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WIROTE SANGTUNGTONG : DEVELOPMENT OF AN ADAPTIVE
SLIDING-MODE SPEED AND LOAD TORQUE OBSERVER FOR A
SENSORLESS VECTOR CONTROLLED INDUCTION MOTOR.

THESIS ADVISOR : PROF. SARAWUT SUJITJORN, Ph.D. 331 PP.

SPEED OBSERVER/LOAD TORQUE OBSERVER/INVARIANCE PRINCIPLE/
LYAPUNOYV STABILITY/ADAPTIVE SLIDING-MODE OBSERVER/

INDUCTION MOTOR

This thesis presents the development of a novel speed and load torque observer
used in a speed-sensorless vector-controlled three-phase induction motor drive. The
observers are of the type adaptive sliding-mode and used to replace the speed sensor
and the torque transducer. The speed observer incorporating core loss acquires the
stator voltages and currents in order to compute the rotor flux while its PI adaptive law
simultaneously performs an on-line estimation of the rotor speed. The load torque
observer obtains the calculated electromagnetic torque of the motor and the estimated
rotor speed from the same speed observer in order to perform the on-line load-torque
estimation. Two proposed observers have a cascade configuration and both of them
operate in a combined mode. The Lyapunov’s second method has been used to
guarantee the uniform stability of these observers treated as non-autonomous systems.
Applying the LaSalle’s theorem of invariant sets, we can confirm that the developed
observers’ operations converge to the equilibrium status before the end of the transient
periods approaching the uniformly stable steady states. Moreover, the discretized

observers using Heun’s numerical integration method remain stable, and also their



practical operations approach equilibria in steady states under a sufficiently small
sampling-period. Additionally, the proposed observers are used in a closed-loop
sensorless speed control system with feed-forward load-torque compensation. The
simulation results indicate satisfactory performances of speed and load-torque

estimations together with good command following speed responses.
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Taen  4,, 4,, 4, ,waz 4, Ao Aunuliudinsindaiuin

3 oA v J Jo { Y <3
vntuduiumsmeyiusvosilandudey Tul 7, Mifeuiunar sxdenldith

I/'l — STS _ s s | r ro|_ m m | _ r r (3'16)

1 1 d' d‘ d‘ a Y
ABNNUAININANAITN (3-12) azaumsi (3-14) adluaumsi (3-16) uaznsanlvia

a J [ 3 Aa 4 J ! 4 1Y
wisiiwes R, R, R, uazsnsniuzayulsmes o, daneilaslszinanienSeuisuniy

@ 1 d ﬂl H o . . . .
‘wm@mmmmaﬂ"lwﬂwmu@mmmﬁmm(RS ~0, R =0, R, =0,u0¢ o, = 0)

m

e

[

o v J J v { [ ]
inneeyRusvesiladFw@el TuW 7, ifisununat szgnioulnldasil



20

Vl = ( a,, +k _¢la)sza€1a +(arll +hk, _¢lﬁ)siﬁ’eiﬂ
+(f—A,)Si +( 2~ Aﬂ)siﬂ ~ rakiSiaZia = PrpkaSipZip

A

—AR‘ R, +( il ml+slﬂz€ﬂ)
oL | 4
OB, (o s+ s+ 5,0)
- /14 lﬁ'// ra " Sid¥p ol iaVra TSig¥ s (3-17)
AR | R
_ﬁ /1;” +( _SM)( SioWV e +Szﬂ‘//rﬁ)
- Aallir 1/72 - [(Sial/?ra + Siﬁl/}rﬁ)_ M( Sialsa T Szﬂlsﬂ )]

w

Ao q Yo o Y = I A o A .
Nau“lsua Ynn ﬂ"ﬂ Uﬁﬂlﬂmﬁuui\ilmlﬂﬁﬂIim@illl,ﬁﬂ85ﬂ1W11&ﬂ157]1\111! 1) Vl

Y Y ' o q Y s ) Y { Y '
aoatiafosnimiominugud silvanadgaieonsduunieluaunisih (3-17) Avadia

=Wl

LY 4 { <Y Y 1 (Y 4 U
MNUFUY Gl,wumzﬁwau‘ﬂmaanﬂmummmuaﬂmm?ammuquamaﬂnm ﬂﬁ'lﬂ]ﬁﬁ]

A

AR | R,

o | 7ty = 0 619
AR | R . )

gL: /12 st +5,00,5) M, 8 +5,0, )] = 0 (3-19)
Q/IRZ" % + (Lr —§M)(Sml/}m + Siﬂl/;rﬂ) =0 (3_20)

Ao, | é . . R X .
% 2)_;+(Siﬂl//ra _Sial//rﬂ) + a)szr (Sia‘//m +Siﬂl//rﬂ)i| =0 (3-21)
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4 1 [ Y] 4 o P ]
1199910 AR, AR , AR ,uaz Ao, 019aziim limnugud dasmualdnaiieg

<3 ' qﬂjl 3 S o A
rJl‘LlT]\1!13‘]J$’ﬂ\1 9 umﬂuquﬂ UMD

A

5 2 2 _
—+(s. i +sﬁzsﬂ) =0

asa )

;ir - [(Sial/}ra +Siﬂl/}rﬂ) _M(Siafsa +Siﬂisﬁ)] =0

A

(L, =M, 57) = O

3

A

j,)r + (Siﬂl/}ra _Sial/}rﬁ) + sz (Sial/}ra + Siﬂl/}rﬂ) =0

4 s

aoudaglaunsi (3-22), (3-23), (3-24), uaz (3-25) Ina az'lan

A~

(df?s/dt) = IA{, = —ﬂl(Sialsa +Siﬂ;Sﬁ)

(d]’ér /dt) = ];ér = %[(Sm‘/}m +Siﬂlprﬂ) _M(Siaisa +Siﬂfsﬂ):|

(dR, Jat) = R, = =A(L, =M ), +5,,)

(ddt) = &, = 44{(s,-aaﬁ,.ﬁ—si,,¢,a) L (57, 4 50,)

oL

sr

H A
WuwalilasungmsdSudintzduuuduinialuaswsn

(3-22)

(3-23)

(3-24)

(3-25)

(3-26)

(3-27)

(3-28)

(3-29)
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Il
>
=S
|
RS
S —_—

]
N
o~
N
Y
S
N
(N

>
I

I’ém = 1% j‘ - SM zall”ra + Siﬂl/}rﬂ )}dT
0
A o). . R . .
a)r = a)rO + 2’4}[{"9[05'7”%' - Siﬂl//ra - @ z (Siawfa + Siﬂ"”’ﬁ )} dr

sr

t
r RrO + /12..‘ { Sial/}ra + Siﬂy}rﬂ - M(Slalsa + Slﬂlsﬂ )}d
0
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(3-30)

(3-31)

(3-32)

(3-33)

1 FY [ Y] dy F=Y % ~ A A 1
@]'ﬂiﬂllﬂll‘llﬂ{,]ﬂ']iﬂﬁllﬁﬂuﬁlﬁugﬂllﬂﬂﬂlﬂﬁﬁjﬂjﬂﬂﬂwqﬂ VDI ENTTOULVINMTUTZIUAT

a 4 o 3 a J v A
‘V‘nﬁ']‘JJW]’[’]?Llﬁ$®ﬁ§1liﬂlsﬁ§341]1§t@63 (Vas, 1998) UUAD

t

Rs = RSO _ksp( ia s(z + Stﬂlsﬂ) k '[(Slalsa + Slﬂlsﬂ)d

0

I’ér = I% +k, { zal/jla + Szﬂl//l M(Siaisa + Siﬁfsﬂ )}

t
+ kriJ.{Sialﬁra + Siﬂl/}rﬂ - M( ia sa + Szﬂlsﬂ )}dT
0

A

R, = R~k (L, =M 5,0, + 5,9,

- kmi_[ {(Lr - §M)(Sm‘/;m + Siﬁl/}rﬁ )}dT

0

(3-34)

(3-35)

(3-36)



23

N N N N R N -
a)r = a)rO + k{up {Sial/jrﬂ - Siﬂl//ra _ﬁ(‘gial/jrd + Siﬁl/jrﬁ)}

(3-37)

t
N N R N
+ka)iJ‘ Sial//rﬂ _Siﬂlr//ra - . (Szal//ra +S1ﬂl//rﬂ) dT
0 a)er
Taoh k., k ,k .,k = #o awnudediuiilauiuuin,
P p mp awp
1 A a o A 1o

k» k., k,, k, Ao awnudunnsandauduuon, uay
R,,R,,R,, &, Ao susudulumslszana R, R, R, & awé1ay

]
v A

o ' A . o H H a a o Jd o
(11 5.1 Tunmi 5 vzeFure WengmsUSudaligduuninlasumlasnindunniailuea

U

~ v o Y ] [ J v =) = A a o v W
ﬂTUﬁ]SJ‘WVl’f] 9’]’Ja\jlﬂ@!ﬁulliq!LNLwaﬂij!ﬁaiﬂ\jﬂQMlﬁﬂﬂiﬂTW) LUDNITTUINTUAIAUNAIUN

d' 1 d‘ = Y
MINFHIUNT qUNI1TN (3-17) p1euLaadlan

"= (arll +hk _¢la)Siaeia +(ar11 +k, _¢1ﬂ)siﬁeiﬂ +

(3-38)
+ (f1 - Aa)sia + (fz - Aﬂ)siﬂ — 0 kiSiaZio — $rpkaSipZip

{ o o 4 . v o ] <
woflsndu@eTunlideonls 7, > 0 waz 7, <0 ddunaduusaninian

4 o 5 o 4
Tswesezlmdesmmlumsiiuim uazdidesmsld 7, < 0 aasanan wwimualina

v A

¢ Y A A Ay A Vo ¢ q
“IQﬂWﬂuVlNﬂWu‘U'J'I‘JJ’E)"U’ENﬁiJﬂTiW (3-38) umuaﬂmmiammug{uﬂ HUAD

(@, +k—d,)s,.6,<0, (a,+k—-0¢,)s,e,<0,

" ia

@,k sz, <0, —¢2ﬂkzsl_ﬂziﬁ <0, (3-39)

15iaTia

(fi—-A)s, <0, uag (f;—Ay)s, <0

3 =) d‘ S ] 9 a o z:‘? ti!
ﬁ]"IﬂLlLlLGlJEJ‘L!LLEISﬂigﬁ]”lﬂg‘]_llmllsllﬂdﬂﬁﬂﬂﬁ‘ﬂ (3-39) LRI i]s”lﬂﬂg]mqa@ﬂﬂmmuwmm

%

o 4 g a 1 1 L ] [ Y
mldnneesiui S, Tagmgudludauzedai asae 11
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M os e >0 udr @, = ¢, > la, +k|,
i s, e, <0 udr 4, = 4, < -a, +k|,
$ sye,> 0 Wi @, = iy > la,, +k,
$ sye, <0 wdr g, = ¢, < —la,, +k),
& sz, >0 udr 4, = ¢, >0,

& sz, <0 udr 4, =@, <0,

# s,z > 0 wdr g, = ¢, > 0, (3-40)
& SipZip < 0 Th) by =0, <0,

t s, >0 udr A, = A, > |f],

s, <0 udr A, = A, < -1,
s, >0 wdr A, = Ay, > [fj], uag
# s, <0 wdr A, = A, < -|f)

Tumad§ia msdenaunuud lv1935avsiaaoagn (trials and errors) 1ol 145

1 =

1 4 1 { o
Sia > Sips Zig» Zip» €iq » A € HvinaanasgrinmiguinielurszeznaNfmuasIil
A

v o ] <] o 4 v w @
Iﬂ3Qﬁ%l'NGU'ﬂ\‘lﬁ?ﬁ\uﬂﬁlﬁuuﬁ\ululﬁﬁﬂiﬁlﬁﬂiiﬁﬂﬂﬂ'ﬁLa@ullﬂﬂﬂﬁUﬁallﬁﬂﬂqﬁ)ﬂﬁﬁﬂ‘ﬂ 3.2

U

= Aa Yy 9 1 aa 1 d A A A o Y A g
“lN’é)‘ﬁ‘lJ"lEJllﬂ'J"l MvulelszuanafInea 1ru lliJIﬂﬁﬂGUIﬂﬁa!aﬂiﬁﬁﬂﬂL@ﬁW mnthniu
v o 1 <} d v 1 1 ng; 1w J a
@]’Jﬁ\ilﬂ@]Lﬁg'}uuﬁﬁllilLﬁaﬂiﬁm@iﬂﬁﬂﬁ”ﬂ Glulmﬁ%ﬂiﬂﬂ]@ﬂﬂTiﬁ;iJ’J@ INABIANIUHNANANA
' sa o Ia o
senannszua fhaawesi Idninmsiauaznszualiihamanesi Idonmssiuam 1zgn
a a o w 4 o 4 g a o w ' 3 a v A
auUNNITA lUAIA LS Lﬁammmnﬂmaiﬁuw’ﬂumﬂuma”lﬂ mﬂuuﬂamaamﬂ%Mﬁu%
A ] Y A o A A a 1 Y dyd J 9 a
Lﬁi’)ﬂﬂ"llﬂullﬂulﬁllmﬁiﬂﬂTJN’t’)L!U]ﬁUTIL‘]JLﬁﬁQ uaz‘ﬂauﬂ”u,ﬂuuﬂ"lsuuau’;ﬂmmgm"lm leumz‘nﬂg]
[ Yo c{Ay a I'4 9) 1 I~ A A
ﬂTi‘]Jill@]'Ji]S"lﬂi‘]JDﬂm@TWHNU ﬂi%uﬁhh‘l‘ﬁ"Iﬁmmﬂﬁ!,Lﬁ$LﬁulLiQLLﬂJLWﬁﬂiim’t’)iﬂlﬂﬂﬁ]"lﬂfﬂi
o 4 1 a 4 [ <3 a d [ v W
ATUIU Lﬁi’)‘]_]'i311"Imﬂﬁ/‘l"li1%&@65“68@@31&53!%\13\:‘!3\1Iimﬂi @]@lﬂiﬂSﬂﬁ%}NWaﬂ"U’t’)\i@’Jﬁ\uﬂ@]
dy Yo [ 4 [ d Y 1 a J o < A 4
ﬁﬂ"ll!glﬁlxhlﬂ5‘]JLL§\1ﬂ1.!Z‘TL€°’lm@5§]"Iﬂﬂ”I§TJﬂ L"Jﬂmﬂiuﬂ]l“ll ATNITTUINDT @@51&53&%\11!1]15!@’05
A (A a 1 Ao 4 9 ] < 4
LLEI3ﬁaﬂﬂlﬂﬂﬁ]’lﬂﬂ’liﬂiglﬂmﬂ1 lWE]ﬂ'lu’Jmﬂigllﬁthﬁ'lﬁmm'ﬁ]iLLﬁZ!ﬁuLLiQLLNLWﬁﬂIim@i

4
yoamsguialunsisdalyl

3.4 1@DYTMNVDIAITANADATUS INU AU
A a YY) 9 1 I~} J a 2 Y] YR~
HJ'E]WFl]’]ﬁm’l@]?ﬁﬂlﬂﬁlﬁulﬁ\iLlllLW@ﬂIi!@@i%uﬂIW?Jﬂﬂ’lﬁ!aﬂul!ﬂﬂﬂiﬂﬁjlﬂuigﬂ'ﬂ

9 d‘d Y o/ = d'
wadanigluuvvesszuniues InTuwiid (non-autonomous systems) NguHuUNNY31AY Y
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{ 3
1 1 ) Via s ‘ v, 4
: Vsa 2 =5 = ! L B (diy fdt) = Apig + Apw, + By + Dy, P (do, /di) = ao, + bigy +cT}
V52 Q] = z v Vip ) i )
. s 3 o Y2 _N? ) I >—> (d, [dt) = Ayi, + Ay, + Doy, o—| ‘v = Vo T haVVip 0]
2 2 s3 \
(- >
. v o 9 T
. AITUNALT UL = [en ey
: - s
. . uimanIsnes )
. Vsp | Vea o4 a P
NNABITNUNTY }
: Yy vV [T A
- - - N i =i \l‘ S; S; ' (d=, Jdi) = —e
o, *[‘ ra (di, Jdt) = A0, + A, + By, + Dy, + U, > Vo) Ga[d) = ¢
: A . S; = ¢ — Kz
: (dr,/dt) = Ay + A\, + Do, ) -t namesudly .
. Y + 4+ 3 3 ¢« U, .
. /T\ nY nY
. X . . . . 7 7
: 0 sl &l & R 6 ¢— .
r @, !
. y -
S . ool 1. -
. . - Oy 0,-0, . P, Y
. R, = R‘“—/\w\ ’ —k [(\ ’ )‘h = ?‘/ = T iy = [’\u ’\|¥]T ( )
. , < if S >0 then by, >|ay, + k|
. R =R, +k,p\, (i, —Mi, )+ k,.,_[{»\',l (i, *x’\'fl‘)}df if Sigtiq <O then ¢y, <=la, +h|
oO——> ”/ . T € if speq >0 then >la,, +k
: Ry = Ry —ky (L, —SM)ST, — ko (§ (2, —00)ST G, Jaln 8 = [ 5] > e by > i+
. v 0 < if spep <0 then ¢ <=la,, +hk,
. [
. B, =0, — I«“I,\, J+ R, I, =k [ [ S7 /+ (’” I ‘\u 1d‘( (f‘ Siafin >0 then >0
X o,l, “l if 842, <0 then ¢,, <0
. if sipzip>0 then ¢p5>0
. ﬂaﬂWﬁﬂ%ﬂJﬁf} s, if sipzip <O then ¢,5<0
. ol i 8,>0  then A, >|f)
. if 8, <0 then A, <-|f]
: ﬂaﬂWQﬁﬂ%ﬂ if sp>0  then Ay>|f
. if sp<0  then Ay<—=|fy
\ 7

o > oo ¢ °
Lm‘umamwmmmmmwaﬂ"lvlﬁwamamaimuEnm

{' o,

nyuIaeINaIANIHYY
voaweinesiaz Tnan
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gﬂ‘ﬂ 3.2 LLNuﬂWWTﬂiQﬁ'iNﬂJ@W]’J’d\‘]l,ﬂ{s’]l,ﬁuuiQLLNL‘HﬁﬂIim%’Ji (G]’Jﬁﬂ!ﬂﬁﬁ]@]i'l!iil) NUNTUD




26

Yy A ° 9 a s ~

1©NE1591994 (Kalman and  Bertram, 1960) 921131 1% 1un150ns1eid@desnin lagh
Y o = ' A A 9 a Jd A dytﬁ A v

Manuan ¥ laiiauenguunundiuinedes msansiziadesnwitusuAuInms

9
~

daguaumah G-11) Tnaildasi

e. = S +Kz, (3-41)

Y
o A

4 U { [y 4
iWeunual e, MINaNMIN (3-41) aslueyiusvoanmesny wiluaumsi -12) a2

S, = (4, +K)S, +(4, + K)Kz, + (4, +D1)ew
+AA11;S +(AA12 +AD1)'/}r -U

o

(3-42)

[ A a { o 1 Q I
AouMIsaNgnIeanIni 3-40) Mlideuaunuud lvludnglununitelaiy

= | 4., |sen(s,.e,) |¢m|| taie Mﬁ‘sgn( ,ﬁe,ﬂ) Mﬁ“ i tﬁ‘
tﬂ iﬁ'

lO! IO!

- |¢2a|sgn wz lO! |¢2a|| “ ”1 ‘¢2ﬂ‘sgn lﬂzlﬂ ‘¢2ﬂ‘

Sia za|

[ 552 w\

Ao = Admnl) = [y v g = [agfenly) = ]y

[ S0

Qa: 1 Y 4 H 1
mﬂummummuuﬁ”lmwﬁ adlunnaesud lvluaumsn 3-14) a2'ldn

S. Z. S
m za ia“ia ia
|¢la| eia+|¢2a| klzia+|Aa||S

ia|
T
B
Siﬂ

| Sia la| | ia ia|

Sip€ip SipZip
‘(ﬁm‘ lﬂ+‘¢2ﬂ‘ kz +‘A
[ 52| [ 5,2

0 |s,
wis=[7; 2T s
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9ol o Rldy| . |0
_ lﬂez+22522+ B

i i
[swel " |07 [

¢, O
?, =
0 Py

A v A ~ = v J
WDUNUM UO INAUNITN (3-43) asluaumsi (3-42) HAZIIUDYNUTUDIINIADT

Py >0, uag

]
a Y

A [ (% v d' = = qu/ z:‘? Y
WURNT Wiﬂuﬂﬂﬂaﬂiiﬂi‘ﬂﬂﬁﬂuﬁﬂﬂﬁ‘ﬂ (3-26) D9 (3-29) TnudnasInia ﬁlxvlﬂ’l”l

S, = (An +K_(Pu)Si +(A11 +K)KZi

N R (3-44)
+(A12 +Dl)e(// + A4 +(AA12 +AD1)‘//V
ARS = _1%3 = ﬂ’lSiTiAs (3_45)
AR, = ~R = -1y, M) (3-46)
AR, = —R, = A,(L —sM)STy, (3-47)
. A T R A
Ao, = -0, = 4,5 | J+—1y, (3-48)
oL,
A0UTOUANMTT (3-44) B4 (3-48) “lugﬂgmuﬁﬁ’um"lﬁlﬂu
Fo = F(1, 2,) (3-49)

= T 3
Tavii z7 = [S7 AR, AR AR, Aw,|" nmiu iden

min

7 =min1, 1 , ! , ! , o
2> 20L A 26l A, 2eML A, 2é),

. 11 1 1 1 - - o a
7™ = max| —, , , , sadannsanilanduasy Tum
2" 20L A 26l A, 2eML A, 26,



28

Tueunsn 3-15) a21an

mln max

2o < 2ol (3-50)

Tt [ 2] =V 2z, > 0

) 2 @ o w { va ' 0
tudle | 7, Wuilsdduanarimideaesifiquanidlionas  (nondecreasing) 1114

max

2o waz y™| 2, aaeanar denuden

9
=

ouitusveiladFudey Tur luaunsdi (3-38) Tvailddadi
I/.vl = {|¢1a"sza za| a1 +k) iaCia _{‘¢lﬂ“siﬂeiﬂ‘ a,y +k ) lﬂelﬂ}
(1Al = fi8) = (A plsiol fa55) = lralsiazia] —Eldbplispza| < 0

Hadduaey Tudl 7, ussyegluaniaes ym

-
IA

_(|Aa”5ia|_flsia) _(‘Aﬁ'HSiﬂ‘_fzsiﬂ) <0 (3-51)
] 03.:’ v W o 3 Ao =\ = o . .
ANUUAITUNADATUTINUUTUDUADYTA WUV VAN UTND (uniform stability)

o )
3.5 Namamamamummﬂu‘;zmnm]ﬂ
1 1 1 . . A 1 Yy 9 [ [ A
aau808a19 9 Tul1)51n53 MATLAB/Simulink 9 9ni%aNasiU1A 80U ludnyuey
A [ ~ A o 9 A & 4 ~ o v W [ <
meunuzlN 3.2 Weshmimnndussuuuomesivileniuaz Ivan tazdIduUnadnsui?
A v o & Y] A ' ' A o Y Ay ¢l a
Tnwamsdounnuliudaa sudaslalugdi 3.3 daudesNiimihnadannassiuio
d 9 a = Y d’ [ Y
nAmesun v tazngneasdn 1zgnaeimlunsowdedny Tusnzingmsisudi 4 ng g
] [ 4 ] 1 4 [ [ 1Y <
9NINILEN0ONIINNY dIUN0gAIUANVIITZUUNDIADST AL THan ADAITUNADAT1S)
] 4 QsJ‘ { 1 1 o 4 1 [ Y
FIIANTUNIN (fixed stepsize) AN IULAAZFIVOINITTIAOITDIUMTE UANINY 0.001
a =
SIVREL
Sumounssiansgorumsalammualduemedaiansnszseniunaas el
[ 4 4 a J [ [ I 1 [
nzuaday leyyosadmaduga 220 1ad 50 1550 % unaetIesanadensaiiena
A 4 o 4 A o ] A v W [ < Y
SudY 7 = 0 edunasu TvaalmisudunyuInduangaiia @dunasasuii (Mrduna
] 3 4 [ Y] 4 4 4 o
WunsaimanIswes) lasuuseduaanosuaznseua lniaaaos od1urandunsa

Vg s W 2 a s o s A o A '
uumaﬂiimamazﬂﬁzmmmﬂmu'i’mmguTimamumau"lau N@L@@iLﬂUEJ'JUTNIWaﬂ@]@
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1 1 o v W @ < o 4 1
ﬂﬂ?ﬂﬂgﬁ’)ﬂ uu‘ﬁﬂ AVTUNADATIT L!azﬁgﬂﬂuﬂ!@]'ﬂgllﬁgjﬁaﬂﬁaﬂ‘klﬂ‘lg‘llﬂ\iﬂ'liledlfﬂﬂﬁﬂ

g 4

2 o @ ] I 4 A o a =
puuszvunde suudraeanaiamaniman lifvesweinesifienii 3 Aladad i
J a s [ dy d d
AMITNNDTNITYAIH (Maes and Melkebeek, 2000) R, = 2.15 Ty , R, = 233 Toviy,
L =L =02118u5, M =02025 185 , R =448 ToWin, p =4, J =0.008 ilansu

rated

d a 4 [ y 4

a3y, S = 5018509, uar @’ = 1420 seusdiowi lagh J, Ao luwua
A 7 s A A 4 A Vo a o
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Time derivative of V (dV/df)
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Time derivative of V (dV/df)
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V,(t+At) = V,(t+ At)
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&rl(kT) lsa(kT) +&r2(kT)lﬁra (kT)
A~ 7-16
LMD Gr) vy ) U )
E
P (k4 0)7) = 1, (7) + 7], ()7, (T) + (T, (T
A (7-17)
M) (&r) v (k1) + U, T
&
Gk +0)T) = g, (7) + 7], (7)7 (KT) + (6T, (kT) -
—&,(kT),, (kT
7", +0)T) = g, (k7) + T] 6, (k77 (T) + a, (k) (T) o

+a,(kT)y,, (kT)]

' n 2p
T 4,47) = 1| ) + AT
Ol
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i (kT) = UHR )+, (m} ,

i (kT) = %{R () + | ste) -2 [, (w)} ,
. R R, (kT)

oo67) =~ ) + BT

i (k) = MRUT)

i, (kT) = —Li[fe, (kT) +3&T) R, (kT)], uae
S(kT) = @, (kT) _ o, (kT) — &, (kT)

o, (kT) o, (kT)
' [ [ J Y v o 1w usj @ o A o 1 14
@lﬁ)iﬂﬁ’)uﬂﬂﬂiulﬁﬂlﬁ@illﬂq"lﬁl@ﬁﬁ’JﬁﬂlﬂﬂﬁluﬂWﬁqwﬂﬂﬂﬁﬁﬂﬂqﬂ QﬂﬂWH’Jﬂlﬁﬁ@ﬂ?HﬁlﬂWqﬂ
a I a o a a o a
iﬂﬂﬂ'ﬂllWﬂWﬁWﬂ"ll’ENﬂimlﬁhl"l"lﬁ1ﬁmmf)ﬁﬁlﬂﬂﬂ1ﬂﬂ15ﬂ1u3m DUNNIAUDIANTIUHNANAR

[ 1 1 1 o g a A A o 1 ] [
ANNAII ﬁﬁuﬂ@ﬂiul’lﬂmﬂiﬁuﬂ’l LLﬁzﬂQ‘ﬂNﬁ’ﬂﬁ]ﬂ‘ﬂhlél,iﬂﬂfnﬁ‘ﬂ1u18ﬂ1l°ﬁulaﬁl’3ﬂu 1569

e ((k+1)T) = it (k+1)7) -, (k +1)T) (7-20)
e, (k+1)7) = ity (k+1)T) =3 (k +1)7) (7-21)
2, ((k+1)T) = 2, (kT) - Te,, (kT) (7-22)
2 ((k+1)T) = z,,(kT) = Te,, (kT) (7-23)
su((k+10)T) = ¢, (k+1)T) ~kz,, (k +1)7) (7-24)

sip((k+1)T) = e (k+1)T) —kyz), (k +1)T) (7-25)
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sy, (k+)T)e, (k+1)T) > 0 udr ¢, (k+1)T) = ¢, > |a, +k|,
0 s, (k+1)T)e), (k+1)T) < 0 udd ¢, (k+1)7) = ¢, < ~la, +k|,
& sy ((k+1)T) ey, (k+1)T) > 0 udr ¢,((k+1)T) = ¢, > |a, +£k),
& sy (k+1)T) ey, (k+1)T) < 0 udr ¢,((k+1)T) = ¢, < | a, +k),
o so (k+1)7)z (k+1)T) > 0 ué’a ¢ (k+1)T) = ¢, >0,

s (k+1)7)z. (k+1)T) < 0 uds & (k+1)T) = ¢, < 0,

s (k+1)T) 2 (k+1)T) > 0 1d1 ¢, (k+1)T) = ¢,,, > 0, (7-26)
i s (k+1)7) 2, ((k+1)T) < 0 wédn ¢2*ﬂ((k+1)T) = ¢, <0,

s (k+D)T) >0 udr AL(k+1)T) = > | A ((e+1)7)]

s (k+1)7) <0 udr AL (k+1)T) = A, < =| £ (k+1)T)|,

sy (k+0)7) > 0 udr A (k+1)T) = Ay, > | £ (k+1)T)] , vag
sy (k+)7) < 0 udr A((k+1)T) = A, < =] £ (k+1)T)]

T (k4 1)T) = @ (k1) T)e, (1)) +Me;ﬂ((k+1)r) |
£ )T) = )7 (k1) 7) 2 ED ey,
e (k+1)T) =y (k+1)T) -y, (k+1)T), vaz
ey ((k+1)T) =y, (k+1)T) =y, (k+1)T)

Usol(k+1)T) = ¢, (k +1)T)e, (k +1)T)
+ 65,k +1)T) bz, (k+1)T) + A, (k+1)T)
Up((k+1)T) = g5 (k +1)T) e}y ((k +1)T)

+6,,(k+1)T)kyz),(k+1)T) + Ay ((k+1)T)

(7-27)

(7-28)

o’/’ 1 1 o’dy Aa o o 9 [ <
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P 9 o v 1 [ 09}1 [ (=1 [ YY) A A
Tawe) N ldanmsinealumsquianssda i gndedangmsUsodn iedszuamio

o (Y < a U v [ { )
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R ((k+1)T) = R(kT) =k, | ©3((k+1)T) —0(kT)| —k,TO4(KT)  (7-29)

R ((k+1)T) = R.(KT) +k,, [ 05 (k+1)T) =0, (kT)] +k,TO,(kT)  (7-30)

R ((k+1)T) = R, (kT) —k,, [0, ((k +1)T) =@, (kT)| —K,, 70, (KT)  (7-31)

o (k+1)T) = &,(kT) =k, [ @, ((k+1)T) -0, (KT)] -k, 7O, (KT)  (7-32)

Taofi @, (kT)
O, (kT)

Sig (KT)i, (KT) +5,,(kT)i ,(kT)

50 KT ), (kT)+s (kT)w,;(kT)
— M| s, (kT)7, (KT) +s5,,(kT)7.,(kT)]
0, (kT) =[L, -s(kT)M [s kT)y,,, (kT)+Siﬂ(kT)lﬁ,,ﬂ(kT)],
0, (kT) = s, (kT) (kT) W (KT ), 5 (KT)

A (]fT)L [ 5., (kT) 5, (kT) +5,,(kT),,,(kT)]”
O5((k+1)T) = s;, (k+1)T)is, (k+1)T) +5;,(k + 1) T)i (K +1)T)
O ((k+1)T) = s, (k+D)T)y., (k+1)T )+S,g((k+1)T)v7fﬂ((k+1)T)
-M|s; (( +)T)7 (k+1)T) +55,((k + ) T)i5 (K +1)7)]
(k+1)T) = [L, -5 1 M]
s (k 1 e+ 1)T) + 55, (k+1)T) g, (k+1)T)]
O, ((k+1)T) = sp((k+1)T ) ((k+1) ) =53, (k+1)T)y7;,((k +1)T)
A s ()T (e +)T) 5, (k4 1))y, (6 + D)D)

“o k)L
wag  §T((k+ = @, ((k+1)T) _ o,(k+1)T) =& (k+1)7)
) = S n = )

F4 v
Tudruvesduasumsud luiuanugndeslultisgu Tassadunanvesddauna

8a3157 gnaan3 lad ey
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i (k+1)T)=1i(kT) +0.5T[&,1(kT)£m(kT) +a,,(kT)y,, (kT)
2Ly (KT + b, (6T) +U,, (kT)
+a) (k+1)T)i,, (k+1)T) +a5,((k+ 1) 7)), (k+1)7)

T () 7) i, 6+ 1)7) U (k1))

0 07) = 7,67) +0.57[a, (7)1, 67) +,(67)9,47)
_OMKT) 5 (er) + by, (kT) + U, (kT)
(e )T+ 0T) + @) ()T)
(

MV/ (k+1)7T) + by, (k+1)T) + U, (% + 1)T)]

v, (k+1)T) = v, (kT) +0.57| 4, (kT)7, (kT) +4,,(kT)p, (kT)
_@,4(”)%(”)% ((m) ) ((m) )

+a,(k+1)T)y, (k+1)T) =& (k+1)T )y, ((k + l)T)]

7, ((k+1)T) =y, (kT) +0.5T] 4,,(kT)7,(kT) +d,, (KT, (kT)
+@,(kT) 7, (kT) +a(k+1) T )igy (k +1)7)

+a7, (e +1) T3y ((k+1)T) + 67 ((k+ 1))y, (k+1)T)

(D)7 G%{R (D)7 k+1)T)}
(+1)T GLL{R (1)) 2Lz ()1 )}
(e +1)7 =g%{R (k+1)7) +| 5 (K +1)7) - mzé;;((kﬂ)r)},
i e)r) =~ @)+ Rm((’;;””},
a5+ )7) = TRk 0)T) e
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(7-33)

(7-34)

(7-35)

(7-36)
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(e +)7) = [ R (e+)T) +5° (e +)T) R ()T

1 [ 1w < a 4 J 1 @
@l@iﬂﬂ@]ﬂTi“lJ'H'UGI’Ji]%“lJﬁ$3J1ﬂ!ﬂ1®@liﬂi’ll“]5\‘1143JIiLﬁf]ﬁ uazmmmﬁmmmmazmmm

J A ) YA Y A d?’ = :JI = 1w 3 @ o A
UaRMB I HYIUN 1WNﬂ31NQﬂ@]’fNLWilGUu@ﬂﬂiﬁﬁuQGlUﬂ']ﬁf;fll']ﬂﬂ'i\iflﬂhlﬂ HUAND

R((k+1)T) = R (kT) k[ ©5((k+1)T) =04 (kT)]

—0.5kS,T[®S (k+1)7) + 04 (kT)] 7

R((k+1)T) = R.(kT) + [® (k+1)T) 0, (k7)) (7-38)
+0.5k”.T[®R (k+1)T) +© ,(kT)]

R, (k+1)T) = R, (kT) —k, [©:((k +1)T) —©, (k7)) (739)
—O.SkmiT[Gm (k+1)T) +©, (kT)]

&,(k+1)T) = &,(kT) —k, [ (k+1)T) -0, (kT)] (-0

- 0.5ka[ @ (k+1)7) +©, (k7)]

A Aa o a PRI o A 9 A d?
Llag’ﬂu‘ﬂﬂﬁa"’ll’l’)\iﬂ'lﬂuWﬂWﬁTﬂﬂi%LlﬁulWﬂ'lﬁW]W]’E)ﬁV]Lﬂ@%Tﬂﬂ'lﬁﬂ"lu'Jﬂ! NUANNYNADIUNNUU

“lumitju*?ﬂﬂ%aﬁﬂ”lﬂ dnaldnn
(6 1)7) = 2, 67) —057 e (0 +1)7) +e, (7)) )

2 (k+1)T) = z,,(kT) =057 e, (k +1)T) +e,, (kT)] (7-42)

o Y = a s a o
m“lﬁmmmmJﬂuuﬁmmmwﬂwmmmnizLm"lvdﬁmmmmmﬂmmmimmm uae

] 1 o'dy a QSJ‘ o 1 [ -] 09/’ (% Y
ﬂ"J‘LlfJ’E)ﬂalunﬂmﬂﬁWUN'JGlu‘UHG]’EJUﬂ']'iVITH'IfJﬂTGluﬂ"Iﬁqu’J@ﬂﬁ\‘]ﬂﬂllﬂ llﬂ'ﬂ

e, (k+1)T) =i (k+1)T) —i ((k+1)T) (7-43)
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e (k+1)T) =i, (k+1)T) —i,((k+1)T) (7-44)

s, (k+DT) = e ((k+1)T)—k,z, ((k+1T) (7-45)

s,,((k+ DT) = e, (k+ DT) = k,z,,((k + DT) (7-46)

) 1 ' 4 { o v o (% a3 09/’ A

uuﬁe NaﬁWﬁﬁzﬁQWQN@Lﬁﬂilﬁﬁﬂ’lu'lﬁ']ilu’\lﬁllagﬂ3ﬁﬂlﬂﬁ@ﬁ§1!§31uﬂlu¢l@uﬂ'lﬁ!,!,fs]“lGULWN
9 1 1 L:' 1 1 t:‘

AITUYNAD (WAaONIEHINAUNITN (7-5) 1AL (7-33) LAZHANNTISHINTUNITN (7-6) LAy

(7-34)) vzgmiiou a1

e, ((k+1)7) = e, (k) +057] a,¢,,(kT) +a,,(kT)e,, (kT)

Q&rﬂ (kT) - an (kT) + arle;‘a ((k + I)T)
(7-47)

W

k+)7)e (5 +1)T) *M"* ((k+1)T)
(

e,(k+1)T) = ¢, (kT) +0.5T] a,i¢,, (kT) +a,,(kT)e,, (kT)

UL (k1) + 8, ()7, W) + 0,47, (47)

Ao (kT

N—"

¥, kT) =U,,(kT) +a,,¢;,((k +1)T)

el e or) - )

A, (k+1)T)igy ((k+1)T) + Aal, (k +1)T )y, (k +1)T)

Aol (e snyr) sy +1)7)

(7-48)
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[y A 1 M2
WuAe Aa, (kT) = -— AR (kT) +—-AR,(kT)| ,
O- S r
A (kT) = | AR (k7) - L= AR, (T) + 5T )AR, (k7) - 228D g |
&L, o, (kT)

pa((k +1)T) = _L{AR:((/(H)T) +AZ—22AR:((k+1)T)} .

s r

pay((k+1)7) = ! [AR:<<k+1>T> e sy (1))

r

L () TR (6 +1)7) _%&J
Tavfi AR (kT) = R, — R (KT),
AR (KT) = R~ R (kT)
AR, (kT) = R, - R, (kT) ,

AR ((k+1)T) = R, - R}((k
AR (k+1)T) = R =R ((k+1)T),
AR (k+1)T) = R, - R ((k+1)T) , naz

Ao (k+1)T) = @' (k+1)T) =& (k+1)T)
uavraansznInaudeslunmmes tui lunmsguianssdalduaz lunsguiailagiiv
(HAANTENINANMITN (7-45) uag (7-11) BAZHAANTEUINANMNIN (7-46) 118 (7-12)) 92N

@weu'lan

s, ((k+1D)T)~s, (kT) = e, ((k+1)T)—e, (kT)

—k [z, ((k+ )T) -z, (kT)] (7-49)

syp((k+ DT) =5, (kT) = e, ((k+ 1)T) ~ e, (kT)

— kL2, ((k + 1)T) = 2, (KT)] (7-50)
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a a o a s A o A
’i]L!'VIﬂﬁaEUBQﬂ'J"IiJNWIN'ﬁ']ﬂﬂi$Llﬁuh"l1?11ﬁmm@iﬂlﬂﬂ%"IﬂﬂWﬁﬂTl!’JmGl‘L!ﬁiJﬂ'lﬁﬂ (7-41) uag

(7-42) i

Sal(k+1)T) =5, (kT) = €, ((k+1)T) — e, (kT)

7-51
+0.5k1T[efa((k+1)T) +e, (kT )] e

s((k+1)T) —5,(,kT) = e, (k+1)T) —e,(kT)

7-52
+0.5k,T] &, ((k+1)T) + e, (kT)] e

apumnum e, ((k+ 1)7T) MNauMsh (7-47) uaz e, ((k+1T) MInaumsi (7-48) aslu

AWM (7-51) 1AL (7-52) MUY Lmz%’@gﬂﬁuﬂﬁﬁ”lﬁ’%"u TWiety 9218
5, (kT) = 0.57[ T, (kT) + T ((k +1)7)] (7-53)
5,(kT) = 0.5T[ T, (kT) + T ((k +1)T)] (7-54)

Tooit 5, (67) = s, (k+1)7) —s,, (kT) |

5,0T) = s,(k+1)T) —5,,(kT)
L 7) = 0, +8)a, (67) +a.67)e,, (67) + 28T ey
80, (67, (67) + a7, 067) + 2280 ) v, er)
0T = (0, k2)ep6T) +a,(67)e, 7)) (o)
- Aw,(kT) ’

+Aa,, (kT )i, (kT) + Aa,, (kT )7, (kT') —

L ((k+1)T) = (a,, +k )e,(k+1)T) +a,((k+1)T)e;, (k +1)T)
LT (e e1)T) + aa (kD)D) (k1))

a7 (ke )7) + 22D g )

~Us((k+1)7)
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(k+1)T) = (a, + k) e, (k+1)T) +a,(k+1)T)e,(k+1)T)
kDT (e 1)7) + A (k)T (k +1)T)

ag

e, (k +1)7)5 (- )7) - A EDT) e ()

Wuwald wag s, (k7)5, (kT) uaz s,(k7)5,(kT) o19gnideuldn

1424

5, KT)5,(kT) = 0.5T[ s, (67T, (kT) +5;, (6 + ) T) T3 (ke +1)7)

=5 (k)T (ke +1)7)]

(7-55)

Taoft 57 (kT) = 5., ((k+1)T) —s,, (kT) naz

53 (07) = 53, ((6+1)7) s, (47)

k4

o 1 1 4 { ) v o [ < z o 1 '
AMNUU NamN‘j%‘lﬂNN@MﬂimﬁEJ’Juma3@1aﬁﬂm@amuiﬂumuﬁaumiﬂmwm GRIERN

sEUINAUMSN (7-1) uag (7-16) HAzHAANTEHINANMIN (7-2) uag (7-17)) sggmidion Ida

e (k+1)T) = e, (kT) +T| a e, (kT) +a,,(kT)e,, (kT)
o, (kT

+ AarZ(kT)lI&ra (kT) +

\—/

e,;(kT) + Aa,, (kT)i,(KT) (7-57)

A“’rT(kT)@ﬂ(kT) ~U,,(kT)]

e (k+1)T) = ¢, (kT) + T a,e,(kT) +a,, (kT )e, , (kT)

MeW (kT) + Aa,, (kT)i,,(kT) (7-58)

Aw,(kT)

+ AarZ(kT)l/}rﬂ(kT) - lﬁra(kT) _Uoﬂ(kT)]
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1 1 [ 1 o’dy A A 9 o 1 1 [ @
nagHanIzrIdIndes lunnmes AN laninnsiineawazlumsquiailagiiv
(HAAITTHINANMITN (7-24) 1aE (7-11) HATNAANITSHINAUMIN (7-25) Lag (7-12)) 329N
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@eu'lan

Sullk+1)T) =5, (kT) = ¢, (k+1)T) - ¢, (kT)

~ k[ 25, (e +1)7) =2, (k7)) (7-59)

s (e +1)T) —5,(kT) = & (k +1)T) — e, (kT)

~ [z ((k+1)T) =2, (k7)) (7-60

a a o A s A o A
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s, (k+1)T) =5, (k) = &, (k+1)T) - e, (kT) + K Te, (kT) (7-61)
sip((k+1)T) —s,(kT) = €, ((k +1)T) —e,,(kT) + k,Te,, (kT) (7-62)

doun umua ¢, ((k +1)T) mnaumsii (7-57) waz e, (k+1)7) Mnaumsii (7-58) aalu

AWM (7-61) 1AL (7-62) MUY Lmz%’@gﬂﬁumiﬁ”lﬁ’%"u ey azldn
5. (k) = TT,(KT) (7-63)
5,(kT) = TT,(kT) (7-64)
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unua 5, (k7) waz 5, (kT) mnaumsi (7-63) uag (7-64) asluaumsi (7-55) uaz (7-56)
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Mudey 92 1aNn



5, (kT)5,,(kT) = 057 s,,(kT)T,(kT) + s, (k + 1) T) T3 ((k +1)T)]
0. 5T2r (kT) “((k + 1)T)

5,,(KT)3,,(kT) = 0.5T[ 5, (kT)T,(kT) + 5, ((k + 1) T)T;((k +1)T)]

—O.STZFﬁ(kT) ﬂ((k+1) )

MR WeuraTINTZHIauNs N (7-65) uag (7-66) 1@t
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(7-65)

(7-66)

(7-67)
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#2[AR (4 )7) =k, @3 (4 )7
+ 82;” [AR,((k+1)T) +krp®’;((k+l)T)]2
T ,?ks [ A0, ((k+1)T) =k, ©((k+1)T)]
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Taoit AR (k+1)T) = R — R (k+1)T),
AR ((k+1)T) = R ~R ((k+1)T),
AR ((k+1)T) =R, —R, ((k+1)T), uaz
Ao, (k+1)T) = o, (k+1)T) -6, ((k +1)T)
509 AUYAN
OL((k+1)T) ~ 0,((k+1)T)
O, (k+1)T) =~ ©,((k+1)T)
O (k+1)T) = ©,((k+1)T), naz
O (k+1)T) = ©_((k+1)T)

PkT) = 0.5]2(k7) + 55 (kD)] + [ AR (kT) ~k, O (kT)]

s'Vsi

0.5 2 0.5
i [ AR (kT) +k,© ,(kT)]* + AL

(ZS [ Aw,(kT) —k,,0,(kT)]* = 0
EK .

i

+

[AR (kT) -k, O, (kT))

mp~~m

_l_

v Y
Ao1 AuNsamNaAIzrIRiledFwde Tud luaumsi (7-68) uag (7-69) laaail
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7 (kT) = 05[ 2 ((k+1)T) =52, (kT)] +0.5] 2, ((k +1)T) =52, (kT)]

05 [ AR ((k+1)7) ~ 5,0k +1)T)]

oLk

~ [ AR (kT) -k, 0, (kT)]*}
s {[AR (k+1)T) +k, 0 ((k +1)T)]°

~ [ AR (kT) +k,0,(kT)]*} (7-70)
o {[AR (k+1)T) =k, @, ((k+1)T)]’

rmi

— [ AR, (k1) -k, 0, (kT)]*}

mp~~m

gk {[Aw (k+1)T) =k, 0 ((k+1)7)]

~ [ A, (kT) -k, 0, (KT}

wop o

Taoit 7.(kT) = V,(k+1)T) =V, (kT)

ileldgasnaniahidsdes azdounaasiladdwdoy Tu 7, (k7) luawnisi (7-70)

V,(kT) = (kT) JKT) +5,,(kT)5 4 (kT) +0.552 (kT) +0.55,(kT)

(kT) —k,04( kT][J? kT +ksp@’;(kT)]

Lk

ng [AR (kT) + &, 0,4 kT][R kT) k,pc?);;(kT)]

gMerml[AR (kT) - k,,0,( kT)][Rm(kT +kmp®m(kT)] )

1
&k

wi

0.5 [fe, kT) +k, (?);(kT)]2+ 0.5

akaW el k

rvri

[R €7) + &, 8 (k)| 05 [,07) + £, ()]

| A0, (kT) —k,,0, (k7)) @,(kT) + k., (kT)]

wp ™~ @

& (k) -, 836

Taof o ((k+ DT) ~ o, (kT),
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O;(kT) = ©

8,(kT) = ©,((k+1)T) -0, (k7).

O (kT) = @ (k+1)T) -0, (kT) , uay
0! (kT) = @ ((k+1)T) -0, (kT)

9 9 v ]
1ty dagUngmsdsudluduaeumsud luiuanugndesluaunsi (7-37) . (7-38) |

(7-39) . waz (7-40) iy vz@wou' @iy

R,(KT) +k,0;(kT) = —0.5k,T[ ©}((k+1)T) + O (kT)| (7-72)
R(KT) —k,, 8, (kT) = 0.5k,T[ % ((k +1)T) +©  (kT)] (7-73)
R,(kT) +k,, 8, (kT) = —0.5k, 7] @, (k+1)T) +©, (kT)] (7-74)
,(kT) +k,, 8. (kT) = —0.5k,,T[ @, (k+1)T) +©, (KT)] (7-75)

aent unuetned s, (k7)5, (kT) +s,,(kT)5,(kT) Mnaunsi (7-67)  uag

nMsUsuAInaNmsh (7-72) de (7-75) aaluaums (7-71) uazgdaglaumsina aglda
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=).

7.(kT) = 0.57ST (kT)[ (4, + K )e,(kT) + £, (kT)

+0.57[ 5 ((k+1)T)]" x

~U, (k1)

[(4y + K)er ((k+0)T) + £ (e +1)T) =03 (6+1)7)

~k,,0,( kT)]@j;((k +1)7)

—k, 0, (k7)o ((k+1)T)

kT 2(kT) + OST[R kT) -k O kT]@ (k+1)7)
k, T 2(kT) - OST[R kT) +k,0,( kT]G) (k+1)T)
ZgL

g2 1) + 05T | - k)

ZEML eML,
~Fat o ur) + 2L 7 k)

2&

sz

85M
k T’

o, (k+1)T) = o,(kT),

R*(kT) = R*((k+1)T) - R (kT)

R'(T) = R (k+1)T) R (kT) ,

R:(T) = R ((k+1)T) - R, (kT)

o, (kT) = &/ (k+1)T) - &, (kT) ,
a, +k 0

Ayt k= 0 a, + kj

e,(kT) = [ e, (kT) e,(kT)1",
S,(kT) = [5,,(kT) s,(T)1",
[,(kT) = [ f,(kT) f,(KT) 1,
U,(kT) = [U,,(kT) U, (kT)]",

e/ ((k+1)7) = [er, (k+1)7) e, ((k+D)T)]"
§;((k+1)7) = [s7, (k4 1)7) 535((k+D)T)]"

[@ k+ 1)T) +0,(kT)|" +0.552 (kT)

)T) +©, (k7| +0.553(kT)

il [@ (k+1)7) +©,(kT)| = 0.57°T, (kT3 ((k +1)T)

[@ k+1)T) +0,(kT)|* = 0.57°T,(kT) T ((k +1)T)
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£ (k0)7) = [ (e +0)7) £ (k4 0)T)]"
U; (e 1)7) = [U7,((k+0)7) U3, (1))
uazdon T wunedans ua Ing (transpose) Y9 INAT A ﬂml‘fu%@gﬂﬂgmiﬂ%’uﬁa

Tudupoumsiinea luaunisn (7-29) . (7-30) . (7-31) , uaz (7-32) Ty azd@enldiilu

R:(kT) —k, 0 (kT) = =k, ©%((k +1)T) —k,TO ( (kT) (7-77)
R (KT) +k, 0, (KT) = k, 0% ((k +1)T) +k, 70, (kT) (7-78)
R:(kT) ~k, 0, (kT) = —k, O ((k +1)T) — k.70, (KT) (7-79)
o (kT) -k,0,(kT) = —k, 0. (k+1)T) -k, 70, (kT) (7-80)

aeuumuama 5, (k7) ainaumsi (7-53) , Wl 5,(k7) ninaumsi (7-54) uazngms

UYsudanaumsn (7-77) e (7-80) asluaumsi (7-76) wazdagilaumslui oz1d
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V(kT) = 0.57] (kT)[ (4, + K)e,(kT) + f,, (kT) ~U, (kT)]
10578 ((k+1)T)]" %
[(4+ K)e; (e +1)T) + 17 (k+1)T) =U; (k+1) 7))

o kT [ o }
- 7102 (kT) +| @ ((k +1
T oer) o -]
Mo “RT oz (k) + [k + )T
Yo Rl 1 2 (k1) + [0 (k + 1) 7)) | (7-81)
8eML,
Mo R o (k7)< (k4 1) 7)) |
2 2
AT (k)@ (k+1)T) X0 (k1) 03 (k +1)T)
4oL, 4el,
kT kT

0, (k7)o (k+1)T) -

ML, 20, T)0,(k+1)T)

+0.12572[ E2 (k)| + 0.12572[ 5 (k)

Taoh T0(kT) = T:((k+1)T) —T,(kT) wa
T,(kT) = T;((k+1)T) —T,(kT)

tesan +0, (k1) (k+1)T )<05{@)2 kT) +[ @ (k+1)T )]2} Taud

v Y v v 9
dos X ldunuaivies S ,R,m, N30 @ A9UY

7.(kT) < 0.5TS! (kT)[ (4, + K)e,(kT) + £, (kT) - U, (kT)]
+0.57[ 57 ((k+1)7)]" x

[(A11+K)e((k+1) 7) + £ ((k+1)T) ~U:((k+1)7)]
2k,, 2 o[ = 2
i { @2(k7) +[©%((k+1)7)] } +0.12572[ T (k7))
2k, —k,T
- 45Lr
2k, —k, T
 deML,
2% —k,T

e ey {@2 kT) +[ @ ((k+1)T )]}

(7-82)

{@2 (k) +] @5 ((k+1)T )]2} +0.1257°[ T (k7))’

r{e: (k) +[ o} (k+1) T[]
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Taoit ST(T)[(4, +K)e,(kT) + £, (kT) U, (kT)] <0 uaz

[S; (e + )T [, + K)e ((k +1)T) + £ ((k+1)T) = U (k+1)T)] < 0
W [a,+k — ¢, (kT)]s, (kT)e, (kT) <

[a, + K, — §,,(kT)]s5,,(kT) e, (kT) < 0,

¢, (kT)k,s, (kT)z, (KT) < 0,

¢, (KT ky5,,(KT) z,,(kT) < 0,

[/, (kT) = A, (kT)]s,, (KT) < O,

Lf,(kT) = A, (KT)]s,,(KT) < 0,
nag [a +hk ¢ (k+1)T )] ((k+1
[+ ks = gy (ke + 1)) s (ke +
~ ¢ ((k+1)T) ks, ((k
~ 5, ((k +1)T ) ks, (K
L7 (e+1)T) = A, ((k +
[/ (ke +D)T) = Ay (k+1)T )]Sw((kﬂ)T) <

waztdenAunudadungmslivd k> 0.5k, T, k >0.5k, T, k, >0.5k,T,

+1)7)z,
+1)7)z,

)
)
)T

o 1 J o { 1 '
oz k,, > 0.5k, T viunedmadnvesilandudey] Tuluomumsi (7-82) lisniosnimie
1w J ~ v o (% I o a 4
MNUGUY (Vl(kT) < O) ardunadasuirngiadesamlumsihaulunadania o
1 1 Jd o [ U o 4 d @
nfSeuneuszniamaanveslandu@s Turaanar vazeyiusveslandu@eay) Tuvl Tu

' 4 o’ A a AN 1 1w ~ 2
naeiies WainUsnguiiArAo NN linswmanay 0.125T2[1“a(kT)] 1oz
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@ s A 4 J <3| { o 1 J v 1 1 4
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Vi(k+1)T) -V (kT) _
0-55?(”)[(/111 +K)e,(kT) + £,(kT) ~U, (k7))
+0.5[ 857 ((k+1)7)]"
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2L
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Ab((k+1)T) = b-b((k+1)T),
AT, (k+1)T )= T(k+1)7) -7, (k+1)7),

s, ((k+1D)T) =e ((k+1)T)—k,h ((k+1)T),

e,(k+1)7) = &,((k+1)T) &) ((k +1)T),
wazsmualyd

O (k+1)T)~ 0, (k+1)T),

O, (k+1)T) = ©,((k+1)T) , uay
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+ L[ Ab(T) + 5,0, — =S [AT,(kT) k5, (kT)] 2 0
2k, ’ 2, '
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V,(kT) < 0.5Ts, (kT)[(a + k) e, (kT) + £,(kT) &, (kT))

+0.575" (k+1)T)x

[(a+k)e((k+1)T) + £ (k+1)T) -8 (k+1)T)]
2k 4kT {@2 kT) [@ (k+1)T )]} (8-23)
—MT{@Z kT) +[ @;( k+1)T)]}

o 2o B erl ) + [T | vonasr[ )

Taeft 7,(k7) = v,((k +1)T) -V, (kT) ,
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T,(kT) = (a+k)e,(kT) + Aa(kT )@/ (kT) + Ab(kT)i,, (kT)
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ke +1)T) “VoRT) o o (er)[(as ke, (6T) + £,T) - 6,(6T)]

+](;.5s; (k+1)T)x

[(a+k)ey((k+)T) + £ ((k+1)T) -8 (k+1)7)]
—M{@ﬁ(ﬂh[@;«kﬂ ]} (8-24)
2k . —k,T
—%{@i(/ﬁ)ﬁ@;«kﬂ ]}
L2 =R ey [ (k) D | w0257 E k)

i 7l 20T —1,67)

T—0 T
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VAKT) = T(0T) = T20T) + 1, (k1) (k +)7)
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“Theorem: The second method of Lyapunov’s stability (Kalman and Bertram, 1960)
Suppose that there exists a scalar function V(fc , t) with continuous first partial

derivatives with respect to X and ¢ such that V(0 ,¢) = 0 and

I. V()_c' ,t) is positive definite; i.e., there exists a continuous, nondecreasing scalar

function & such that @(0) = 0 and, forall# andall X # 0, 0 < a(” X ||) < V()_c',t).

II.  There exists a continuous scalar function ¥ such that ¥(0) = 0 and the derivative
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III. There exists a continuous, nondecresing scalar function such that #(0) = 0 and,

forallz, V(%,1) < B(|Z])-
V. al|5]) - o with [ - o

Then the equilibrium state X, = O is uniformly asymptotically stable in the large;

V(fc , t) is called a Lyapunov function of the system.

Corollary: The following conditions are sufficient for the various weaker types of stability:
1. Uniform asymptotic stability: (I., II., and III.)
2. Equiasymptotic stability in the large: (L., IL., and IV.)
3. Equiasymptotic stability: (I. and I1.)
4. Uniform stability: 1., IIL., and V()? ,t) <0 forall X ,¢

5. Stability: L.and V(¥,7) < 0 forall ¥ ,¢”

“npugun: wossmuamnamiveudeTunlu3dsiiaes (Kalman and Bertram, 1960)
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&,((k+1)T) = é,(kT) +0.5T] ad,(kT) + bi, (kT) + T, (kT)
+ad (k+1)7) +bi2 (k+1)T) + T, (k+1)7)]
+0.5T| ar, (kT) +bAi, (kT) +aAe ((k+1)T)
+bA (k+1)T) | - A@, (kT)
Taeft A (KT) Ao wariii s

] [ 9
weldmaaa luni @euaumsi 4-3) ludueeumsineaiveditisgu 121

o;(k+1)T) = &,(kT) _ o/ (k+1)T) —0,(kT) _Aw;((k+1)T) - Aw,(kT)

T T T
& (k+1)T) = &,(kT) + &, (kT) — A@; (kT)
Taoft A@ (kT) = A@’((k+1)T) - Aw, (KT)

aeinlFiTveusou aans laguuuineslunmdeiesluaunsii 4-2) wdsunaimdang
mamguﬂmizuﬂuﬁumumiﬁmmm I8l
o (k+1)T) = @,(kT) + T aw,(kT) + bi, (kT) + T, (kT) |
& (kT) = T| aw,(kT) +bi,, (kT) + T, (kT) |
Taoh & (kT) = o (k+1)T) - o, (kT)
({ie991n
w,(kT) = &,(kT) + Aw,(kT)
1oz
i,(kT) =1, (kT) + Ai, (kT)
diounua o (kT) uag i, (kT) aaluaumsves @ (k7) azldd
&, (kT) = T ad,(kT) +bi, (kT) + T, (kT) | + 7] areo, (kT) + bAi, (kT) ]
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MnumuA? &; (kT) asluaumsvos & ((k+1)7) wazdaglaumslni oz1d
& ((k+1)T) = &,(kT) + T ad, (kT) + bi, (kT) + T, (kT)]
+ 7| aAe, (kT) +bAi,, (kT) | - A@: (kT)
Taoft A& (kT) fo wanlitlins e
& ((k+1)T) = @,(kT) + T ad,(kT) + b5, (KT) + T, (kT) + £,(kT) ]
Tagi  f,(kT) = aAe,(kT) +bAi, (KT) —A“’VT("T)
aomdaglaumsves @, ((k +1)7) Ind az'ldn
&,((k+1)T) = @,(kT) +0.5T] ad, (kT) + bi, (kT) + T, (kT)
ad((k+1)7) +bi" (k+1)T) + T, (k +1)7) ]
)

+0.57] adw, (kT) +bAi,, (kT) ] - OST{ 'T(kT }

+0.57[ ar (k +1)T) + AL, (k +1)T) |
- O.ST[%(]CT)} + O.ST[%(ICT)}
&, ((k + 1) ) = &,(kT) + 0.5T[ ad,(kT) +bi, (kT ) + T, (kT) + £,(kT)
ad(k+1)T) +bi. (k+1)T) + T, (k+1)T) + £ (k +1)T) ]

T £7(k+1)7) = ado (k-+1)7) + b, (0 +1)7) - 22047) ~AGT)

a2 Mnveseanma (8-23)
anuAanaavessas s nFayu Tanesi 1dannsse sundafiao ez ydyI9l
i °lumumumﬁmuwﬂﬂumﬁamﬂﬂimﬂhlﬂ ansoenIdiiy
e (k+1)7) = &, (k+1)T) -/ ((k+1)T)
s (k+DT) = e ((k+ DT) =k ((k+ 1)T)
HAZINIUNANINTE wanammmwumsl,umﬁammimﬂ"lﬂuaz ﬂumunmﬁruﬁﬂumﬁfju%’@
flagtiuluaumsdi 8-4) 183
s ((k+ D)T)—s, (kT) = e, ((k+ 1)T) —e,(kT) - k[ b, ((k+ 1)T) - h, (KT)]
aouwnumine i ((k+ 1)T) - h (kT) MINANMIT (8-20) asluaumsnaadl 02184
5,(kT) = e, (k +1)T) —e,(kT) +0.5kT] e (k +1)T) +e¢, (kT) |
Taoit 5,(k7) = s, ((k+1)T) —s, (kT)
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9 ]
nnduwdeunaansznitnaiamsnyuvesszuuluaunmsi - (8-2) uazInssadananves

v W 4 A 09/1 FY A 9 an
ardunagoiue ITvaanesn luaumsn (8-16) hluﬂlu@]ﬂl!ﬂ?ﬁuﬂhl‘]]LWllﬂ’JTNQﬂ@@Q‘M’N’J‘ﬁL@QH

Td

Taeh

Taeh

Taeh

Taeh

o,(k+1)T) =o' ((k+1)T) = &,(kT) — &!(kT) +0.5T[ add,(kT)
—a(kT) @ (kT) +bi, (kT) - b(kT)i,, (kT) + T, (kT) - T, (kT)
+ f,(kT) =6,(kT) +ad (k+1)T) —a"(k+1)T) " (k +1)T)
+bi (k+1)T) =b"(k+1)T)i (k+1)T) +T,((k +1)T)

— e (ke +1)T) + £ (k+1)T) =5 (k+1)T) ]

ad,(kT) —a(kT)&!(kT) = ad,(kT) —ad!(kT) + ad!(kT) — a(kT) @] (kT)
ad,(kT) —a(kT) ! (kT) = ( T) + Aa(kT)@!(kT)

[b b(kT) ] JkT) = Ab(kT)i,, (kT)
eT (kT) cTL(kT - c[TL kT) —1,(kT) | = AT, (kT)
& (k+1)T) —=a"((k+1)T) cb;'*((k +1)T) = ad!(k+1)T) —ad" (k +1)T)
+ad (k+1)T) —a"(k+1)T)a! (k+1)T)
ad; (k+1)T) —a"(k+1)T) " (k+1)T) = ae((k+1)T)
+Aa’ (k+1)T)" (k+1)T)
=& (k+1)T) - (k+1)T) ez
Ad* (k+1)T) = a—a ((k+1)T)
bi: (k+1)T) -5’ ((k+1) )ir (k+1)T) = Ab*(k+1)T)i. (k+1)T)
Ab (k+1)T) = b=b"((k+1)T) naz
T, ((k+1)T) =Ty (k+1)T) = AT, ((k+1)T)

AT (k+1)T) = 7,((k +1)T) =7, (k +1)7)

=~ 1 9 dy 1 Y
%zmaufmmammwamwwuuuiwu Ulﬂﬂ

e,((k+1)T) = e, (kT) +0.5T] ae, (kT) + Aa(kT) &/ (kT) + Ab(KT)i,, (KT)
+cAT,(kT) + £,(kT) = 5,(kT) +ae’((k+1)T)
+Aa’(k+1)T)@" (k+1)T) + A6 (k+1)T)i; (k +1)T)
+ AT (k+1)T) + £ (k+1)T) =5 (k+1)T) ]
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souwmumiing e ((k + )T) — e, (kT) asluaums 5,(kT) wazdagilaums
Tl duas 9218
5,(kT) = 0.57[ T, (kT) + T2 ((k +1)T) |
Tagi
T,(kT) = (a+k)e,(kT) + Aa(kT)@!(kT) + Ab(kT)i,, (kT)
+cAT,(kT) + £,(kT) — 5, (kT)
ag

C((k+1)7T) = (a+k)e(k+1)T) +Aa*(k+1)T) @ (k +1)T)

+Ab" ((k+1)T)i (k+1)T) +cAT; (k+1)T)
y + £ (k+1)T) =5, (k+1)T)
nniudsuragusznin s, (k7)5, (k7) Iy
(kT) (k) = 0.57[ s, (kT)T, (kT) +5,(kT)T:((k +1)T) ]
5.(kT) = s, (k+1)T) -5, (kT)

5,(kT) = s;,((k+1)T) =5, (kT)
willguaumsves s, (k7)5, (k7) Tnailda
5, (kT)5,(kT) = 0.57[ s, (k7)T,(kT) + 5., ((k +1)T) T ((k +1)T) ]
—0.57 5 (kT)T2 ((k +1)T)

] = 1 [ [ dy a d' 9 3 o 1 d‘
@]@NTL%&HWﬁ@TQﬁSﬂ?TQﬁiyﬂJTmWHW?Tlulﬂi]1ﬂﬂlu@ﬂuﬂ”ﬁ‘ﬂ”luﬁlﬂ”liuﬁuﬂTﬁTl (8-10)

(k
kT

Y 1
sazdyanuiuim lumsquiailgiuluaums 8-4) 1an

si((k+1)T) =5, (k) = &,(k+1)T) —e,(kT) —ks[ B ((k +1)T) b, (kT)]

E4
=

sty w((k+1)T) =k, (kT) naumsd 8-9) asluanmsuacsii 1187
5:(kT) = e ((k+1)T) —e, (kT) +k,Te, (kT)
deunTeunamesznienaSamsiyuvesszunluaumsi 8-1) wazlaseadrandn

vosdunaaau: Tvaanesnluaumsi (8-7) 114Gi?umumiﬁmwﬁwaﬁfﬁgaau e
& (k+1)T) =" (k+1)T) = &,(kT) — @/ (kT) +T[ ad,(kT) — a(kT) & (kT)

4 b, (k) = B(kT)E, (KT) + T, (KT) - cf, (kT) + £,(kT) - 5, (kT) ]
¢ ((k+1)T) = e, (kT) + 7| ae, (kT) + Aa(kT) &0(kT) + Ab(KT)7, (kT)
+ AT, (kT) + f,(kT) = 5,(kT) ]
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unusridned e’ (k+1)7) —e, (k7) aslusunisves 55(k7) waziagilauns
Tmiliduas 121d9
5,(kT) = TT,(kT)
PIntumuA? (kT) avluaumsves s, (kT)5, (kT) a21d9
s, (kT3 (kT) = 0.57[ s, (kT)T,(kT) +5.((k + 1) )T ((k +1)T) |
~0.57°T, ( T ((k+1)T)
aowwaga s, (kT)C, (kT) wag s-((k+1)T)C.((k+1)T) annsadeuldaad

s, (6T )T, (kT) = (a+k)s, (kT )e,(kT) + [ f,(kT) =, (kT) ]s,, (kT)
+Aa(kT)©,(kT) + Ab(KT)®, (kT) + AT, (kT)s, (kT)

)e,
sk +)T)0((k+1)T) = (a+ k)53, (k+1)T)e, (k +1)7)
+Aa'(k+1)T)0:(k+1)T) + Ab" (k+1)T) O} ((k +1)T)
+cAT; (k+1)T)s ((k+1) )
,, +[f3*((k+1 (k+1)T ]s
vmiuunuaal s, (k7)T, (kT) wagnal sw((k+1) )T ((k+1) ) asludunisves

s, (kT)5, (kT) wazdagiaumslmi oz1dn
Zs,(kT)5,(kT) = (a+ky)s, (kT )e, (kT) + (a+k,)s5(k+1)T)e (k+1)T)
+ [ £i(kT) = 5,(kT) |5, (kT) + Aa(kT)®,(kT) + Ab(KT)®©, (KT)

+ [ (ke +1)T) =5 (k +1)T) 57 (k +1)T) + AT, (kT) s, (kT)
+Ad (k+1)T)O:((k+1)T) + Ab"(k +1)T) O ((k +1)T)

+cAT; (k+1)T)s. (k+1)T) — 1T, (kT) T ((k +1)7)

ssiam@ﬂuwamwmﬂqﬁ%’uﬁaﬂiuﬂawmwﬁumﬁﬁ (8-21) 1Az (8-22) lanlu
7,((k+1)T) - [ (k+1)T) —s2(kT) ]
+i{[m (k+1)T) +kpa®u((k+1)T)]2 ~[Aa(kT) +k,,0,(kT) | }

; 2]1( {[80((k +1)7) + 5,0, ((k +)T) | [ AbkT) +5,0,67) | |

Al ) ks ) P - [a7,67) k6 |

nageidsaesluaumsnanavesilandudoy Turl eansadiouldifiu
[Aa((k +1)T) +k,,0: (k+1)T) |’ [ AalkT) +k,,0,(kT) |’
= [Aa((k+1)T) + &, 0 ((k +1)T) - Aa(kT) - k,,0,(kT)] x
[aa((k +1)T) +£,,0;((k+1)T) +Aa(kT) +£,,0,(kT) ]
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[Aa((k +1)T) +k,,0 (k+1)T) |’ [ Aa(kT) +k,,0,(kT) |
= [a(r) —k & (kT) ] 2 Aa(kT) +k,,0,(k7) ][ G(kT) -k, (kT)]
Taoft Aa((k+1)T) - Aa(kT) = a—a((k +1)T) [ a-a(kT)]
Aa((k +1)T) = Aa(kT) = [ a((k+1)T) —a(kT)] = —a(kT) uaz
©:(kT) = ©((k+1)T) -0, (kT)
[ Ab((k +1)T) +k,0;((k +1)T) |* <[ Ab(kT) +k,,0, (kT) |
= [Mb((k+1)T) +k,,0;((k+1)T) - Ab(KT) —k,,0, (kT) | x
[Ab((k +1)T) +k,,0;((k +1)T) + AB(KT) +k ,0, (kT) ]
[ Ab((k +1)T) +k,0;((k +1)T) |* <[ AB(KT) +k,,0,(KT) |
[1? kT) —k,,8;(kT) ]2 —2[ AB(KT) +k,©, (kT) ][E (kT) —k,,8; (kT) ]
Tawdt Ab((k+1)T) - A(KT) = b—b((k +1)T) — |6 B(kT) |
Ab((k +1)T) - 86T = ~[B((k +1)T ) B(r)| = ~b(kT) a2
©;(kT) = ©;((k+1)T) -©,(kT)
AT ((k+1)T) k5. (k +1)T) | =[ AT, (kT) =k s, (kT) |

= [aT(( k+1) ) =k, ((k +1)T) = AT, (KT) +k s, (kT) | x

4

[AT,(k +1)T) =k ;" ((k +1)T) + AT, (kT) —k 5, (kT) ]

pl-o p

(AT, (e +1)7) ~ k53 ((k+)T) [ = [AT, (7) =k 5, (k7) |

P

=)k mo ) | -2 ar, () ks, () || 6T) 5 5,57

p

Tawht AT, ((k+1)7) - AT,(kT) = T,((k +1)T) —7,(k +1)T) = | 7,(kT) - 7, (kT) ]
AT, (k +1)T) AT, (T) = - [T.(k +1)T) ~ . (T) | = T, (kT) uaz
T,((k+ 1)T) ~ T,(kT)

nazraanmasans s2((k+1)7) —s2(kT) aunsadionldilu

sl +1)T) =52 (k) = [, (k+10)T) =5, (kD) s, (k+1)T) +s,(T)]
((k+l)) 2(kT) = 2s,(kT)5, (kT) +52(kT)
mﬂummumuw%uﬂlmwamqmam@w"lmu a\iﬁluﬁﬂJﬂ"liWa@WﬂWﬂﬂ%umﬂﬂTuw

nazdaglaumsivad azldn
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la(er) —k,8;(kT)

(k)5 (kT) +0.552(kT) o
k& (kT)]

k,,0,(7) | &(k7) - £,,8;

- ! [Aa(kT + a9
bT) &, 8;(7) |

V,(kT) =

ia

L ap(kr) +k,0,(kT) ]|

e L [AT(KT) ki, ) || 7, 07) 1, 5567)
1 [b kT) -k @*(kT)]z—i[i(kT)+k1s (kT)]

2 ib
o Y, A
@]@1]']%ﬂﬁﬂﬂgﬂ']i‘l]3‘Uﬁ’Jnluélluﬂﬂuﬂ']iLLﬂll‘lllWiJﬂ'J']iJQﬂ@]@\ﬂUﬁiJﬂ']iﬂ (8-17) D39 (8-19) Glfl/ill

*(kT) +0.5k,7[ @ (k +1)T) +©,(kT)]

1 1d
a((k+1)T) - a(kT) = &,,0,
a(kT) - k0 (kT) = 0.5k,7[©:((k+1)T) +©,(kT) |
b((k+1)T ) b(kT) = k,,0;(kT) +0.5k,T[©;((k+1)T) +©,(kT) ]
b(kT) —k,,8;(kT) = 0.5k,7[©;((k +1)T) +©,(kT)]

P ((k+1)T )—fL(kT) kpf;(kT) —0.5k,T] s ((k +1)T) +5,(k7) |

T,(kT) +k, 5 (kT) = —0.5k,T[ 52, ((k+1)T) +s5,(k7) ]

uazdagdaumsves (2/7)s, (kT)5,(kT) Ind az'lan
(kT)5,(kT) = 0.5Ts, (k )[(a+k) (k1) + £,(kT) =5, (kT) ]

10575 (k+)T)[(a+k)e,(k+1)T )+f3((k+l)) 5 ((k+1)1)]
+O.5T[AakT )o, (k )+Aa ((k+1 (k+1)7)]
+0.5T[ AB(KT)®, (kT) + Ab" ((k +1)T)@; (k +1)T) |

+0.5¢T| AT, (kT)s, (KT) + AT ((k+1) ) ((k+1)7)]

—0.57°T, (kT)T ((k +1)T)
diounuaiinnians o vesngmsdiuduazwad s, (k7)5, (k7) asluaumsnasig

yoailendu@el Tunl nazvagdaumslni azdeoulan
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V,(kT) = 0.5Ts, (kT)[ (a+k,)e, (kT) + f,(kT) = &5,(kT) ]
+0.575" ((k +1)T)x
[(a+k)e;((k+1)T) + £ (k+1)T) -5 (k +1)T) ]

- {laaer) + 50,60 [0 (k)7 +0, ()]

— Aa(kT)®,(kT) - Aa* (k +1)T) O ((k +1)T) |
~A[86T) +k,0,67) ][0 (e +1)T) + 0, (k7))

— Ab(KT)®, (kT) - Ab' ((k +1)T)@;((k +1)T) |
= A[AT, 07) — 5, (67) s (4 1)7) 5, 67)

— AT, (KT) s, (kT) = AT, (k+1)T)s.,((k +1)T) }

" kiagT [0k +1)7) +0,(k7) | — 0.5, (k7)1 (k +1)7)

)T) +0,(kT) | +0.552(k7)

SR (k7))

mm!zu@wwaﬁmawaﬁﬁaglwnﬁ’mm’nﬁammﬁummasinﬁﬁ%uLﬁaﬂﬂuw T 2218
[Aa(kT) +k,,0,(kT) |[©:((k+1)T) +O,(kT)]
—Aa(kT) O, (kT) ((k+1)T)® (k+1)7)
= k, ©2(kT) + [ Aa(kT) - Aa”(k+1)T) +k,,0,(kT) |©:((k+1)T)
[ Aa(kT) +,,0, (kT ][@a (k+1)T) +®a(kT)]
—Aa(kT)®,(kT) = Ad”((k+1)T) O ((k +1)T)
= k,,@(kT) + |@"(kT) +k,,0,(kT) |0 ((k+1)T)
Tavit Aa(kT) —Aa™(k+1)T) = a—a(kT) —[a-a"(k+1)T)]
Aa(kT) = Aa™(k+1)T) = a*(k +1)T) —a(kT) = a"(kT)
[ Ab(kT) +k,0, (kT) ][ ©;((k +1)T) + 0, (kT) ]
—Ab(kT)®,(kT) — Ab*(k +1)T)©;((k +1)T)
=k, OkT) + | AB(KT) = Ab ((k +1)T) +k,,0,(kT) |©;((k +1)T)
[ Ab(kT) +k,0,(kT) ][ ©;((k +1)T) + 0, (kT) ]
—Ab(kT)®,(kT) — Ab*(k +1)T)©; ((k +1)T)
_ 5, 02T) + |5°(T) +k,0,7) 0} ( +1)7)
TawRt  AB(KT) —Ab*((k+1)T) = b—B(T) - [6- 5 (k+1)T) ]
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Ab(KT) = Ab*(k+1)T) = b°((k +1)T) —b(kT) = b* (kT)
[AT,(T) ~ ks, (kT) ][5 ((k +1)T) +5,(kT) ]
— AT, (kT)s, (kT) = AT, (k+1)T)s,, (k +1)T)
= —k,s2(kT) + [ AT, (kT) = AT; (k+1)T) =k 5, (kT) |2, ((k +1)T)

pl

[ AT, (6) = ks, (6) ][ 55 (G +1)T) +5, (67)
— AT, (kT)s,(kT) = AT, (k+1)T) s’ ((k +1)T)
— k2T + | r) - s (1) | (e + 1)7)

Tawi AT, (kT) - AT, (k +1)T) = T,(T) -7, (k7) - 7,((k +1)T) T2 ((k +1)T) |

ATL(kT)—AT;((kH)T):f’;((k+1)T) 1,(kT) = T/ (kT) was

T,((k+ 1)T) ~ T,(kT)

iioenidaesinaeaiiavesaunis 5, (kT) waziirdaav 0.5 g]mﬁyqﬁmsfhwm
aunsi 185y @iy

52(kT) = 0.257°[T,(kT) + T ((k +1)T) |

0. SEZ(kT) = 0.1257" { [F;((k+1)T)]2+2Fw(kT)1“;((k+l)T)}
ABUNTOUNATINYBINIY 0.5 (kT) 0.57°C, (kT)T:((k +1)T) Ind Taeldaunis

Srauud 0218

0.552(kT) —0.57°T, (k)T ((k +1)T)
= 01257 {02 (k7) + [Tk +)T) - 20, (k7) 3 (6 < 1)T) |
0.552(kT) - 0.57°C, (k)T ((k +1)T) = 0.1257*[ T ((k +1)T) - T, (kT) |’
0.552(kT) - 0.57°T, (kT)T7((k +1)T) = 0.1257*[ T (k) |
Tail f*(kT)—r (k+1)T ) T, (kT)

9y

1 o Jdou A @
mmmumuwwmﬁ il ‘V]LﬂEI’JGUEN mluﬁummamammﬂm%umaﬂﬂuw uamﬂgﬂ

aumslvy az1dn



316

V,(kT) = 0.5Ts, (kT)[ (a+k,)e, (kT) + f,(kT) = &, (kT) ]
+0.57s" ((k +1)T)x
[(a+&)es (e +1)T) + £ (k+1)T) =8 (k+1)7) ]

Kol 2 (k1) —g & (kT) +k,,0,(kT) |07 ((k +1)T)

"psz 0 (k7) _Z[z?* eT) +k,0,(67) |3 (6 +1)7)

+Ck2 2(kT) - [T kT) k,sw(kT)]SZ,((kH)T)

)}kl o, (k) (k +1)7)
I el

_%{S;(kﬂ [s: (k1)) |- Ck”Tz o(kT) s ((k+1)T)

(1

2
+k8T lo2(kT) [@ (k+1

7)0;((k+1)T)

)T
2
+—kfb8T l02(k7) +[ 0} ((k +1)T

+0.12572 T (k) |
nniuiagdngmsdsuar luduasumsiinealuaunsi 8-13) de (8-15) Ty 218

(k+1)T) -a(kT) = k,,0,(k+1)T) —k,,0,(kT) +k,T ©,(KT)

a'(kT) +k,,0,(kT) = £, 0, ((k+1)T) +k,T ©,(KT)
b ((k+1)T) —=b(kT) = k ,0;((k +1)T) -k ,,0,(kT) +k,T ©,(kT)
b (kT) +k,,0,(kT) = ((k+1) )+k,hT® (kT)

(k+1)T) - (kT)= kp,s (k+1)T) +k,s,(kT) = k,Ts,,(KT)

]%L (kT) _kplsw(kT) = _kplslu((k+1)T) _kilTSzu(kT)
deunuiinmian g vesngmatsuda asluaumsnamavesiladdudey Tusl

nazdagaumsiva azdouldn
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V,(kT) = 0.5Ts,(kT)[ (a +k;)e,(KT) + £,(kT) = 6,(kT) ]
+0.575" ((k +1)T) [ a+k) (k+1)T) + £ (k+1)T) =5 (k +1)T) ]
KL, (1)e (k +1)7)

kf’zT@(kT) ! [ ((k+1)7)
* AT, (kr)e; (k +1)7)

kpbj 2 b
kT) — £, @ k T

Kl o) o o [ (k0 )7) o B i) (4 1))
Al o) + o+ )N T | +5 0, ()} (k- 1)7)
+kb8TZ{®§( [o;((k+1) )]2}+kf2T2®b(kT)®Z((k+1)T)
T ) + [ ) | |- ) (k1))

+ 01257 T (k) |
V,(kT) = 0.5Ts,(kT)[ (a+ k) e, (KT) + £,(kT) = 8,(kT) ]
+0.57s" ((k+1) )[(a+k)e (k+1)T) + £7(k +1)T) =5 (k +1)T) ]

T{ : 0.((k+ T)]2}—k4Tz®a(kT)®’;((k+1)T)
e k"”TT{%(kT) +[®;;<<k+1>r>]2 BT 0, )+ 1)
P B ol ater) + [so@o )] |+ B0 )+ 1)7)

4 o Rl
8

+0.12572| T (k) |
b

, 2 2
(1499910 il >0, kT >0, kT >0, uaz —c > 0 awldn
4 4 4

2 2

—kfa4T 0, (k7)o ((k+1)T) < k8T {@2 [@’; k+1) )] }
2 2

AT, () ei((k+)7) < S {03(er) + o5+ ) T

2

ST ) (k+0)7) < By + [so e+ 0)m) T

I kr)s(k+)7) < - B ) <o) )
Wunald
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-2 Bl rlorr) + o+ )1 | |50, (r)er (e+1)7)
_ZkW;kl-T rlezur) +[e:(k+07)] |
_% {@2 (k1) +[©((k +1)T )]2}—k"b4T ©,(kT)®;((k+1)T)
< -2 bl rloxer) +[os(e )] |

4kpl_ki1T

erlszler) + s )0 f+ B o) (k4 0)7)

2k, —k,T

< %cT{si(kT) +[sjj,((k+1)T)]2 }

E4
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_WT{@W) +le:((k+1)7) | }—"MTTZ@,,(kT)@z((kH)T)

8

2 B ploer) + o)) | | -5, e+ 1))

| 4, . k, T cT{s,i(kT) +si(k+1)7)] } + %sw(kT)s;((k +1)7)

S_M {@2 kT) +[ @ ((k+1)T)

7]
_MT{(BZ(](T) +[®Z((k+l)T)]2

P Bl erlsaer) + s (@) T

r)
mﬂifuﬁmﬂﬁ 0.57s (kT)[(a + ke, (KT) + f,(kT) — o (kT)] , O. 12577 [f
wag 057, (k+1)T)[(a+k)e (k+1)T) + £ (k+1)T) =8 ((k+1)T) ]

o ) ) g 9 Yy ¥ A Ay ve 1w
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+

waavesilandudeyTudl 7,(k7) iuwald
V,(kT) < 0.5Ts,(kT)[(a +k)e,(kT) + £,(kT) - 5,(kT) ]
+0.57s" ((k+1)T)[(a+k )e (k+1)T) + £7(k +1)T) =5 (k +1)T) ]
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_%, —’%TT{@ [o: (& +1)7)]' |
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.3 ﬁmmmaumsﬁ (8-26)

o T,((k+ 1)T) # T,(kT) ¢\ madiisedes

[AT, (k+1)T) =k 5 (k +1)T) | <[ AT, (kT) =k 5, (kT) |

= T2(kT) —2F, (kT)| £, (k +1)T) ~ T, (T) + k2, ((k +1)T) ]
+[T KT) +k 5. (kT) ]2—2[AT (kT) —kplsw(kT)][i(kT) +kp,sw(kT)]

Tawi AT,((k+1)T) AT, (kT) = T,(k +1)T) = T,((k +1)7) - | 7,(kT) - 7, (kT)]

AT, ((k+1)T) - AT, (kT) = T.(kT) - T, (kT)
LUag

T,(kT) +k,5.(kT) = AT, (kT) +k s, (kT)

= T,(k+1)T) - T,(kT) + ks, (k +1)T)

it —c/(2k,) ﬂmﬁ%mm%wmammi fiufe

(AL (k1) T) — ks (e )T) [ = [ AT, (67) k5, (7) T |

2 kil :

=3 {[T (kT) + k3, (kT)]

o[ AT () — ks, (k7) |7 67 + 56 ||

P

S T) 4 S )2 )7) 7, 67) (6 )7)

] A 1 Jd A A 9 4 9 dy 1
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V,(kT) = 0.5Ts, (kT)[(a +k,)e, (kT) + f,(kT) - &, (kT) ]
+0.5Ts. ((k +1)T)x
[(a+k)e((k+10)T) + £ ((k+1)T) =5 ((k +1)T)]
—- Alaaer) +k,0,67) ][ 0: (£ +)T) + 0, (47) ]
— Aa(kT)®,(kT) - Aa” ((k +1)T) O ((k +1)T) |
- g {[Ab(kT) +k,,0,(kT) ][ @] ((k +1)T) +©,(kT) ]
— AB(KT)®,(kT) - Ab ((k +1)T) @} ((k +1)T) |
AT 0T) ~ ks, 1) s (e 1)T) 45, 67
— AT, (kT)s, (kT) = AT, (k+1)T) s, ((k +1)T) }

. k,-agT ok +1)7) +0,(k7)  +0.552(kT)

ok bST : [@;((k+1)T) +©,(kT) | —0.57°T, (kT) T ((k +1)T)

- CkféTz [0k +0)7) +5,60) | =572 k7)

il

ST (7)< 67) 5 (6 1)7)]

o T,((k+ DT) # T,(kT) wideuldn

[AT,(0T) =k, 7 L + D7) +5, 67

- AT, (kT )5, (kT) = AT; (k +1)T)s;,(k +1)T)
= k2 k) + [T ) T ) ks, ) (4 1)7)
1,(kT) =y, (6T) || 53,k +1)T) 45, (kT )]
AT, (kT)s,(kT) = AT, (k+1)T)s; ((k +1)T)
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AT, (kT) = AT, ((k +1)T) = —T,(kT) + T, (kT)
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V,(kT) = 0.5Ts,(kT)[(a +k,)e, (kT) + £,(kT) = 5,(kT) |
10575 (k+)T)[(a+ k) e, (k+1)T) + 17 (k +1)T) =5 (k +1)T) ]
Ak, 0267) +[@ () +k,0,(7) el (4 1)) |
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plw p
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A 6xr) + o5k 1)) ] +20,6r) 03+ 7))
_C’ﬂé_Tz{s;(kT) @ )T) 2, (67)ss (k)T |
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o 2k, /e ifidnaniigud (@wn) @mﬁqﬁm%’wwmaﬁumiﬁ (8-27) 1az
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T2(kT) + 2T, (k1) {7, (kT) =7, (k +1)T) - [ &, + 05Tk, |5 ((k +1)T) |

—2—k’V(kT) <0
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Abstract

This paper proposes a method which uses only HALL
current sensor to estimate the velocity and flux of an AC
induction motor. The integral variable structure control
(IVSC) approach is firstly employed to design an observer
such that the observer can track actual state of the plant
and minimize the steady state estimation error. An
adaptive speed estimator 1s synchronously designed by
incorporating switching function of wvariable structure
system theory with Lyapunov function. Simulation results
demonstrate that the presented system has potential for
both fast and accurate estimation of motor speed.
Furthermore, the robustness of estimation system for
resisting load disturbance and motor parameter variation is
also guaranieed.

1. Introduction

AC Induction motor has been widely used in
industrial application because of its performance of solid
architecture, low moment of inertia, low ripple of torque
and high initiated torque, ctc. However, the difficulties of
mounting sensor and the attention of cost and reliability
limit its application in some special environment. Many
works of sensorless drive for ac motor have been done by
either field oriented-based method or slip frequency-based
approach [1-3], but the robustness to parameter variation
and load disturbance still descrves to be further studied and
paid attention during low speed.

VS5 observer has also attracted great amount
attention owing to its excellent robustness under parameter
variation and system uncertainty[4-5). However, it has not
been sufficiently used in electrical machine. In order to
achieve zero steady-state estimation error under system
disturbance, we creatively apply integral variable structure
control (TVSC) [6-7] approach to design an observer. The
proposed methodology incorporates Lyapunov function to
derive a speed estimator such that it can overcome the
problem of sensitivity in the face of uncertainty and keep
motor in steady speed. The estimated velocity is feedback
to system controller to carry out the speed sensorless
control task of an induction motor. The results exhibit that
the proposed method can achieve the requirements of
robustness and fast accurate cstimation in the face of
parameter variation and external disturbance.

0-7803-4530-4/98 $10.00 ©@ 1998 AACC

2.  Modeling of Induction Motor

The induction motor considered is a three-phase, y-
connected, squirrel-cage motor. The machine has three
identical, sinusoidally distributed stator windings with its
magnetic axes of which displaced 120" from each other.
The model of an AC induction motor in stationary
reference frame can be derived [8-9] as

is 2y 0 ay -4, b 0

fla - 0 ay @, ay |ix In 0 b || vg

[#a| |aa 0 an -ay|ds| |0 Of|v, (la)

Uﬁ‘y L0 ay ay ay |d,) |0 0
d | is _ Au An i:.s-!l+ 5| U = AX + BV,
dt | ¢r Tl dn Az ¢,J 0 (=ALEEYS ()
where
A= —{f%oilﬁ(l_o%m}}f =anil (lc)
Ay = J%d,;ﬁr){wl}f —&U} = anzl +anxJ (1d)
Ay = (M) =amt (le)
Ay :—(U'zr)j +ef = avad +amJ (1)
Brzy{d”}f=bh‘ (1g)

I= 1 0 = 0 -1
o1} Yoo
L L ]
where i, =[i;, i,]"means stator current, ¢ =[g, ¢ ]
represents totor flux, ¥:=[, ¥,]” denotes stator voltage,
all of them are in d-g axes, R. R-are resistance of stator

and rotor respectively, L., [ represent self inductance of

2
stator and rotor, M is mutual inductance, s = 1— 47 TL
T
L L.
t, ="%p is time constant of rotor, e stands for angular
T

velocity of motor.

3. IVSC State Observer
Considering the motor angular velocity in state
equation (1) is a variable which is to be estimated. Then

the estimated coefficient matrix, denoted A(@) , becomes a

1038
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function of the estimated motor angular velocity @ . Let
state observer be

Y=A@X+8V,+U (2a)
that is

dli] [An Aai] [B
E]:sﬁ:] =|:,41| A ﬁ-]+[ o }V. =AX +BVs (2b)

M
FARES (20)

and error state equation be
vex-tf ]
then
q:&—ﬁ
=-‘411X1_‘aﬂ£l+-"1u¢r—‘&u£“r_yo
= ‘a'llxl_jllji_‘all‘r‘l-'-‘qﬂxj _A?m;"r

t"‘tui*: +11-11¢, _Auér -
= A e — A4, X, - A48, +Auei ={*

:,:i”e'--&dul']—ﬁ.fluar—b'“+ﬂ' {3b]
where
[Mu ML'J]EIAAH_A]L jn‘Au
:[M'II. Mn]
=[o —c(@ - w)J] (3¢
and

[7° is an observer input applied to drive the error between
observer and plant to be zero, & =9, ¢, symbol ~
stands for estimation, ¢= M /(af, L) . The unmeasurable
term is defined as D, = Ay,

Now one applies the IVSC approach to the error
dynamics (3b) such that the error fast converges to zero.
The IVSC-based observer is described as

i=—e, , (42)

&= Ae,~ M9, -U" +D, (4b)

The input function [/* is piecewise lincar of the form
e =[U°' (e,.1) if $>0
U (e, t) if S <0
in which S represents switching function and is defined

5
Sa

- e, —knz, )
e, —kyz,

1039

=e, — Kz
where infegral gain K is a positive definite matrix defined
as
k, ©
K=
0 ky]
From equations (4) and (5), one has
S = (4 +K)e,~ A9, ~U° + D, )
Let observer input fanction I be decomposed into
U° =de - 0,Kz+¥ )
where

in which iy = [ﬁm ifes <0 I=d.q

- a,, ifzs <0 4
w=\p, ifzs >0 1000
a,ifs>0
= f=d
- H [ﬁ_, ifs, <0 7

Substituting equation(7) into (6), one gets the time
derivative of switching function:

4,  Adaptive Speed Estimator
robust to disturbance, VSS is taken into consideration to

Lyapunov function,

where A is a positive constant, @ denotes estimated
velocity which is composed of states, § represents
switching function of the variable structure system defined

conditions I/ =0 and ¥ <0 must be obeyed to guarantee
the system be stable. Substituting equation (8) into (9b),

@ o b g
q)J:[ aﬂ i} :|> J=l!2 and ‘P=[\¥f}a

dag q

ay, ifes >0

§ = (4, +K)e,~ M9, ~ e, + Kz~ ¥+ D, (8)

In order to design an adaptive estimator which is

incorporate with Lyapunov stability theory. Defining a

e, L

in {5). The time derivative of (9a) is taken as
s 5 1 T
V=STS+-)€A.m(aJ—w) (%)

where Aw = d — @
According to Lyapunov stability theorem, the

and assuming @ approaching to constant based on the fact
that the velocity of outer loop being much slower than the
estimated inner loop [10], then the time derivative of
Lyapunov function becomes
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V=5§"S+Ambdi A
=[-Ad,8, S +{(4, +K-® ) +@,Kz - ¥ +D,I'S
+Amm i A ) (%)
The sufficient conditions for satisfying inequality ¥ <0
are )
(A4, T S+AwaiA=0 (10a)
and

(A, +K-®,)e, +®,Kz~F+D,J S <0 (10b)

By substituting (3¢} into (10a), one obtains
—{Add TS+ Awid /A

[ 0 o]t r.%W+am5£A
B f_—c&m 0 |é, 5, |

T
el | K YEYP
~chag, | |5, )

=—(chad,s, ~ chag,s, )+ Sow | L

Amc?: 14 =chag,s, -cAadys,

= fcd, s, ~ Aed,s,
= 2-59‘ (e, - kllzd) ’kﬁaf(e '2224()
= Ac( €d —me )= Ack, 1(95.,,2.{ 415“_2,)
= K;(‘f‘gred - éd,e') = Kx(¢qrzd - 56#20)
where K, =cd, K =clk, =clk,
e=Mi(el,L), o=1-M

(11a)
ML),

Based on practical point of view, the above estimation
scheme may be rearranged and taken integral with
proportional and integral terms as follows in order to
improve the response of speed estimation. That is
&= LT (ﬁ'?c —kyZ) = Ba Eﬁ'., —kypz,]]

o | [0, (eg —hyzy) — 9, (e, ~ kpz, ) (11b)

Substituting equation (3) into the above one, then the
novel adaptive speed estimation scheme is derived as
@ = ko[, 5s ~Bas,]+ ff.,_f[#q,sd = @5, e (11c)
where k. k, are positive gains.The proposed speed-
sensorless induction motor system is synthesized as figure
L.

5. Deriving Observer Input
The sufficient conditions for satisfying inequality
(10b) are

(4, +K-D)e]’S <0 (12a)
[@,Kz)"S <0 (12b)
and
i) T
(=F+D0,)S<0 120)
Expanding (12a-c), one obtains
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Dy, =a,; >0
Dy, =p, <0
oy, =a,, >0
Dy, =,3,‘, <0
Y=a,>D0
¥, =p8,<D,

if es, >0, i=dg
if e5 <0, i=dg
if zs, <0, i=d g
if z5, >0, i=d.g
if 5,>0,i=dg

if s, <0,i=dq

(13a)
(13b)
{13¢)

@, = K, sign(se,), K, >0,i=dq
D, = ,’,mgn(z,ed), Koy > 0,i=dg
¥, = K, sign(s), K, >0.i=dg
Thus the observer input is expressed as
_Uf
U’
-ml.ﬂeu' - [D‘hﬁxzd + ‘Pd-‘
_CII., oafa — Do Kz, +'¥, |

Ue=

(14

Ve
Speed-loop

Plant {rotor) X=[id &7

it K=l + B

J.'\"SCmohmr

ga.L- - Suu ﬂ-[u ?_,-ﬁ’
_-éu‘ +B\i-+[u-|
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Figure 1. Speed-sensorless control system with IVSC
state observer for an induction motor.
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Figure 2. System configuration of speed adaptation
mechanism for a vector-controlled induction

mator with VSI PWM inverter.




Having derived the gains of switching function and
observer input, the organization of estimation system is
completely constructed. The system configuration of the
speed adaptation mechanism for vector-controlled
induction motor with VSI PWM circuit is configured in

figure 2.

6.  Simulation Results

The proposed state observer incorporating speed
estimator has been applied to an 800-watt, 3-phase, y-
connected induction motor without position and velocity
sensor. The simulation task is performed with IVSC
vector-controlled induction motor control system with
current control VSI PWM inverter [11]. The nominal
values of motor parameters are:
R =11Q,R =130, L, , [, = 0145H, M = 0136H,
J, =0.00068kg -m’
B, =0000515N -m-sec V. =156volt
E, =12volt |KC =05voit [amp P =2poles. The integral
gains k,,, k,, of observer are set to be 240. The possible

set of gains for the observer input is:

Kd,a‘ = K'm = Kd,a‘ = KJ:G =10, K=K, =0001

The coefficients of adaptive speed estimator in
equation(l1c) are; K, =12x10" , K, =5x10°
The simulation results shown in figure 3a-c are speed
estimation at command velocity 50 rad/’, estimation error
between estimated and actual wvelocity derived from
encoder, and flux estimation respectively. Figure 4a-d
show the case while applying a load disturbance, 2 N-m, at
0.8 sec and removing it at 1.4 sec. The results illuminate
that the estimation error fast converges to zero even under
load disturbance. Figure 5 indicates the estimation speed
when the parameters of motor such as rotor resistance R, ,
inertia .J,, and damping coefficient B_ simultaneously
deviate +50% from their nominal value. The above results
demonstrate that the proposed scheme can provide the
robust and accurate estimation without increasing sensor
under coarse environment.

7. Conclusions

This paper have presented a methodology which
firstly incorporates IVSC with Lyapunov function to
estimate rotor speed of an AC 3-phase induction motor.
The proposed speed-sensorless system that uses only Hall
current sensor has been capable of estimating velocity and
flux of rotor accurately. Simulations have demonstrated
that the system has robust and accurate estimation against
external disturbance and parameter variation.
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+0.57[ ar (k +1)T) + AL, (k +1)T) |
- O.ST[%(]CT)} + O.ST[%(ICT)}
&, ((k + 1) ) = &,(kT) + 0.5T[ ad,(kT) +bi, (kT ) + T, (kT) + £,(kT)
ad(k+1)T) +bi. (k+1)T) + T, (k+1)T) + £ (k +1)T) ]

T £7(k+1)7) = ado (k-+1)7) + b, (0 +1)7) - 22047) ~AGT)

a2 Mnveseanma (8-23)
anuAanaavessas s nFayu Tanesi 1dannsse sundafiao ez ydyI9l
i °lumumumﬁmuwﬂﬂumﬁamﬂﬂimﬂhlﬂ ansoenIdiiy
e (k+1)7) = &, (k+1)T) -/ ((k+1)T)
s (k+DT) = e ((k+ DT) =k ((k+ 1)T)
HAZINIUNANINTE wanammmwumsl,umﬁammimﬂ"lﬂuaz ﬂumunmﬁruﬁﬂumﬁfju%’@
flagtiuluaumsdi 8-4) 183
s ((k+ D)T)—s, (kT) = e, ((k+ 1)T) —e,(kT) - k[ b, ((k+ 1)T) - h, (KT)]
aouwnumine i ((k+ 1)T) - h (kT) MINANMIT (8-20) asluaumsnaadl 02184
5,(kT) = e, (k +1)T) —e,(kT) +0.5kT] e (k +1)T) +e¢, (kT) |
Taoit 5,(k7) = s, ((k+1)T) —s, (kT)
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9 ]
nnduwdeunaansznitnaiamsnyuvesszuuluaunmsi - (8-2) uazInssadananves

v W 4 A 09/1 FY A 9 an
ardunagoiue ITvaanesn luaumsn (8-16) hluﬂlu@]ﬂl!ﬂ?ﬁuﬂhl‘]]LWllﬂ’JTNQﬂ@@Q‘M’N’J‘ﬁL@QH

Td

Taeh

Taeh

Taeh

Taeh

o,(k+1)T) =o' ((k+1)T) = &,(kT) — &!(kT) +0.5T[ add,(kT)
—a(kT) @ (kT) +bi, (kT) - b(kT)i,, (kT) + T, (kT) - T, (kT)
+ f,(kT) =6,(kT) +ad (k+1)T) —a"(k+1)T) " (k +1)T)
+bi (k+1)T) =b"(k+1)T)i (k+1)T) +T,((k +1)T)

— e (ke +1)T) + £ (k+1)T) =5 (k+1)T) ]

ad,(kT) —a(kT)&!(kT) = ad,(kT) —ad!(kT) + ad!(kT) — a(kT) @] (kT)
ad,(kT) —a(kT) ! (kT) = ( T) + Aa(kT)@!(kT)

[b b(kT) ] JkT) = Ab(kT)i,, (kT)
eT (kT) cTL(kT - c[TL kT) —1,(kT) | = AT, (kT)
& (k+1)T) —=a"((k+1)T) cb;'*((k +1)T) = ad!(k+1)T) —ad" (k +1)T)
+ad (k+1)T) —a"(k+1)T)a! (k+1)T)
ad; (k+1)T) —a"(k+1)T) " (k+1)T) = ae((k+1)T)
+Aa’ (k+1)T)" (k+1)T)
=& (k+1)T) - (k+1)T) ez
Ad* (k+1)T) = a—a ((k+1)T)
bi: (k+1)T) -5’ ((k+1) )ir (k+1)T) = Ab*(k+1)T)i. (k+1)T)
Ab (k+1)T) = b=b"((k+1)T) naz
T, ((k+1)T) =Ty (k+1)T) = AT, ((k+1)T)

AT (k+1)T) = 7,((k +1)T) =7, (k +1)7)

=~ 1 9 dy 1 Y
%zmaufmmammwamwwuuuiwu Ulﬂﬂ

e,((k+1)T) = e, (kT) +0.5T] ae, (kT) + Aa(kT) &/ (kT) + Ab(KT)i,, (KT)
+cAT,(kT) + £,(kT) = 5,(kT) +ae’((k+1)T)
+Aa’(k+1)T)@" (k+1)T) + A6 (k+1)T)i; (k +1)T)
+ AT (k+1)T) + £ (k+1)T) =5 (k+1)T) ]
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souwmumiing e ((k + )T) — e, (kT) asluaums 5,(kT) wazdagilaums
Tl duas 9218
5,(kT) = 0.57[ T, (kT) + T2 ((k +1)T) |
Tagi
T,(kT) = (a+k)e,(kT) + Aa(kT)@!(kT) + Ab(kT)i,, (kT)
+cAT,(kT) + £,(kT) — 5, (kT)
ag

C((k+1)7T) = (a+k)e(k+1)T) +Aa*(k+1)T) @ (k +1)T)

+Ab" ((k+1)T)i (k+1)T) +cAT; (k+1)T)
y + £ (k+1)T) =5, (k+1)T)
nniudsuragusznin s, (k7)5, (k7) Iy
(kT) (k) = 0.57[ s, (kT)T, (kT) +5,(kT)T:((k +1)T) ]
5.(kT) = s, (k+1)T) -5, (kT)

5,(kT) = s;,((k+1)T) =5, (kT)
willguaumsves s, (k7)5, (k7) Tnailda
5, (kT)5,(kT) = 0.57[ s, (k7)T,(kT) + 5., ((k +1)T) T ((k +1)T) ]
—0.57 5 (kT)T2 ((k +1)T)

] = 1 [ [ dy a d' 9 3 o 1 d‘
@]@NTL%&HWﬁ@TQﬁSﬂ?TQﬁiyﬂJTmWHW?Tlulﬂi]1ﬂﬂlu@ﬂuﬂ”ﬁ‘ﬂ”luﬁlﬂ”liuﬁuﬂTﬁTl (8-10)

(k
kT

Y 1
sazdyanuiuim lumsquiailgiuluaums 8-4) 1an

si((k+1)T) =5, (k) = &,(k+1)T) —e,(kT) —ks[ B ((k +1)T) b, (kT)]

E4
=

sty w((k+1)T) =k, (kT) naumsd 8-9) asluanmsuacsii 1187
5:(kT) = e ((k+1)T) —e, (kT) +k,Te, (kT)
deunTeunamesznienaSamsiyuvesszunluaumsi 8-1) wazlaseadrandn

vosdunaaau: Tvaanesnluaumsi (8-7) 114Gi?umumiﬁmwﬁwaﬁfﬁgaau e
& (k+1)T) =" (k+1)T) = &,(kT) — @/ (kT) +T[ ad,(kT) — a(kT) & (kT)

4 b, (k) = B(kT)E, (KT) + T, (KT) - cf, (kT) + £,(kT) - 5, (kT) ]
¢ ((k+1)T) = e, (kT) + 7| ae, (kT) + Aa(kT) &0(kT) + Ab(KT)7, (kT)
+ AT, (kT) + f,(kT) = 5,(kT) ]
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unusridned e’ (k+1)7) —e, (k7) aslusunisves 55(k7) waziagilauns
Tmiliduas 121d9
5,(kT) = TT,(kT)
PIntumuA? (kT) avluaumsves s, (kT)5, (kT) a21d9
s, (kT3 (kT) = 0.57[ s, (kT)T,(kT) +5.((k + 1) )T ((k +1)T) |
~0.57°T, ( T ((k+1)T)
aowwaga s, (kT)C, (kT) wag s-((k+1)T)C.((k+1)T) annsadeuldaad

s, (6T )T, (kT) = (a+k)s, (kT )e,(kT) + [ f,(kT) =, (kT) ]s,, (kT)
+Aa(kT)©,(kT) + Ab(KT)®, (kT) + AT, (kT)s, (kT)

)e,
sk +)T)0((k+1)T) = (a+ k)53, (k+1)T)e, (k +1)7)
+Aa'(k+1)T)0:(k+1)T) + Ab" (k+1)T) O} ((k +1)T)
+cAT; (k+1)T)s ((k+1) )
,, +[f3*((k+1 (k+1)T ]s
vmiuunuaal s, (k7)T, (kT) wagnal sw((k+1) )T ((k+1) ) asludunisves

s, (kT)5, (kT) wazdagiaumslmi oz1dn
Zs,(kT)5,(kT) = (a+ky)s, (kT )e, (kT) + (a+k,)s5(k+1)T)e (k+1)T)
+ [ £i(kT) = 5,(kT) |5, (kT) + Aa(kT)®,(kT) + Ab(KT)®©, (KT)

+ [ (ke +1)T) =5 (k +1)T) 57 (k +1)T) + AT, (kT) s, (kT)
+Ad (k+1)T)O:((k+1)T) + Ab"(k +1)T) O ((k +1)T)

+cAT; (k+1)T)s. (k+1)T) — 1T, (kT) T ((k +1)7)

ssiam@ﬂuwamwmﬂqﬁ%’uﬁaﬂiuﬂawmwﬁumﬁﬁ (8-21) 1Az (8-22) lanlu
7,((k+1)T) - [ (k+1)T) —s2(kT) ]
+i{[m (k+1)T) +kpa®u((k+1)T)]2 ~[Aa(kT) +k,,0,(kT) | }

; 2]1( {[80((k +1)7) + 5,0, ((k +)T) | [ AbkT) +5,0,67) | |

Al ) ks ) P - [a7,67) k6 |

nageidsaesluaumsnanavesilandudoy Turl eansadiouldifiu
[Aa((k +1)T) +k,,0: (k+1)T) |’ [ AalkT) +k,,0,(kT) |’
= [Aa((k+1)T) + &, 0 ((k +1)T) - Aa(kT) - k,,0,(kT)] x
[aa((k +1)T) +£,,0;((k+1)T) +Aa(kT) +£,,0,(kT) ]
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[Aa((k +1)T) +k,,0 (k+1)T) |’ [ Aa(kT) +k,,0,(kT) |
= [a(r) —k & (kT) ] 2 Aa(kT) +k,,0,(k7) ][ G(kT) -k, (kT)]
Taoft Aa((k+1)T) - Aa(kT) = a—a((k +1)T) [ a-a(kT)]
Aa((k +1)T) = Aa(kT) = [ a((k+1)T) —a(kT)] = —a(kT) uaz
©:(kT) = ©((k+1)T) -0, (kT)
[ Ab((k +1)T) +k,0;((k +1)T) |* <[ Ab(kT) +k,,0, (kT) |
= [Mb((k+1)T) +k,,0;((k+1)T) - Ab(KT) —k,,0, (kT) | x
[Ab((k +1)T) +k,,0;((k +1)T) + AB(KT) +k ,0, (kT) ]
[ Ab((k +1)T) +k,0;((k +1)T) |* <[ AB(KT) +k,,0,(KT) |
[1? kT) —k,,8;(kT) ]2 —2[ AB(KT) +k,©, (kT) ][E (kT) —k,,8; (kT) ]
Tawdt Ab((k+1)T) - A(KT) = b—b((k +1)T) — |6 B(kT) |
Ab((k +1)T) - 86T = ~[B((k +1)T ) B(r)| = ~b(kT) a2
©;(kT) = ©;((k+1)T) -©,(kT)
AT ((k+1)T) k5. (k +1)T) | =[ AT, (kT) =k s, (kT) |

= [aT(( k+1) ) =k, ((k +1)T) = AT, (KT) +k s, (kT) | x

4

[AT,(k +1)T) =k ;" ((k +1)T) + AT, (kT) —k 5, (kT) ]

pl-o p

(AT, (e +1)7) ~ k53 ((k+)T) [ = [AT, (7) =k 5, (k7) |

P

=)k mo ) | -2 ar, () ks, () || 6T) 5 5,57

p

Tawht AT, ((k+1)7) - AT,(kT) = T,((k +1)T) —7,(k +1)T) = | 7,(kT) - 7, (kT) ]
AT, (k +1)T) AT, (T) = - [T.(k +1)T) ~ . (T) | = T, (kT) uaz
T,((k+ 1)T) ~ T,(kT)

nazraanmasans s2((k+1)7) —s2(kT) aunsadionldilu

sl +1)T) =52 (k) = [, (k+10)T) =5, (kD) s, (k+1)T) +s,(T)]
((k+l)) 2(kT) = 2s,(kT)5, (kT) +52(kT)
mﬂummumuw%uﬂlmwamqmam@w"lmu a\iﬁluﬁﬂJﬂ"liWa@WﬂWﬂﬂ%umﬂﬂTuw

nazdaglaumsivad azldn
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la(er) —k,8;(kT)

(k)5 (kT) +0.552(kT) o
k& (kT)]

k,,0,(7) | &(k7) - £,,8;

- ! [Aa(kT + a9
bT) &, 8;(7) |

V,(kT) =

ia

L ap(kr) +k,0,(kT) ]|

e L [AT(KT) ki, ) || 7, 07) 1, 5567)
1 [b kT) -k @*(kT)]z—i[i(kT)+k1s (kT)]

2 ib
o Y, A
@]@1]']%ﬂﬁﬂﬂgﬂ']i‘l]3‘Uﬁ’Jnluélluﬂﬂuﬂ']iLLﬂll‘lllWiJﬂ'J']iJQﬂ@]@\ﬂUﬁiJﬂ']iﬂ (8-17) D39 (8-19) Glfl/ill

*(kT) +0.5k,7[ @ (k +1)T) +©,(kT)]

1 1d
a((k+1)T) - a(kT) = &,,0,
a(kT) - k0 (kT) = 0.5k,7[©:((k+1)T) +©,(kT) |
b((k+1)T ) b(kT) = k,,0;(kT) +0.5k,T[©;((k+1)T) +©,(kT) ]
b(kT) —k,,8;(kT) = 0.5k,7[©;((k +1)T) +©,(kT)]

P ((k+1)T )—fL(kT) kpf;(kT) —0.5k,T] s ((k +1)T) +5,(k7) |

T,(kT) +k, 5 (kT) = —0.5k,T[ 52, ((k+1)T) +s5,(k7) ]

uazdagdaumsves (2/7)s, (kT)5,(kT) Ind az'lan
(kT)5,(kT) = 0.5Ts, (k )[(a+k) (k1) + £,(kT) =5, (kT) ]

10575 (k+)T)[(a+k)e,(k+1)T )+f3((k+l)) 5 ((k+1)1)]
+O.5T[AakT )o, (k )+Aa ((k+1 (k+1)7)]
+0.5T[ AB(KT)®, (kT) + Ab" ((k +1)T)@; (k +1)T) |

+0.5¢T| AT, (kT)s, (KT) + AT ((k+1) ) ((k+1)7)]

—0.57°T, (kT)T ((k +1)T)
diounuaiinnians o vesngmsdiuduazwad s, (k7)5, (k7) asluaumsnasig

yoailendu@el Tunl nazvagdaumslni azdeoulan
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V,(kT) = 0.5Ts, (kT)[ (a+k,)e, (kT) + f,(kT) = &5,(kT) ]
+0.575" ((k +1)T)x
[(a+k)e;((k+1)T) + £ (k+1)T) -5 (k +1)T) ]

- {laaer) + 50,60 [0 (k)7 +0, ()]

— Aa(kT)®,(kT) - Aa* (k +1)T) O ((k +1)T) |
~A[86T) +k,0,67) ][0 (e +1)T) + 0, (k7))

— Ab(KT)®, (kT) - Ab' ((k +1)T)@;((k +1)T) |
= A[AT, 07) — 5, (67) s (4 1)7) 5, 67)

— AT, (KT) s, (kT) = AT, (k+1)T)s.,((k +1)T) }

" kiagT [0k +1)7) +0,(k7) | — 0.5, (k7)1 (k +1)7)

)T) +0,(kT) | +0.552(k7)

SR (k7))

mm!zu@wwaﬁmawaﬁﬁaglwnﬁ’mm’nﬁammﬁummasinﬁﬁ%uLﬁaﬂﬂuw T 2218
[Aa(kT) +k,,0,(kT) |[©:((k+1)T) +O,(kT)]
—Aa(kT) O, (kT) ((k+1)T)® (k+1)7)
= k, ©2(kT) + [ Aa(kT) - Aa”(k+1)T) +k,,0,(kT) |©:((k+1)T)
[ Aa(kT) +,,0, (kT ][@a (k+1)T) +®a(kT)]
—Aa(kT)®,(kT) = Ad”((k+1)T) O ((k +1)T)
= k,,@(kT) + |@"(kT) +k,,0,(kT) |0 ((k+1)T)
Tavit Aa(kT) —Aa™(k+1)T) = a—a(kT) —[a-a"(k+1)T)]
Aa(kT) = Aa™(k+1)T) = a*(k +1)T) —a(kT) = a"(kT)
[ Ab(kT) +k,0, (kT) ][ ©;((k +1)T) + 0, (kT) ]
—Ab(kT)®,(kT) — Ab*(k +1)T)©;((k +1)T)
=k, OkT) + | AB(KT) = Ab ((k +1)T) +k,,0,(kT) |©;((k +1)T)
[ Ab(kT) +k,0,(kT) ][ ©;((k +1)T) + 0, (kT) ]
—Ab(kT)®,(kT) — Ab*(k +1)T)©; ((k +1)T)
_ 5, 02T) + |5°(T) +k,0,7) 0} ( +1)7)
TawRt  AB(KT) —Ab*((k+1)T) = b—B(T) - [6- 5 (k+1)T) ]
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Ab(KT) = Ab*(k+1)T) = b°((k +1)T) —b(kT) = b* (kT)
[AT,(T) ~ ks, (kT) ][5 ((k +1)T) +5,(kT) ]
— AT, (kT)s, (kT) = AT, (k+1)T)s,, (k +1)T)
= —k,s2(kT) + [ AT, (kT) = AT; (k+1)T) =k 5, (kT) |2, ((k +1)T)

pl

[ AT, (6) = ks, (6) ][ 55 (G +1)T) +5, (67)
— AT, (kT)s,(kT) = AT, (k+1)T) s’ ((k +1)T)
— k2T + | r) - s (1) | (e + 1)7)

Tawi AT, (kT) - AT, (k +1)T) = T,(T) -7, (k7) - 7,((k +1)T) T2 ((k +1)T) |

ATL(kT)—AT;((kH)T):f’;((k+1)T) 1,(kT) = T/ (kT) was

T,((k+ 1)T) ~ T,(kT)

iioenidaesinaeaiiavesaunis 5, (kT) waziirdaav 0.5 g]mﬁyqﬁmsfhwm
aunsi 185y @iy

52(kT) = 0.257°[T,(kT) + T ((k +1)T) |

0. SEZ(kT) = 0.1257" { [F;((k+1)T)]2+2Fw(kT)1“;((k+l)T)}
ABUNTOUNATINYBINIY 0.5 (kT) 0.57°C, (kT)T:((k +1)T) Ind Taeldaunis

Srauud 0218

0.552(kT) —0.57°T, (k)T ((k +1)T)
= 01257 {02 (k7) + [Tk +)T) - 20, (k7) 3 (6 < 1)T) |
0.552(kT) - 0.57°C, (k)T ((k +1)T) = 0.1257*[ T ((k +1)T) - T, (kT) |’
0.552(kT) - 0.57°T, (kT)T7((k +1)T) = 0.1257*[ T (k) |
Tail f*(kT)—r (k+1)T ) T, (kT)

9y

1 o Jdou A @
mmmumuwwmﬁ il ‘V]LﬂEI’JGUEN mluﬁummamammﬂm%umaﬂﬂuw uamﬂgﬂ

aumslvy az1dn



316

V,(kT) = 0.5Ts, (kT)[ (a+k,)e, (kT) + f,(kT) = &, (kT) ]
+0.57s" ((k +1)T)x
[(a+&)es (e +1)T) + £ (k+1)T) =8 (k+1)7) ]

Kol 2 (k1) —g & (kT) +k,,0,(kT) |07 ((k +1)T)

"psz 0 (k7) _Z[z?* eT) +k,0,(67) |3 (6 +1)7)

+Ck2 2(kT) - [T kT) k,sw(kT)]SZ,((kH)T)

)}kl o, (k) (k +1)7)
I el

_%{S;(kﬂ [s: (k1)) |- Ck”Tz o(kT) s ((k+1)T)

(1

2
+k8T lo2(kT) [@ (k+1

7)0;((k+1)T)

)T
2
+—kfb8T l02(k7) +[ 0} ((k +1)T

+0.12572 T (k) |
nniuiagdngmsdsuar luduasumsiinealuaunsi 8-13) de (8-15) Ty 218

(k+1)T) -a(kT) = k,,0,(k+1)T) —k,,0,(kT) +k,T ©,(KT)

a'(kT) +k,,0,(kT) = £, 0, ((k+1)T) +k,T ©,(KT)
b ((k+1)T) —=b(kT) = k ,0;((k +1)T) -k ,,0,(kT) +k,T ©,(kT)
b (kT) +k,,0,(kT) = ((k+1) )+k,hT® (kT)

(k+1)T) - (kT)= kp,s (k+1)T) +k,s,(kT) = k,Ts,,(KT)

]%L (kT) _kplsw(kT) = _kplslu((k+1)T) _kilTSzu(kT)
deunuiinmian g vesngmatsuda asluaumsnamavesiladdudey Tusl

nazdagaumsiva azdouldn
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V,(kT) = 0.5Ts,(kT)[ (a +k;)e,(KT) + £,(kT) = 6,(kT) ]
+0.575" ((k +1)T) [ a+k) (k+1)T) + £ (k+1)T) =5 (k +1)T) ]
KL, (1)e (k +1)7)

kf’zT@(kT) ! [ ((k+1)7)
* AT, (kr)e; (k +1)7)

kpbj 2 b
kT) — £, @ k T

Kl o) o o [ (k0 )7) o B i) (4 1))
Al o) + o+ )N T | +5 0, ()} (k- 1)7)
+kb8TZ{®§( [o;((k+1) )]2}+kf2T2®b(kT)®Z((k+1)T)
T ) + [ ) | |- ) (k1))

+ 01257 T (k) |
V,(kT) = 0.5Ts,(kT)[ (a+ k) e, (KT) + £,(kT) = 8,(kT) ]
+0.57s" ((k+1) )[(a+k)e (k+1)T) + £7(k +1)T) =5 (k +1)T) ]

T{ : 0.((k+ T)]2}—k4Tz®a(kT)®’;((k+1)T)
e k"”TT{%(kT) +[®;;<<k+1>r>]2 BT 0, )+ 1)
P B ol ater) + [so@o )] |+ B0 )+ 1)7)

4 o Rl
8
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Abstract

This paper proposes a method which uses only HALL
current sensor to estimate the velocity and flux of an AC
induction motor. The integral variable structure control
(IVSC) approach is firstly employed to design an observer
such that the observer can track actual state of the plant
and minimize the steady state estimation error. An
adaptive speed estimator 1s synchronously designed by
incorporating switching function of wvariable structure
system theory with Lyapunov function. Simulation results
demonstrate that the presented system has potential for
both fast and accurate estimation of motor speed.
Furthermore, the robustness of estimation system for
resisting load disturbance and motor parameter variation is
also guaranieed.

1. Introduction

AC Induction motor has been widely used in
industrial application because of its performance of solid
architecture, low moment of inertia, low ripple of torque
and high initiated torque, ctc. However, the difficulties of
mounting sensor and the attention of cost and reliability
limit its application in some special environment. Many
works of sensorless drive for ac motor have been done by
either field oriented-based method or slip frequency-based
approach [1-3], but the robustness to parameter variation
and load disturbance still descrves to be further studied and
paid attention during low speed.

VS5 observer has also attracted great amount
attention owing to its excellent robustness under parameter
variation and system uncertainty[4-5). However, it has not
been sufficiently used in electrical machine. In order to
achieve zero steady-state estimation error under system
disturbance, we creatively apply integral variable structure
control (TVSC) [6-7] approach to design an observer. The
proposed methodology incorporates Lyapunov function to
derive a speed estimator such that it can overcome the
problem of sensitivity in the face of uncertainty and keep
motor in steady speed. The estimated velocity is feedback
to system controller to carry out the speed sensorless
control task of an induction motor. The results exhibit that
the proposed method can achieve the requirements of
robustness and fast accurate cstimation in the face of
parameter variation and external disturbance.

0-7803-4530-4/98 $10.00 ©@ 1998 AACC

2.  Modeling of Induction Motor

The induction motor considered is a three-phase, y-
connected, squirrel-cage motor. The machine has three
identical, sinusoidally distributed stator windings with its
magnetic axes of which displaced 120" from each other.
The model of an AC induction motor in stationary
reference frame can be derived [8-9] as

is 2y 0 ay -4, b 0

fla - 0 ay @, ay |ix In 0 b || vg

[#a| |aa 0 an -ay|ds| |0 Of|v, (la)

Uﬁ‘y L0 ay ay ay |d,) |0 0
d | is _ Au An i:.s-!l+ 5| U = AX + BV,
dt | ¢r Tl dn Az ¢,J 0 (=ALEEYS ()
where
A= —{f%oilﬁ(l_o%m}}f =anil (lc)
Ay = J%d,;ﬁr){wl}f —&U} = anzl +anxJ (1d)
Ay = (M) =amt (le)
Ay :—(U'zr)j +ef = avad +amJ (1)
Brzy{d”}f=bh‘ (1g)

I= 1 0 = 0 -1
o1} Yoo
L L ]
where i, =[i;, i,]"means stator current, ¢ =[g, ¢ ]
represents totor flux, ¥:=[, ¥,]” denotes stator voltage,
all of them are in d-g axes, R. R-are resistance of stator

and rotor respectively, L., [ represent self inductance of

2
stator and rotor, M is mutual inductance, s = 1— 47 TL
T
L L.
t, ="%p is time constant of rotor, e stands for angular
T

velocity of motor.

3. IVSC State Observer
Considering the motor angular velocity in state
equation (1) is a variable which is to be estimated. Then

the estimated coefficient matrix, denoted A(@) , becomes a

1038
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function of the estimated motor angular velocity @ . Let
state observer be

Y=A@X+8V,+U (2a)
that is

dli] [An Aai] [B
E]:sﬁ:] =|:,41| A ﬁ-]+[ o }V. =AX +BVs (2b)

M
FARES (20)

and error state equation be
vex-tf ]
then
q:&—ﬁ
=-‘411X1_‘aﬂ£l+-"1u¢r—‘&u£“r_yo
= ‘a'llxl_jllji_‘all‘r‘l-'-‘qﬂxj _A?m;"r

t"‘tui*: +11-11¢, _Auér -
= A e — A4, X, - A48, +Auei ={*

:,:i”e'--&dul']—ﬁ.fluar—b'“+ﬂ' {3b]
where
[Mu ML'J]EIAAH_A]L jn‘Au
:[M'II. Mn]
=[o —c(@ - w)J] (3¢
and

[7° is an observer input applied to drive the error between
observer and plant to be zero, & =9, ¢, symbol ~
stands for estimation, ¢= M /(af, L) . The unmeasurable
term is defined as D, = Ay,

Now one applies the IVSC approach to the error
dynamics (3b) such that the error fast converges to zero.
The IVSC-based observer is described as

i=—e, , (42)

&= Ae,~ M9, -U" +D, (4b)

The input function [/* is piecewise lincar of the form
e =[U°' (e,.1) if $>0
U (e, t) if S <0
in which S represents switching function and is defined

5
Sa

- e, —knz, )
e, —kyz,
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=e, — Kz
where infegral gain K is a positive definite matrix defined
as
k, ©
K=
0 ky]
From equations (4) and (5), one has
S = (4 +K)e,~ A9, ~U° + D, )
Let observer input fanction I be decomposed into
U° =de - 0,Kz+¥ )
where

in which iy = [ﬁm ifes <0 I=d.q

- a,, ifzs <0 4
w=\p, ifzs >0 1000
a,ifs>0
= f=d
- H [ﬁ_, ifs, <0 7

Substituting equation(7) into (6), one gets the time
derivative of switching function:

4,  Adaptive Speed Estimator
robust to disturbance, VSS is taken into consideration to

Lyapunov function,

where A is a positive constant, @ denotes estimated
velocity which is composed of states, § represents
switching function of the variable structure system defined

conditions I/ =0 and ¥ <0 must be obeyed to guarantee
the system be stable. Substituting equation (8) into (9b),

@ o b g
q)J:[ aﬂ i} :|> J=l!2 and ‘P=[\¥f}a

dag q

ay, ifes >0

§ = (4, +K)e,~ M9, ~ e, + Kz~ ¥+ D, (8)

In order to design an adaptive estimator which is

incorporate with Lyapunov stability theory. Defining a

e, L

in {5). The time derivative of (9a) is taken as
s 5 1 T
V=STS+-)€A.m(aJ—w) (%)

where Aw = d — @
According to Lyapunov stability theorem, the

and assuming @ approaching to constant based on the fact
that the velocity of outer loop being much slower than the
estimated inner loop [10], then the time derivative of
Lyapunov function becomes
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V=5§"S+Ambdi A
=[-Ad,8, S +{(4, +K-® ) +@,Kz - ¥ +D,I'S
+Amm i A ) (%)
The sufficient conditions for satisfying inequality ¥ <0
are )
(A4, T S+AwaiA=0 (10a)
and

(A, +K-®,)e, +®,Kz~F+D,J S <0 (10b)

By substituting (3¢} into (10a), one obtains
—{Add TS+ Awid /A

[ 0 o]t r.%W+am5£A
B f_—c&m 0 |é, 5, |

T
el | K YEYP
~chag, | |5, )

=—(chad,s, ~ chag,s, )+ Sow | L

Amc?: 14 =chag,s, -cAadys,

= fcd, s, ~ Aed,s,
= 2-59‘ (e, - kllzd) ’kﬁaf(e '2224()
= Ac( €d —me )= Ack, 1(95.,,2.{ 415“_2,)
= K;(‘f‘gred - éd,e') = Kx(¢qrzd - 56#20)
where K, =cd, K =clk, =clk,
e=Mi(el,L), o=1-M

(11a)
ML),

Based on practical point of view, the above estimation
scheme may be rearranged and taken integral with
proportional and integral terms as follows in order to
improve the response of speed estimation. That is
&= LT (ﬁ'?c —kyZ) = Ba Eﬁ'., —kypz,]]

o | [0, (eg —hyzy) — 9, (e, ~ kpz, ) (11b)

Substituting equation (3) into the above one, then the
novel adaptive speed estimation scheme is derived as
@ = ko[, 5s ~Bas,]+ ff.,_f[#q,sd = @5, e (11c)
where k. k, are positive gains.The proposed speed-
sensorless induction motor system is synthesized as figure
L.

5. Deriving Observer Input
The sufficient conditions for satisfying inequality
(10b) are

(4, +K-D)e]’S <0 (12a)
[@,Kz)"S <0 (12b)
and
i) T
(=F+D0,)S<0 120)
Expanding (12a-c), one obtains
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Dy, =a,; >0
Dy, =p, <0
oy, =a,, >0
Dy, =,3,‘, <0
Y=a,>D0
¥, =p8,<D,

if es, >0, i=dg
if e5 <0, i=dg
if zs, <0, i=d g
if z5, >0, i=d.g
if 5,>0,i=dg

if s, <0,i=dq

(13a)
(13b)
{13¢)

@, = K, sign(se,), K, >0,i=dq
D, = ,’,mgn(z,ed), Koy > 0,i=dg
¥, = K, sign(s), K, >0.i=dg
Thus the observer input is expressed as
_Uf
U’
-ml.ﬂeu' - [D‘hﬁxzd + ‘Pd-‘
_CII., oafa — Do Kz, +'¥, |

Ue=

(14

Ve
Speed-loop

Plant {rotor) X=[id &7

it K=l + B

J.'\"SCmohmr

ga.L- - Suu ﬂ-[u ?_,-ﬁ’
_-éu‘ +B\i-+[u-|

(Dbaerver tnput
U=, o= Kzbp

Adaptive specd estimater Se
B Kanl s darte oK i s i

Figure 1. Speed-sensorless control system with IVSC
state observer for an induction motor.
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Figure 2. System configuration of speed adaptation
mechanism for a vector-controlled induction

mator with VSI PWM inverter.




Having derived the gains of switching function and
observer input, the organization of estimation system is
completely constructed. The system configuration of the
speed adaptation mechanism for vector-controlled
induction motor with VSI PWM circuit is configured in

figure 2.

6.  Simulation Results

The proposed state observer incorporating speed
estimator has been applied to an 800-watt, 3-phase, y-
connected induction motor without position and velocity
sensor. The simulation task is performed with IVSC
vector-controlled induction motor control system with
current control VSI PWM inverter [11]. The nominal
values of motor parameters are:
R =11Q,R =130, L, , [, = 0145H, M = 0136H,
J, =0.00068kg -m’
B, =0000515N -m-sec V. =156volt
E, =12volt |KC =05voit [amp P =2poles. The integral
gains k,,, k,, of observer are set to be 240. The possible

set of gains for the observer input is:

Kd,a‘ = K'm = Kd,a‘ = KJ:G =10, K=K, =0001

The coefficients of adaptive speed estimator in
equation(l1c) are; K, =12x10" , K, =5x10°
The simulation results shown in figure 3a-c are speed
estimation at command velocity 50 rad/’, estimation error
between estimated and actual wvelocity derived from
encoder, and flux estimation respectively. Figure 4a-d
show the case while applying a load disturbance, 2 N-m, at
0.8 sec and removing it at 1.4 sec. The results illuminate
that the estimation error fast converges to zero even under
load disturbance. Figure 5 indicates the estimation speed
when the parameters of motor such as rotor resistance R, ,
inertia .J,, and damping coefficient B_ simultaneously
deviate +50% from their nominal value. The above results
demonstrate that the proposed scheme can provide the
robust and accurate estimation without increasing sensor
under coarse environment.

7. Conclusions

This paper have presented a methodology which
firstly incorporates IVSC with Lyapunov function to
estimate rotor speed of an AC 3-phase induction motor.
The proposed speed-sensorless system that uses only Hall
current sensor has been capable of estimating velocity and
flux of rotor accurately. Simulations have demonstrated
that the system has robust and accurate estimation against
external disturbance and parameter variation.
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Figure 3. The step response of speed estimation with
velocity command 350 rad/sec: (a) speed
estimation; (b) error between estimated and
actual velocity; (c) flux estimation.
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Figure 4. The waveform while applying load 2 N-m at
time 0.8 sec and removing it at 1.4 sec: (a)
speed estimation; (b) estimation error of
speed; (c) corresponding phase current; (d)
flux estimation,
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Figure 5.
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