_—2 TP2—3 TP2-4 TF_’2—5 . TP2-6 _ TP2-7
' Multiple and Medical Robotic Systems 3D Image Sensing for | Motion Planning SLAM
", | Swarm Robots | Robotics IV Analysis Detection and | and Control for
17:10 Localization 1V| Mobile Robots
Friday, December 9, 2011
08:30 - 09:30 Plenary Talk I1: A Dance Partner Robot and its Real World Application “PaDY”™
Kazuhiro Kosuge, Tohoku University, Japan ( Ballroom I&II1)
Chair: Zhidong Wang
Room 1 Room 2 Room 3 Room 4 Room 5 Room 6 Room 7
FAl-1 FA1-2 FA1-3 [0S] FAl-4 FA1-5 FA1-6 FA1-7
Grasping and Medical The Development | Micro/Nano Biomimetic Control of Flying Robots |
09:45 Manipulation 1| Robotics V [ Towards Sensory | Sensors and Sensing Flexible Robots
y Based Natural Systems
11:00 Walking
Humanoid Robots
Coffee Break
) FA2-1 FA2-2 FA2-3 FA2-4 FA2-5 FA2-6 FA2-7
11:15 Grasping and Assistand | Mobile Robots I11 [ Micro/Nano | Tactile Sensing Control of Flying Robots
" | Manipulation | Rehabilitation Actuation and Mobile and 1
12:30 1 Robotics | Manipulation Aerial Robots
Lunch Break
) FP1-1 FP1-2 FP1-3 FP1-4 FP1-5 FP1-6 FP1-7 FP-P
13:40 Grasping and Assist and Mobile Robots IV |  Vision for Human Underwater | Service Robots Poster
" | Manipulation | Rehabilitation Robot Control Detection Robots | Session 11 :
15:10 i Robotics 11 | Biomimetics
Coffee Break
. FP2-1 FP2-2 FP2-3 FP2-4 FP2-5 FP2-6 FP2-7
15:40 Grasping and Assist and Mobile Robots V Vision for Sensor Underwater | Recent Results
_. | Manipulation | Rehabilitation Robot Control Network Robots 11 Session |
17:10 Y, Robotics 111 I




Saturday, December 10, 2011

08:30 - 09:30 Plenary Talk Ill: Motion and Pattern Formation of Micro Bio-Robots
Chih-Ming Ho, University of California, Los Angeles, USA

Chair: T. J. Tarn

( Ballroom 11&I11')

Room 1 Room 2 Room 3 Room 4 Room 5 Room 6 Room 7
SAl-1 SA1-2 SA1-3 SA1-4 SA1-5 SA1-6 SA1-7
09:45| Robot Design | Assistand | Humanoid Robots | Video Session Motion Hardware and | Recent Results
- and Control | Rehabilitation | I: Biomimetics [ Measurement Software Session |1
11:00 Robotics 1V and Estimation| Architecture for
Robots
Coffee Break
SA2-1 SA2-2 SA2-3 SA2-4 SA2-5 SA2-6 SA2-7
11:15 Motion Robot Force |Humanoid Robots | Video Session | Sensing for Haptics Recent Results
- Control of Control 11 11: Robotics Tracking Interfaces Session 111
12:30 Robots
Lunch Break
SP1-1 SP1-2 SP1-3 SP1-4 SP1-5 SP1-6
13:40 Robot Novel Mobile Robots | Mapping | Human-Robot Intelligent
- Learning Actuators | Interaction | Control of
15:10 Robots
Coffee Break
SP2-1 SP2-2 SP2-3 SP2-4 SP2-5 SP2-6
15:30 Modular and Novel Mobile Robots Il | Vision for | Human-Robot |  Control for
- Multi-Agent | Actuators |1 Object Interaction 11 | Human-Robot
17:00 Systems Tracking Interaction

18:30- 20:30 Conference Banquet

(Ballroom H&III)

Sunday, December 11, 2011

15:00 - 17:00 Workshop: Advances in Robotics and Biomimetic:

Chair: Yong Yu

( Ballroom I1&l11)




An Organic, Real-Time Middleware Architecture for Distributed Industrial Robot System 2289
Youdong chen, Zhou jiang, Hongxing Wei

Design of a Scalable Real-Time Robot Controller and Application to a Dexterous Manipulator 2295
Paul Thienphrapa, Peter Kazanzides

A Novel Multi-OS Architecture for Robot Application 2301
Qiang Yu, Hongxing Wei, Miao Liu

An Improved Time Delay Controller for Underwater Robot 2307
Jiansheng XU, Cenyu Yang

SA1-7: Recent Results Session Il

SA2-1: Motion Control of Robots

Regressor-free robot joint position tracking with prescribed performance guarantees 2312
Yannis Karayiannidis, Zoe Doulgeri
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Adaptive and Repetitive Controller for Robotic Manipulators with
Slowly Updating Scheme Using B-Spline Shape Function

Pannatee Rakprayoon, Peerayot Sanposh and Nattapon Chayopitak

Abstract—This paper studies the real-time adaptive and
repetitive control problem using the Desired Compensation
Learning Law (DCLL) that has the advantage of robustness
under the presence of unknown parameters with low memory
requirement. The control structure of DCLL consists of a
feedforward compensator that is designed by a linear
combination of shape functions that is adaptable to parameter
variations; hence the selection of appropriate shape functions
plays an important role in the adaptive ability and accuracy of
DCLL. In this study, the B-spline shape function is proposed to
be used under the slowly updating scheme and the obtained
results show that the robustness and accuracy of the tracking
can be greatly improved even under payload variation and
torque limits.

I. INTRODUCTION

Most robot manipulator applications are usually used to
perform repetitive tasks and their basic control
algorithms such as the Computed Torque Control [1]
require the knowledge of the parameters and the dynamic
model. In practice, the parameters and the dynamic model
are subjected to variations due to varying payloads, frictions
or disturbances.

Several control schemes have been proposed to improve
the performance of the repetitive tasks of the manipulators.
Among several existing solutions, Adaptive Control scheme
[2] may be used to address this problem but high
performance processor for complex calculations are usually
required. Several Iterative Learning Control (ILC) and
Repetitive Control (RC) schemes [3], [4] have been
proposed and successfully demonstrated their effectiveness,
but the main drawback of these schemes is the need of large
memory to stored error information of previous tasks for the
controllers to be successful.

In particular, the Desired Compensation Learning Law
(DCLL) [5], [6] that has the advantage of robustness under
the presence of unknown parameters with low memory
requirement for performing repetitive tasks has been
proposed. The DCLL consists of fixed PD gain and a
feedforward compensator that designed by linear
combination of shape functions that is adaptable to
parameter variations. The selection of appropriate shape
functions play an important role in the adaptive ability of
DCLL. However, the fundamental shape function such as
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the linear combination of piecewise linear approximation
usually work well under general conditions due to its simple
structure resulting in good adaptive capability for tracking
sophisticating periodic tasks in comparison with other shape
functions such as the Fourier Series approximation or the
Polynomial approximation. However, one drawback is the
digital implementation of DCLL still requires the processor
to update the adaptive commands every a sampling period
with sufficient speed, otherwise the tracking accuracy would
be greatly reduced if the adaptive control law is too slowly
updated.

In this study, the use of the B-spline approximation for
the shape function is proposed so that the requirement for
updating the adaptive command every sampling period can
be greatly reduced. With B-spline approximation used under
the extremely slow updated adaptive unknown parameters,
the accuracy of the feedforward compensator is improved
even under payload variation and torque limits. Section II
introduces the Lagrange-Euler dynamic model and the
dynamic model of the SCARA manipulator. The DCLL
control structure and the shape functions are discussed in
Section III. Section IV presents simulation results of the
Berkeley/NSK two link direct drive SCARA robot and the
conclusion is given in Section V.

II. DYNAMIC MODEL OF MANIPULATORS

A. Lagrange-Euler Dynamic Model
The dynamic equation of the n-link rigid robot

manipulator is given by the Lagrange-Euler dynamic model
with independent torque as [7]

T =M(q)j+C(q,4)q+ Bi+g(q) (1)

where 7 is the n X 1 input torque vector, M (q) is the n x n
inertia matrix, C'(q,q) is the n x n centrifugal and Coriolis
acceleration force matrix, ¢(q) is the n X 1 generalized
gravitational force vector, B is the n X n viscous friction
coefficient matrix, q, ¢, g are the n X 1 vectors of joint
position, joint velocities and joint accelerations, respectively.
The k, j — th element of the matrix C(q, ¢) is defined by

- 1 8mk]‘ 87nij } .
Cl i = - + — i 2

where my; is kjth element of M, g; is the jth element of ¢
and ¢, is the 4th element of ¢. The term cg; in (2) are known
as Christoffel symbols.
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B. SCARA Dynamic Equations with Payload
In this paper, a SCARA robot is used as an example of the

studies. According to [8], the inertia and Coriolis matrices
are described by

©)

I + 215 cos I3 + I5 cos
M(q)_[l 2 q2 3 2 QQ]

I3+ I5 cos g I3

. [—2Lsin(g2)¢1G2 — Lo sin (g2)¢3
Clai) = | osin (22)d? @

where I, I and I3 are given by

I = 0.25m L2 + ma(0.25L5% + Li2) + Ji + Jo (5)
+(m3 + ml)(L12 + L22)

IQ = 0.25m2L1L2 + (m3 + ml)Lng (6)

I3 = 0.25m2L22 + Jo+ (m3 + ml)LQQ (N
where m; is the mass of link 4, L, is the length of link 4 and
m, is the payload. Since the two axes of the SCARA robot
only move in the horizontal plane, the gravitational force
vector g(q) is zero. The diagram of the Berkeley/NSK two
link direct drive SCARA robot is shown in Fig. 1.

LINK 2

MASS 485 kg

INERTIA  0.099 kgm’ NSK RS 608

LENGTH 360 mm MAX. TORQUE  39.2Nm
MAX. SPEED 1.1 rps
ENCODER RES.  153,6000 cpr
ROTOR INERTIA  0.0077 kgm?

.
| |
/

MASS 10.6 kg
INERTIA  0.565 kgm®
LENGTH 610 mm

NSK RS 1410

MAX. TORQUE
MAX. SPEED
ENCODER RES.
ROTOR INERTIA

245Nm
1.1rps
153,6000 cpr
0.267 kgm®

Fig. 1. Berkeley/NSK two link direct drive SCARA robot [9].

III. DESIRED COMPENSATION LEARNING LAW (DCLL)

A. Control Structural

From [9], the DCLL control objective is to drive the
manipulator to track of desired periodic position and
velocity commands in the joint space. Let the desired
periodic signals with known period 7" be

¢"(t+T)=q"(1),¢"(t+T) = ¢*(1), 4" (t + T) = ¢ (1) (8)
Then the position tracking error is defined as
i=q—q" ©)

The velocity tracking error is defined as
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Go=G4+AX ,A>0 (10)

i=q"—q (11)

where the constant term is added for stability reason [9].
The controller is represented by the feedback and
feedforward compensation terms
T = pq — KyGy — Qn(Qva Cj) + Wy (12)

where K, and K, are the positive definite PD fixed gain
matrix. The feedback compensation is defined by

Qn((jvag) = 0n|g|2(jv sop > 0 (13)
and the feedforward compensation term is the function of
desired trajectory, given by

wg = M(qV)§® + C(q%, ¢1)q? + B¢ + g(q?) (14

Since the feedforward compensation must be computed from
the dynamic model of the manipulator and the desired
trajectory, DCLL is developed to approximate the periodic
feedforward term by learning form the periodic error in
order to reduce the position error. Let g, be the jth element
of wy estimated by a linear combination of unknown

parameter 6, and a pre-selected periodic shape function ¢.
This approximation is denoted as

N
W, =y 0l¢i(t) (15)
=0

The unknown parameters 6; are estimated on-line by the
estimation law

éi = _I(li ¢i(t)q~v (t) 7I<lri >0 (16)

=

where K, is the positive definite learning gain of the ith
axis. The block diagram of DCLL is shown in Fig. 2.

Learning Algorithm

SCARA

an (‘jm Cj)

Fig. 2. Control block diagram



The digital implementation of DCLL using the zeros-
order hold is given by ! A —0,
0.9¢ A S I f— 0,
k . —_
“ A o 0.8 P 1 s
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where At is the sampling time, % is the index of the adaptive
portion and k is the index of the feedback portion. In
practice, the index & must be updated faster than the index k
with the updating rate m, i.e. k = mk, to ensure stability.
Large value of m means that the requirement of the
processor’s performance is reduced since the feedback
portion may be updated much slower than the adaptive
portion, allocating most processing time to the more
demanding adaptive control loop. However, large m may
estimated feedforward

—

affect the accuracy of the
compensator and the position error, depending on the
selection of the shape function ¢;.

B. The Shape Function of DCLL
The shape function ¢; can be selected under the restriction

of a mechanical definition [6]. If ¢; is a countable collection
of linearly independent function, for € > 0, there exist an N

and 6; such that
a ted b
; represente
sup |wa(t) — Y 016(1)| < e (19) P Y
t€[0,T] i=0 — tisper — 1
B0 = () B + (B () (22)
. . . . i+p i i+p i
Two shape functions are considered in this paper.
1) Piecewise Linear Approximation: Similar to the finite
element approximation [10], the piecewise linear 1 3
approximation can be effectively used to approximate 0.9 M — B‘l)
different kinds of periodic signals. Its shape function can be H 5 B!
. s | mem—
described by 0.8 I 14
] — B
0.7 s { 1
. i .
1-7, ifo<r<1 06 ,’l \‘ R s\ ....... BT
. % ’ ; ‘\ l" "\
(=2 1l+7 f-1<7<0 £ ; ¥4 5,
? LA} Y
0 else 5 04| ,-'! \ \
I 4 1 Y
03l f PN %
t . . ! ii “‘ .“|
7= =N —1, i=1,2,3..N and o2l / 7 ' 5,
T : \ |
{ /] ) N\
0.1/ A Y ™,
oLl Y -
0 1 2 3
time(s)

where
di(t + kT) = ¢i(t),k =1,2,3...N. The example of the

piecewise linear shape function for N =3 and T =5 is
shown in Fig. 3. Since the accuracy of estimated function
based on value NN, high accuracy approximation requires

large NN resulting in small sampling time that the controller

must be able to respond.

spline of degree 0 is defined by

1
time(s)

1 ift; <t<
0 oterwise

B (t)

and the higher degree B-spline of degree p>1 is

ig. 3. Shape function using piecewise linear, T' = 5 and N = 3.

2) B-Spline Approximation: Because the piecewise linear
approximation uses fixed and non-adjustable interval, the
accuracy of the approximation is reduced when m is large.

The B-spline approximation can address this problem using
piecewise polynomial as the shape function by allowing

more flexibility and dynamics between the intervals. The B-

20

tit1

Fig. 4. Example of B-spline B?

In this paper, the interval [¢;4 1, ¢;] is fixed and denoted as
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,Bi, B2, B3[11].



tiv1 —ti=h (23)
T
N+p @4)

where T is the period of the desired trajectory and A is the
length of the interval [ti+1,t;]. The examples of
BY, Bl BZ, B? are shown in Fig. 4.

Since B-spline of degree 2 is the minimum degree that is
required for estimating smooth function [11], [12], the shape
function is defined as the B-spline of degree 2 given by

t; —t)? ,
% if tl S t < ti+l
(3@—3::) (ti—t)2 .
- - if £ <t <tigo
(3h +t; — t)? :
T if tigo <t <tiy3
0 else
(25)
where ¢, =(¢—1)h , i=1,2,3.N+1 and

oi(t + kT) = ¢;(t), k=1,2,3..N. The example of the
degree-2 B-spline for N = 3 and 7' = 5 is shown in Fig. 5.

1

0.9r

0.8t

0.7

Amplitude
o (=) (=) (=)
w ~ W =

e
o
:

0.1t

time(s)

Fig. 5. Shape function using B-spline of degree 2, T' = 5 and N = 3.

IV. SIMULATION RESULTS

In this paper, the simulation of DCLL is implemented for
a Berkeley/NSK two link direct drive SCARA robot [13].
The pick and place desired trajectory of the 2 axes are
defined using a seventh order polynomial with period 7" = 5
as shown in Fig. 6. The dynamic model according to (3)-(4)
is given by

I = 3.1623 + 0.94(m3 + my) (26)
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I, = 0.1062 + 0.0644(ms3 + my) (27)

I3 = 0.17285 4 0.0864(ms + my) (28)
where m3=3kg and m; is the payload varying
periodically for pick-and-place applications as shown in Fig.
7. The maximum payload is set as 2 kg (66.67 % of the
nominal load mgs). The DCLL is implemented using the
zeros-order hold (17)-(18) with At = 2 ms. The PD gains
for feedback portion and learning gain for the adaptive
portion are

K, = diag(1000,800)
K, = diag(100,50)
K;, = 5000

o = 10

A = 10

N = 50

Reference trajectory of 2 axis

IS

Position (rad)
8o

=

w

Velocity (rad/s)
(=}

'
w

[}

N
who—---
wh -\ - 1
Ik
W

—_
(=3

Acpleration (radlsz)
S o

[}
—_ - =
[CY -
W - ==
AR - -
w

time (s)

Fig. 6. Desired position, velocity and acceleration of 2 axis.

Variation of Payload 2 kg

2.5 f f f f
| | | |
| | | |
| | | |
| | | |
2 e T T o
| | | |
| | | |
| | | |
- | | | |
31-5777777T777777 777777 [ R
= | | | |
= | | | |
S | | | |
> | | | |
g Ir-—-—-- T - - - - - - - - -r-q---
| | | |
| | | |
| | | |
| | | |
05F————— o - - - - [ -
| | | |
| | | |
| | | |
| | | |
0 | L 1 |
0 1 2 3 4 5

time (s)

Fig. 7. Payload variation of a period is set as 2 kg or 66.67 % of nominal
load m3.



Two values of the updating rate m between the feedback
and the adaptive portion is used to demonstrate the
effectiveness of the proposed shape function using the B-
spline approximation in comparison with the piecewise
linear.

The simulation results with payload variation (m; = 2 kg)
are shown in Fig. 10 for m = 4 and in Fig. 11 for m = 15
(i.e. the feedback portion is updated 4 and 15 times,
respectively, slower than the adaptive portion). The results
shown in Fig. 10 indicate fast convergence with small steady
state errors when both types of the shape functions are used
with sufficient updating time between the feedback and the
adaptive portions. The results in Fig. 11 and Fig. 12 when
m = 15 where large command delay is present indicate that
the position error using the proposed B-spline shape function
converge faster with excellent steady state error. On the
other hand, the position error using the piecewise linear
shape function converge more slowly and the position error
even increases. The simulation point out that the large m
influence on the position error using piecewise linear shape
function because the estimated feedforward compensator
using piecewise linear is linear in non-adaptive interval or
mAts second. In other words, B-spline estimate the
feedforward compensator from piecewise polynomial that is
the cause of spline function of the feedforward compensator.
Then, the B-spline basis function can estimate feedforward
compensator better than piecewise linear basis function in
the present of large m and payload variation.

Using picewise linear shape function

002 T T T T T
o [
— 001F - e T Axis 2
'g | | | |
- | | |
35 | | |
= | | | | |
5 SR S S N
00lp====y==7~~ [ T T T T T
| | | | |
| | | | |
_002 1 1 1 1 1
0 5 10 15 20 25 30
time (s)
Using B-spline of degree 2 shape function
0.02 T T T T T
l l l l l
T S e B
= | | | |
g | | | |
Ot
= | | | | |
E | | | | |
| | | | |
0.0l ===y 777~ o T T T T
| | | | |
| | | | |
-0.02 I I I I I
0 5 10 15 20 25 30
time (s)

Fig. 8. Position error using DCLL for axis 1 and 2 when m = 4 with
my =0kg.
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Using picewise linear shape function
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Fig. 9. Position error using DCLL for axis 1 and 2 when m = 15 with
m; =0 kg.

Using picewise linear shape function
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Fig. 10. Position error using DCLL for axis 1 and 2 when m = 4 with
my = 2 kg.



Using picewise linear shape function
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Using picewise linear shape function
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Fig. 12. Position error using DCLL for axis 1 and 2 when m = 15 with
my = 2 kg that expanded to 100 sec.
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V. CONCLUSION

The DCLL has been studied and implemented for the
SCARA robot under the slowly updating scheme using the
piecewise linear shape function and the proposed B-spline
shape function. The simulation results show that the
robustness and accuracy of the tracking using the proposed
B-spline shape function can be greatly improved even under
payload variation and slow feedforward command update.
This also suggests that the requirement of the processor may
be reduced when the proposed shape function is
implemented for DCLL without compromising the
performance.
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using gquantitative feedback theory can be applied and given the demand response. The result

demonstrates the effectiveness of this control system with simulation of the control position.
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(Phillips et al., 1995) szuuNTALANTBNNIRUANIWIA UL (Houpis ef al. 2006) iflufiu uazluaudss
4 9 dgl = = @ © ar ] cy = = G| d} g 4 @
eunihll (198, uaz Wevad. 2554) liinnnseanuuuiusuewiinudsfaiuuuunilsdyorodloudi
waznilsdnyyndleusen (SISO)
nidfeiidunnsiisuensesnuuLszIUAUANA WL ATILTRuEUR AN Tagasiinnng
. o y ool o . vy
aanuuUAIAILANULNUA 1 uazunuil 2 gesjueud dafluuuussuuwanedygiadlewdntleuasn
(MIMO) WiauyiaaARAINARBLIAWENT895ULALANTUUNLT 1 uazunudi 2
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LULIAINNANAAIRASIDIY UL UARNT
auniziinadnvefuaus 2 wnu (Noorbaksh and Yazdizadeh, 2010) gniauunlng
M(q)§+C(q,9)§+G(g)+F(g) =1 (1)
lne M(q) Ao wvitndaesung V(g,§) e wisndueusramieuazusliienaa G(q) Aa nmeslu
wanvedunlindasweslan uaz F(§) e usadsnniu
%mumﬁmﬂa‘wfi@zzgﬂﬁmﬂ%Lﬁaﬁmmmmzﬁum:&ﬁmaimm%@uauﬁ2 wnu Tnaisaaziden
= o R o o : g
revamaEmadnuLLn iudadussldanenefauntsse i
[91 +26, COS(Qz)]ql +[93 +0, COS(qz)]q; +hq =1 =y, (2)
[‘9 +6, COS(%)]% +62q2 +F2q2 =, =u, @)
Toefl F, e dutlssaniusaduaniugsund i g, Foyuiiipdureaunii i Tnadmualiithueving
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O =1+ 1, +mx +m,(I} +x3)
6’2‘ = m,lx, T (4)
0, =1, +myx;
Tneit 7 fe Tumudanandenraaunudl i, m e woasesunudi i, [ Ae Anisenazesundl i uay x, Ae
FUNAATNNAT BN i
anaunsliiliudadu 2) uaz (3) snnsadssunnlifudadu sauqaanga (0,0) uazaINI9D

PAIALIZNALERINAUE P angnnisaaaianduanelawdadu saniuuslag

liql } _ Pl:ul :l _ {Pn P }[1’1 :| 5)
a, u, P Py || U,

0,5+ F, '
p”(S) SBGs) (
—(6,+6,h
B(s)
—(6,+6,h)
P () As) (8)
0 +20.h F
pzz(s):( 1 - )S+ ] (9
sp(s)
1ol
B(s)=A,5" + As + 4, (10)
Tnafidutlszanasad ;
A2 :03 (91 -|-292)—(63 +92h)2
A =0,F, + F,(6,+26,h) (11)

4, = FF,
uazAmIIHReF IR uEUAAN19 (Garcia et al., 2002) Azuand ¥l Table 1

Table 1 SCARA robot parameter

Parameter Nominal value Minimum value Maximum value
m, ; 15 kg 12 kg 18 kg
m, 12 kg 9 kg 15 kg
I, 0.23 kgm’ - -

I 0.16 kgm” - -
I, 0.25m - -
I 0.25m - -
X, 0.125m - -
- 0.125m - -
F, 2.99 s/rad 0.89 s/rad 5.08 s/rad
F, 0.69 s/rad 0.155 s/rad 1.225 s/rad
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Minimum-Time Path Planning for SCARA Robot using Gauss Pseudospectral Method
under Control Input and Control Input Rate Constraints
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ABSTRACT

This research proposes the path planning for SCARA robot using Gauss pseudospectral
method (GPM) for solving nonlinear optimal control problems. This method is a direct method for
discretizing a continuous optimal control problem into a nonlinear program (NLP). Furthermore, it is
based on using global polynomial approximations to the dynamic equations at a set of Legendre-
Gauss collocation points (LG points). The effectiveness of this approach has been demonstrated by
simulating path planning optimization of a SCARA robot. The objective is to find the minimum-time
path planning to move a robotic arm between two points in minimum time under control input and
control input rate constraints.

Key Words: minimum-time path planning for SCARA robot, gauss pseudospectral method under control input and control input
rate Constraints
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Table 1 Simulation results of path planning for IBM 7545 SCARA robot using Gauss Pseudospectral

Method under control input and control input rate constraints.
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Figure 2 Optimal states of minimum-time path planning to move a SCARA robot arm between two

points at 9.3421 second and N = 80
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two pointsat 9.3421 second and N = 80
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