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SURAPONG SUWANKAWIN: A NOVEL STABILITY ANALYSIS AND DESIGN TECHNIQUE FOR A

DECOUPLING CONTROL BASED SPEED-SENSORLESS INDUCTION MOTOR DRIVE. THESIS ADVISOR:

DR. SOMBOON SANGWONGWANICH, pp. 211. ISBN 974-17-0025-3.

A new sensorless induction motor drive based on a modified decoupling control and an adaptive
full-order observer is proposed in this dissertation. The modified decoupling control is integrated with the
adaptive observer to eliminate model redundancy and to reduce the complexity of the whole system. A
current control loop is introduced into the decoupling control to improve the performance in the low speed
range, and the current controller effectively attenuates the waveform distortion and tracking error of the
stator current, which are caused by the dead-time effect, and non-ideal switching devices. Stability of the
speed estimation is analyzed using a newly introduced analyzing method, and the necessary and sufficient
conditions for the stability of the speed estimation are analytically derived. It is indicated that the adaptive
observer can be unstable in the low speed region with regenerative loads. Physical insights into the
instability phenomenon are also given from the viewpoint of equivalent circuits. It is revealed that the
instability behavior is an inherent property of the adaptive observer, and that the dynamic characteristic of
the motor itself together with the direction of the current error, which we observe and use to estimate the
rotor speed, are the sources of the instability. A novel feedback gain of the adaptive observer is then
proposed to restore the stability for the whole operation especially in the regenerative mode. Stability
improvement using the proposed feedback gain is rigorously proven by the method of Lyapunov. In
addition, the ramp response characteristic of the speed estimator is proposed as a design guideline for the
adaptation Pl gain. It is shown that the integral adaptation gain determines the tracking error of the speed
estimator during acceleration/deceleration while the sensitivity to current measurement noises depends on
the proportional adaptation gain. It is also pointed out that a suitable corner frequency of the adaptation PI
gain is required as a design trade-off to avoid an oscillation. The validity of all theoretical results is verified by
simulation and experiment.
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1.2.2.1 38msilszanmuAiaaxaaal (Slip Frequency Estimation Scheme)

AadanfunisAnunAtaaialaeed @, iaunisAunAiaNdadtlszinu @, Tnaendaacia

D = O — Qg (1.1)
TnssaFralneiugurensiannsouandlifegi 1.6

Flux

command |4 | ———m— Controller N Induction
Joraue & Inverter \ Motor
m Sator v = Sator
voltage s " s current
Frequency (Pseudo)
command U Flux Load speed
t
Calculator e
Estimated
speed +

Slip
=hecl Calculator

s slip frequency

717 1.6 Matdsznnuatanuialamesianisaunnnunadlingns

A. Abbondanti et al. (1975) [7] uaz A. Nabae et al. (1982) [8] Htauan1sAuasAIAINRadl @,

1AIATNANNAITNENAUT




dwFupnuitenling o  tuasianansauimdsiduteyeiifedudnlusaniue (il

wualne A. Fratta et al. (1988) [9]) ¥i3aavA UL lnen9aNGNNT (1.3) Fiai fiiaualag X. Xu et al, (1991) [10]
uay U. Baader et al. (1992) [11] A&

TdZ

a)——|# 5 (1.3)

R. Joetten et al. (1983) [12] lhinauanisldussindaumtanin € wunisldlswmainandinees 4,
TUNIAUIUANANNDARU FaPNNENRUS (1.4)

MR T,
L IIémII

r

we>

1.2.2.2 A8n15iszanauAAnusalsinasinanse (Direct Speed Estimation Scheme)

T. Kanmachi et al. (1995) [13] lsinauedanisatuatanuialsmefinamnse Inelufeseinunis
. . Do oA o X
ANIANANNDEAL @ Aall

Toedl I; Aennmefrewnszuasiiussin, 4, =—=

dt
aniauilarinauelae Y. Hayashi et al. (1981) [14] A9ann1T (1.6)-(1.7)

. M
ﬂrd _LR ITd
c?)m = -1t (1.6)
A
. M .
g _T'qu
O = + f (1.7)
ﬂ’rd

Taedl iy, uay iy, Aednszuaaivussdaluunudsds d wae g muadl, 44 wee A,

wanfluunu d uaz q uaz A4 ez A, Aedmsniawlasuulassesidndlunsiazunu (d 4, /dt, d4,, /dt)

A I3
ARUUIATIDILTLHD S



v v '
=3 o o ar o

at9lsfin Fadnipaasdsusn (aunis (1.5) fiRe essuazdawsazminiugud o Rewlanismieu

Toevinld  AulwsAsasnsndssgndldaailiianiylunsainudaudasnisnaupuine Wlesdtsznauini
seaanpdulunszuavisanand inavanidealaliisdsauazdamadugud A5nascldudlatymsnainiaald
ANNTT (1.6) WAT (1.7) AAUAUIUNITANUILAIAIINLSY ﬁﬁﬁlﬁmmmum?ﬁmmﬂﬂLﬁmﬂmmmww@uu?fﬁw

GULIEGHG I

'
1 o & K

tlymaadsmanitinanisldmauinmlunisaunnalaneflandvzeamnasnand Teazinliszuy
= o A o A A A oA o \ 2 9 ' s
maddasnnlAiiasanndynineenionluszunade ienaniaasilymanenann Asdnnsldaeasnsasuuuenumn

unuFauingg lunsaiindandnausnldasiAwinduaWandinan (Pseudo flux) Nna1aneli S. Tamai et al.

(1987) [5] waz C. Schauder (1992) [6] waAWANTN WAazAamAaaullanAndndasalasanizasinegialy

'
o

1 dl o V% 1 @ a
ginuaNdfn i linnsdszanniAnan i Ranana

1.2.3 Aan1sdszanaunignislsuuuusanans (Model Adjustment Methods)

a o

AN9UsEHIUANANNE ISR aF At AL L LRIABIN NATIA AN G FUaN e LA F LT U e N Tuetinawng

wane tnelsnannsauLitenstszanneenidunuusiie Al

1.2.3.1 Extended Kalman Filter

o

wnAniugure@silidunisrenanaanudnnslunisuszannefaulsaniuzaes Kalman Filter tne

'
o

Tunsaliiannudalamafazgniarsaniiiudoudsanusmiinmndunisadanaanuilesia uenmilalilain

nszuauaswandaadusoutsaniusian fedunnargna¥auainnistssnnnssuudsssnalidudaduntue

v o

suammefidudtynnduaznszusammefidudtyaianesn nanlaaaiaine sedunatiazlszuinen

ANMHLTY IR AREINNETATIANANATBINTZLAGLAARFAIANNNT (1.8)
wmzjK(' —i)dt (1.8)

Tred K Aednsasnsiloundusessindaunanes lugluuuvesussndauin 1x 2 35n19tszanmuainauizasog
Extended Kalman Filter ﬁiﬁgﬂﬁ’]muﬂimﬂ B.-J. Brunsbach et al. (1990) [15], Y. R. Kim et al. (1994) [16], T. Du

etal. (1993) [17] way H. Borsting et al. (1993) [18] anaaznanalid13snisilazdssunaiAimanuialnenislyls

'
o '

WRNFANAAFANNANAIAUDIN LA RLALADFAILULN WA BN ATV TLNReT K Ui audndneusaniii

U

[
o

dy [ A Yo [ % g" ] @ al =3 [ % U @ =2 dl o
‘lI'E]\‘iﬂ’]?'1_]ﬁ‘:illWm‘ﬂ?llu‘ﬂ%ﬂim’]ﬂ@@ﬂl‘ﬁﬂﬁ‘ﬂ[FI?W?JEIWEJLL atslafndsziiusanaiaiifdeananis@nenndaian uan
;II d; 3 v % a ° o Y% dl a L a %
Anidlilasannasuaunnsruy iwdedu @Z@’mﬁA‘L'ViLi"1@’1NWTDV]“]tWQ@uL@ﬂH?ﬂWWﬂJ‘BQ?$UU1®LQW’VJ?‘E‘].I"’]

AN LUV



1.2.3.2 Model Reference Adaptive System (MRAS) Based Estimation Scheme
3'§miﬁqﬂﬂﬁmmim S. Tamai et al. (1987) [5] \uaavwsn wazluanaudanilng C. Schauder

(1992) [6] 3171 1.7 uapURDNIABZININIDINITANUIIAIANNITINITNIAWE TWITUISRITIADS

Filtering
Matrix
v, . Re;ertence A s
ator L
Stator - Rot
Voltage Model F?u(;r s+1I1
Filtering
/ n Matrix
) Adjustable | 1 =
'S S I1 [Estimated
imal im
CStatort Model Rotor S Pseudo
urren Fl ~
/ Flux ux @,
Estimated
speed

(n) szuudsznnuAaEasadyruiianainaasnandine

Filtering ="

i V -n
Matrix s
Filtered ﬂ’r
_ S stator voltage Filtered
V, — » | Reference Alux
Stator S+11 o Stator
voltage o Model
+
Filtering
Matrix / Pl
- = Adjustable
ls —— " —|  Rotor -
1 -n
cfﬁf,:t ls Model A, Estimated
Filtered / filtered flux 6:)
stator current m
Estimated
speed

@) sxuvLlszrnauAnAasEantingualng C. Schauder [6]

917 1.7 nmsdszannuananudalanasfinnds MRAS

'
el o ° & @ o

aa da/ 9/ & o 4 v a
'Jﬁﬂ’]iﬂ?ZN’]M‘L&@%TVI?LM@?W@WIW]V’]’]‘LA"JM@’]HLL‘LI‘LI@’]@@\WI’N@’]‘H@LWLﬁl@i‘Lﬂu@Q&Iﬂqu’ﬂ’]\‘i’ﬂ\i AT

&

|
sl o

AMElsmasargniiusadrynynuiianainszudnalsimaindandansauasiswmainandnAiuannianuuy
a0 ulanes aeasnsasiiinFnEN NS wIeanvesiuLAaeiaedlugl 1.7(n) ATRgsradine
o A A a a a o a ' @ X o 6 v oo Iy
waniaentlymainaanniauinaady yineanm lussuuais adnglafinasansasiiazin Wi dulaudie
flauliuiinaesszuuilszniniananuanis Positive real SevinlianmuzantiRresszuulsznnlisanndasnin
Reulavemguf) Hyperstability fanaliliainnsoagtianasnineesszuudszuinuld C. Schauder (1992) [6]
TaalFmiundsziuilyvisenanauaz idinaueisnisuilatymn lnaninnisftansasnsasunldndwandnaes
wuuRaesAsuandlugln 1.7(2) deinWssuudsrunniinuanifnasnrdesnueulareamnng s Hyperstability

(%

1 s ¥ % ada o 4 1 o T | & o dl | ¥ d‘ ¥ Y o o
‘ﬂ?;lq\'ivl,ﬁ‘ﬂ mmil,mﬂtymmmw%wﬂumimm@gmm‘lﬁﬂ,mmw@ﬂﬁjﬂi:mmm Lﬂu”ﬂ‘ﬂﬁ;l]@'ﬂ mmhmmumimu



AuuUUnees danalienldausoysaunnisssuulszanuaianuidaiussuuauasuuunnasidfasfuie

AnANTUTaUTRIT LU IntsINAa LS
F. Z. Peng et al. (1994) [19] wenanuuf latloyvndymyrueermaludunaunismand lnadiaueds

nslmaifldussindewmilenn &, (= dZ, /dt) wulnsefandlunisssunuspuiiafuansluglil 1.8

WAZAENIUTTHILANANNIFIRINANNNT (1.9)

2T /= =
n= (Ko 4K, [d) {838, -6,)] 019
Induced
EMF
7. »| Reference €,
Sator o Stator
voltage o M odel
+
P Differentiater —=— PI
} Adjustable | 7.
ls - Rotor Estimatef S ‘ Estimated
A imal
jtrz?t;:t Model rotor flux €, Induced R
/ EMF @,,
Estimated
speed

A

‘]Jﬁ 1.8 nMedszunaAnpn i lnmaffiaeis MRAS Tﬁﬂl‘ﬁﬂ’]ﬁiﬂi"l@’]ﬂ“ﬂ@\ﬁLLNL@@@‘LAL‘VI%EQ‘LA’] em €,

auddunaau [19] aLlon gau mfmuL@mmmwmmmiﬂa”mmhiﬂw 1.8 uiRdanana1n ludunaL

nsfigad iesannusundeumient & AldluszuuAiuansnanaaNgNTLE

N

=

é1 Rr( —:)+Lﬁi (1.10)

m=r
f

wsilunsigadiianlaaas Hyperstability F. Z. Peng et al. (1994) [19] 15 ldaaudniug

B R g)ea0d, (.41

T

A¢liagnpdesiuAeyRtsaeIanng (1.10) wszlifineneyiusaasAipnuiialszunn (da,, /dt I 4, ) s9u

agluannis (1.11)
Y A A =< aadaa o o o & A o ' P a o = =
foduantsznisnilsesisiififaiinisldayiusasinssuaiiaAunmiAusapdaumilentn 8, avay
mndszuulasedyyusunaulddng maunmldasasnsasituadn ldinneauniieannaudyimsunau

n; o ' ¥ ' dl dl o n; o P4 dd"a | v o alx dl '
Aananald TnaAusapdawmianinfiauanlalunsdiiifaznanadundand e uiuieg TINNIEAITNITATY



10

ANTRANAUE D TNINUR99E LU TE N UR9R89931 (S. Tamai et al. (1987) [5] wax F. Z. Peng et al. (1994) [19])

Aazmdauiu
1.2.3.3 Torque Current Based Estimation Scheme

158n19118Ue3 N9 M AU N URANAIATBIN L MR TN T ATTUTANANAS (a9 TANNNTANE *)

T o

vArAunldlunnsdszunaAiaaNGaagfoariu 2 35 Asusnfitinaualag T. Ohtani et al. (1992) [20] azag]

LURUgIIesTILAYLANNMe T iR une finefalinntuANnszua (Current-Controlled Inverters; CCI) uazld

iy =1y ‘]fij B (1.12)
A y
@, = (KP+K,jdt)(i;q—fsq) (1.13)

RN UENNNTUsTH AN AN lul T sagNnng (1.14)

B = (Ko +K, [a) ETJ(%—

A

(1.14)

R
N

r

aziulfainannig (1.14)31 Inanannisudansdazidunistssunuaimuiialnnaffaadyyruianainans

A o

NANFWHBUTLAT MRAS Thiieq

Aanassiuiuaualag T. Okuyama et al. (1990) [21] Tududtn1stszanmuAAuFd Uiz LLAL

ANLLLNRaSRNIALANLLLLENN ST NsaNuas ldBune finasuLLwmaan e usail Melinssuaaiaussdo

azgniignumnaxnig (1.5) uansnslianiensluaunig (1.12) drsiu

!
*
[
*

*
|
1
_'
<
~
>
|
_'
<
S

(1.15)

%4
*

ENNIT B UANNNTU TTNN AN ANISY (1.15) I lusdiflu

b= (Ko +K, [ { (7~

(1.16)

— %

T



1"

a

AMNANTUS luaNNNT (1.16) uanelFiiugn 3an1afiazilszunmuAnANEf e Ay U URANAIATRINTZLAELA

o

o

memﬂiﬂimﬂmmummu q asunudsdelsimasnand w:mu@uﬂmﬁmiﬂaxmmmammmmmu@umu

wuLugaTiazinaueluidedaly

1.2.3.4 Adaptive Observer Based Estimation Scheme
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19 wazumANiaelng G. Yang et al. (1993) [23] liwmaziiatiasnmingldnau]) Hyperstability wazlsda
agiluduimeniu

Tunnamsaiudan H. Hofmann (1998) [29] litauanisdmsziiadasnanineldngug) Singular

. = A oNe v @ | < = ) o ' & o
Perturbation T4HAN bAT 1AILIN UL T2H1 AN ANIFIAZANALAT 87NN IULN9T292 89N TN 191 IUE N WA LNAY
U nanlidaenndeaiuiueIudIdeae9 H. Sugimoto (2000) [24] T9a1Aan133AeilagnTsseunsz Uy
dszannusauraainaunileliiduwidadu (Linearization Method)

atinglsAnnanszaunisaiannisldanuaieresszuuduiaaeusuy fmuma $anaN5e 13WL4n
92ULE N UAIAINIEIAE FIFINARULLSUFR 1 AL D 87N NN AN TR TUE N WA TN VUL LA UNAI1
a3y MliiinA1nndianldasnadesiuscudnenanisimmzinldainnisdssgnaldasaes Lyapunov way
Vlﬁ]‘hrﬁ Hyperstability ﬁummﬁ@’mmﬂ%mqﬁﬁ Singular Perturbation Wae Linearization Method WinTuilesann

awwie Lo 3935aesduusnideuesesiandndmivinasiiadusninaesssuurouanuuuliusataeiall wan
-:gf Y o Ao Ao o = 1 ¥ v 1% ' = a '
Antudadali@endsrnanudaaue ulidrunanudrsiuazldnanianisasaaiesnineessruutlszann us
Aldliuansliiiuinnisnnaaissnimsenaatiazifistuiie lauaziisauldatinals
A v 9 =2 = o @ A 9 = o o = =
antlgyinnnatdesiusasianuandunazdesdneuazinaanudn lafstlguiaiasnineesszuy

1J9UUAIAINHLTY w?mﬁqmﬁ@uimmaﬁmﬂﬁﬂgmmimmLmﬁmmwﬁmmq

[3] NMSRANLULAASIULNLLAUNALUDIAIRILNALLLLSLAY
v Wy =< Yo o o o | s A o« o aa
dalduFaulsenisuilslunisdszgnaldsodunauuulfudalunislsaunmuAiaaiusa e mauiuas
MRAS fiAg Tmaimm?wﬁugmmmﬁﬁqmm:ﬁﬁmwmﬂﬂ@unﬁu TIT1AINTDADNLLLAS AN T aUN A
Hiefudpednwzanifueanistsyanosls

' o

nseanuuuAdnsvnailaundudmiuadana Inadoulugfiduazesnuuulaaedaudnnigang
dnvassadane et inasanliniesinudrelesssszunudisiou naindnsnisgdnueanisdszunnsliizanu an
Faatin9itu H. Kubota et al. (1993) [22] le lddnsaaanvia lidaasssodunadaAndusrusuinassinaes

UAMBFLAN J. Maes et al. (2000) [28] l@A1uunA1dnsasnadlaunduiive lFdauaseaasdqrassdannianidu
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ANUIUYINVRIAIUA TR 9N R B S IR NI UAUANINTIAILAN LAY G. C. Verghese et al. (1988) [30] 1N

1 v

wWuannreanuuusnseanaie lidiressadunalAduanuouyinzesdniatzasaesdunimieasulames wan

a

amanstefunda defiuuanieniseenuuudnsasnetleundudndavilaeiledeguanifanunmu
(Robustness) 1896289Ln6 gnsiaagn9mis L. Harnefors (1998) [31] |FaanuLLAgRmatnaleunduieanne
AnnlaresszLLszanmeni sl asuulaseinnsine Feseimes Inardasaenetlounduildazuls
wagnlinueanuanne

2ein919A ALLA9ANETUNNTN WAL ALADE TATNABT LU LTI UAIAIHITIN AN AU UETUANE RN

v
o o

gg1atlaunausag (H. Sugimoto (2000) [24] wae S. Sangwongwanich (1995) [35]) Aaiiulunisaanuuuemsn

=

g aundud niudadunmauuul iUty fanadufiesafadadudusunsnfine @iesn I NIa97LUL

[ % a o a 3

Uz Tldaaudalunsmeuauesizanummnuaasdadunassianuids lueandiu auantifmanilasay
a o o o o dl a = dl = v 2 =< U =3 4‘
AU URIAUTAN UANANNNATIAgeLANNT AN TN NLedTs LU Faufasuan Dau1lsziAnizes
ANdNRuSIEIanssn i udasasneileunduazlagnnanafislag H. Sugimoto (2000) [24] usliasannan
nan13ATTIane sn Nl [24] R1Auana i unam NN UE s U 91920 LLUANIIN9IUALALE D e TATNTL
o o o o a ] o =2 [~ 20 o ai £73 a
fnsnnenailaunduvessndunaludsannisadwdaiau Aadume Wadnsaansnldgneaanuuulaanisaesia

ansgn uavdsnaliAdnanaenefldrendedudauseanistinllszynsldasluniel§iim

o

satiuisandunazfaauniuanisidaianluniseanuuusnasnstlaun eI 4N AwU LU Wie

diulguadusninaesszuutlsriiniAiaNiianaannenun19nau uazAdnsnaenaleunduildayfaeis

o ¥

wudnesianisti sz na L lunn sl fuikdas

[4] NMNsaanuuuans1aenan19lsuma (Adaptation Gains)

o

Yo = Y o o o o v 6o =3 o ] b3 53 =
LLNQ’W&Nﬂ’]iﬂ?tﬂﬂﬁﬂ‘ﬁﬁ]fm\TLﬂ[ﬂLL‘LI‘LI‘JJT]JMQ1ui$UU1?LsﬂuLsﬁ®?Qﬂ1’1NLi%ﬂu'ﬂﬂ’]\m’l’]\?‘ﬂ'}%‘} wsneleldfinng

ANMIDIITNITRDNLLUAISAT1TE8N13U FUFA RNz AN A MTUTz LU 32 A1IA9IN1L59 H. Kubota et al.

(1993) [22] MHiauadsnisidenAdnsaenaliudasaanisasinaesgninadunnainuaneuaueuuudy F.

Z. Peng et al. (1994) [19] waz C. Schauder (1992) [6] lAini@nani1seanuULsns2een1sLiusd wiussuy

v = a

MRAS Tngin1stlszanuszuufaessuuidaduse usaninaumile wasiansuniuiusnzesssuulssun dede

= | o v

agdanuansinaein ldiieeaisnituuaAdnsaanenisl fusialidAngeannls lnsuuudintues

sruvlszinuAimniEaargnainsasdtynyrnusunauringu Sedeagddinaaiifidennaandaauduniunig
Wnludszensldlunnadfos
o :’/ A o/ o o o o o v o o v &G =
Aatiuuanimiie landmnmaenefleunduresindunauuudiusuda dnsaenanisdiudaniduanni
a ¢ < £ o @ A ¥ o ¥ ) L g
fwmesuilmedndunazewnuuanisluniseeniuundniausiqeituiv

[ %

1.3 InguUszReATauiaE

o

antloyyna 4 dezifuluiada 1.2 9uidaiiaed

o

mnUseasAnay
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2.1 BULAIRDINNNAIAUDINDLADS LU 1N

Wesdaanisasupnuuumnmesilunisatuguivusdavazndndnislunemeflunnane

(Instantaneous) N388LNEN1INNUTIBNTEULAILANINIME TN BsRAE AN la lung Anssnaesname il

annazagdauarluaninsdang ssiuluiodatinnas Fususanisnainfsuuuanaemsnadnnesainafivilen

a

|

111 ‘Emmmuﬁmm&T\m@mﬁqLﬂuﬁugmhmaﬁwms:uuﬂs:mmm”]mmL‘éqrﬁqaﬁazﬁ”ﬁmmLmuﬁuﬁﬁq%ﬁf]

wualuundalddne
2.1.1 m'iﬁ'mua"lugﬂLmummmﬂmmma% (Space Vector Representation)

WULANaINNATAAAaTIadNatae finllantinatnnsoiaue liatagluuy nsdiauadosanlaon

1
ada P L7

wefidudandauazinuguneatinAaniseit uenanildeausndeadunnanianianiwldreuinedn

2
a

\wu Teniddaiisasldiznisdainanalunisuansuuusiassresneme fintienin Tauleuiueuideauinamio
Tl

ANNNT (2.1) - (2.3) LﬂumimmLmﬁuummmmﬁm"ﬂugﬂLLUU‘ummﬂmmem?'

i, - v

s | E _]/2 _]/2 Vsu (2.1)
] V3[0 V32 —V3/2) 7 |
] [ -Y2 Y2 ) o
== iy, 2.2
iy | V3|0 V/3/2 —\/5/2_i
i _Jg 1 -Y2  -12 P -
o | V3|0 V3/2 —3/2 . |

rw

dl A v a &
ned a —ﬂ ABLNURINBNALALART

Taseaineresnawmafindeniin 3 wauuunsanszsananisnidauwnuldnuanslugla 2.1(n) Tnausediu

WAZNITUANANNENAUSAUFIENNNT (2.4)

Vg, +Vy, +V, =0

[ +ig, =0

Iy i+, =0 (2.4)
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anANNdNTusIeIussAuarnszua lugunaasaaanee fluannig (2.1)-(2.3) wraunsadaulaseaiis

weananesudialauiuinaniienaasen (o — B) Nasaniu Asuanalugiit 2.1(2)

(N) WULRNABIWLL 3 W4 (1) WLLAABILLILY 2 Wa

717 2.1 TassaFereanaime fivdlantnuuunsansesan
2.1.2 nMshgunuatsdeaasdilganinas

HARININIABFTBILIIAUALALADTLAZNIZUAALALADS TUANNNT (2.1) AT (2.2) 819890 UUINUENNES
awwas (a — B) duduunudedeisnglianunugsdresonmefsasnszualanaslugaunig (2.3) NEnsdea)
1 a ' = ) 1 e o %’/ o a a &1 o
vuunugnedslawas (d — q) Teuyuldausiunaedames (0.) duiulunisanfiunismeadiaaianssoui
sendnsannensuaeefuaslseas aniusasuanannnesussiuuarnssuad wasag Luunudag g
Mudenan TudedAuilienasaa NN UE19BIA LA LA T ULNLE19B99INTU LATIPIANNITORAAINITE N LNUE19R

a99NAaNITLA 19ma S SN UE19BIA RS AR NANNENRUS (2.5)

ira _ COSpHm —sin pgm ird (2.5)
i, | |snpd, cospd, | i '

o 14 i ) a o
21.3 LLuumammmuam’mmﬁmmummu’é’mmﬂLmLm'ai (a—ﬂ)
Wawfansannsiinawnusimanaa luwdanawasinisnszanaduilafduloinuauniadamaed
NoRas UsenauiumNENNUSAINANNIT (2.1)-(2.5) 1918111 T T EUBU LA DI LAASA NH L EN NNATAUB

Ly -dl ° % a Y o dgld
wamefuilaatihuuunudsteaimnaslisiiae

ANNSALALADS:
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= . +— 2.6
Vs & lsp dt ﬂ“s/i’ 2

IneRnAnTARaIraIsUARRasHeNN InedNNT (2.7)

/18(1 ISO! il’a’
{ }D LS[. }LM{ } (2.7)
/?“Sﬂ Is/i’ Irﬂ

4
ANNTLISLADS:

ANNTTUTILA:

T, = PM [igji, —igi, | (2.10)
Wasainnisaauanuuunneefilunisacuanlsmasiandlaunss 11afianuansdnHizantifnIg

o & dl o = c " . % & o s " . 3| o
wadnrewamesvilanihlneiinszuaaimmed (iy, i ,) waznszuansesiuaaslsimednand (iy, , i,,) Wudauls

AN ANEN (2.11)

U +— (2.11)

o

RN UANNNT (2.6) - (2.10) Tolnaisatl

Lmu'i'mmmmu'am@%mﬁmﬁ’muunuéﬁq%mLmmeaé

ANNISALALADS:
dlie| 1 M? i, | M? R oo | | Ve
—|.7 |=—-(R+R—)|.” [+—(—I - .|+ 212
dtLJ oL R+R 5 LJ L (L, P )LOJ {VSJ 212

T

4
ANNTLISLADS:
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[ i [
d o | _ R | e +(—5I + pw, J)| .~ (2.13)
dt Ioﬂ I—r Isﬂ Lr Ioﬂ
ANNTUTILA:
M2~ .
Tm =p L [Isﬂlm_lsxloﬂ} (2.14)

ANNN9 (2.12)-(2.14) wanedauuuanasaresnawmasuionirugluunaealigianiug (State space) Tuanazld

WULANa8Y (2.12)-(2.14) iluuundnaesiugulumiise
o o a ) v a o > -4
214 LL‘LI‘LI'Q']@Q\??.I’Q\‘]N@LEIQ'ELMUEI’JN']U‘HLLﬂU’ﬂ'l\‘]’ENT‘iLﬁl’ﬂﬁﬂﬂﬂ‘ﬁ (d—q)
\HasaInuANNIsALANLLLIDNERSAZINTNNTAILANNI s uAR I NANTuazNssuaa iU aLuuNuEna
89229 l3mafNANT A911LI1R98 94U AU LRNABUDINDLAFIUANNNT (2.12) — (2.14) TF198ariuwnuanedals
wasnand laenisulasanimasisasunarnsesallaedeiuwnueneasresismasiandainnsani laluansos

WU ANMNENAUS lUENNT (2.5) 131ale

[ ¥ a [ a d
NSZUANLALADSLULNUANNDILSLADsNANT:

o cosd, sing, ||ig,
=L : (2.15)
lg —-sing, cosd, || I

nszuanszuradlsinasWanduuLnuasdslsinasnNand:
[ cosf, sing, ||i
1=l LT ° . (2.16)
0 —sing, cosd, || Iy,

LSIAUALALADS LULNUDNDILSIARSWANG:

Vg cosd, sing, ||V,
{ . } “ (2.17)
Vo | |—SinG, cosb, ||V,
AmFumeneyiusasnszua IaNdNRnsndn
dig . . dig,
dt {O —a)o} i {coseo sm@o} dt 018)
|+ = : 2.18
dig, o, 0 |l —-sing, cosé, || dig,

dt dt
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di diy,
“ 0 -o,|i, cosd, sing, || dt
dt |+ = : (2.19)
o, 0 |o] |[-sing, cosd, | di,
0 (o] o o
dt
T @, Faranuiveslapafand
dé,
0, = (2.20)
dt

ANANNANAUFTIUANAIT (2.15) - (2.20) 31EINITOTLULLLANABITRINa LA FUTientin ((2.12) — (2.14)) LWL

fnadreslsimasiand lamaannis (2.21)-(2.25)

o 4 =i o L4 a [ o
LL‘LI‘LI'Q’]@’BQ“II’B\‘]&I’ﬂLEl’ﬂ’iL‘V]‘NEITN’]‘LIuLLﬂu’ﬂ’N’ﬂ\‘ﬂ:’iLﬁl’a‘iﬂ@ﬂ‘ﬁ

ANNISHLALADSUBLNUBINDITITSLARSWANG:

H 2 2
dd'_id:il_{_(Rer er\l/l__z)isd+a)oO-Lsisq+Rl\l/l__2io+vsd} (2.21)
O- S T T
di 1 M?2_. . M?,
d—?:;{-(&-ﬁ- R?)|Sq—a)00'|_s|sd — pa)mTlo—i-VSq} (2.22)
axn1slsinadunwnuansdsaaslsinaswand:
di . .
dto :%lsd —%IO (2.23)
i
ddi" = 0, = Po,, +%_ﬂ (2.24)
T IO
ANNTTUTILA:
2
T,= pMTioisq (2.25)

T

aunng (2.25) wanslivindisnainisnasuanussinresnames A laansaiiunisasuAunszuagmaes LN q
(iq) wazmupnlamaidndvizanszuansyfusinunianazualuinu d (iy ) lunithisazBannasua ig waz iy

Tdlunszuaaieananduaznszuaad1ausadanINan sy

2.2 VI{]‘l:lﬁﬂ"l‘iﬂ’]lIF]‘NL')ﬂLﬁ@étLUULLﬂﬂﬂ’]‘iL‘dﬁ'ﬂNﬁ!’JN
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aa rdla oI/ oA ¥
AsnsmauRNnIzuaammeintonldluszuumuauuuunnmefiaaial ARenisldasseunununszua
aid o= o d‘ Va g o O A o ' ' ! H H 14
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| A Y aa Ho g9 > Y o = X Yo ] o o
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FamuANnzuataazin lifailywinisaadosninls ssuuatupunneefineiallasiiassaiafandlu

gﬂﬁ' 2.5
Inv. Axis Trans. .
. SN Current > [coso, -sing, ]| s
i* _“+c COﬂth”er Lm@ cosé :| .
N High gain) Ve
Iy : 1 | o
. |L,S/R+1 . > 1o
i ! !
q i 5 1
Lo !
1 a)S 1
: o [ ,
i + , '
! Rotor flux !
i calculation EI i
a)m

cosd, sing, <_| Sz
—-sing, cosb,

Axis Trans.

= o
a

7171 2.5 szuumauanneeiineia i ldaseuatuaNnszua N LLBAI AT

TunspssiudiussunmuAnnnasiULLNAAraIAENsATLANLLLLENNNSTANSIN TunnsauAN
. 44 o dd . o . ) .

nszua Inainnismamenssnfe et menleesendeuny d uay g uaziiesanaamIuANnIluan ey
flauliludy AglaidifymluGeaadasn naeanisrauaNnIzua

SLULAYLANNIATULILIN S AU ARnANNIsALANLINNNST NN annsnasunelilaaBusuann
WUUANABITBINDLAD ST UULNUAN9Ba ISR SWANT LUaNNNT (2.21) — (2.24) AINENNT (2.21) Bay (2.22)
azdunamiuladn Smenveusaafsumtasindenloersudnadinnnluinu d wazunu g inldnnsasua
nazua luuNUNABII U LssABaLAe fesennuas liiaass Tunsaauaunszua Tuusazwny Asiuiaudlom
aal, £ o o d‘ d‘ ! %’/ o 4 o rdl 1 2 o o
Hisnasinnsaamausssunimanleessndnaunuisaasinaiua liussduamme fnanaliiunemefidulinia

ANNIT (2.26)-(2.27)

2
Vg = Uy —@,0 Ly + R'\C—Z(isd —i,) (2.26)
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M 2
Vg, = Ug ool +cooL—io (2.27)

T

WHAUNUANNNT (2.26)-(2.27) adluannig (2.21)-(2.22) axlé

ANNTRLALARSUAINITATLANUENNNSLTANTIN:

dig, =— R, i, + Usy (2.28)

dt oL, ¥ oL,

disq:_Rsi L Ys

dt oL, ¥ oL

(2.29)

S

aun1siefunansfadnEIznINadRTeInssLaanaainin1saruAN lfetnBasy lulsazunuuLEAY Uy,

uae Ug, LL@:Liﬁ@‘ﬂﬂﬂ'ﬁmuammﬁu Vg UAT Vg, AINANNNT (2.26) wax (2.27) d']LﬂumimuQmmﬂn’]iL%m

991 (Decoupling Control) NINAIMUA LA

Uy = isd R5 (2.30)
Ug =14 R (2.31)
L@W:WN@mumu@mqmmmmeé’(isd , isq) ARNTELAAIRI ILARZ LN (|Sd Sq) N9 uuLB WAy

wikidaArAsiansaainiy ol /R,
AINUUIAATBINTATLANLENNITNFINTNFU 1918 NI T UANN96 1 UDIFIATLANINAB FULL

WNAUFENTAILANLLLLENNNS T aNsaN N awe luenudde il fnsannis (2.32)-(2.37)

LL’Né’fuﬂme'aé'luriffamuquﬁﬁmamwjzlLmﬁ'uﬁl,%fau‘imswdwunu:

Vy =Riy—- o0l R (| -1,) (2.32)

2
= Rig, +o,oll, +o, C —i (2.33)

ANNTRLALARSURINITATLANUENNNITLTANTINIUAIAILAN:

%—G&L (u* |sd) (2.34)
%:i(i;—g) (2.35)

annslsinaslusantunu:
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dlo Rr ~ Rr ~

=—|, 4 ——I 2.36
dt L ¥ L ° (239
déo Rr iASq

= = +— = 2.37
a T PemTT 237

AINANNIT (2.32)-(2.33) way (2.36)-(2.37) azwiuladnlunsmiilisannsaldnssuasmmnasnaiua s

AMNANNIT (2.34)-(2.35) (iASd )

AOLIANINIABTULLILINAU Nignansnacuanrdnduazussiinvemaweslilaelisdudecldfanadunseua

Y a o . . 2 A Wy @ v A
LL'V]'LLT—]T;TEL‘T]ﬂqﬂﬁ‘zLL@qﬁ\iqqﬂﬂqimﬁ")qqu (Isd , |Sq) ‘ﬂ\?ﬂ@i@')ql,ﬂuﬂ@ﬂﬁl@\‘iﬂq?

uananiinsaai1erassinAuANEIHuLLANA00INaAe T (ANN19 (2.34)-(2.37)) NHN1TUsTaUIIAINTELE

e v "y =< ° G o o 2 o A ' &
awnasuaznIzuanszsusNegfce dufluuuusiaeaAnduiumieauiuiealdlunislssunriaamiga
undall N lFeainnlfuuuanansilussuulssnnnipnaannBasaasadanmnuud fusaluniswm i seuu 1y
eI a3 laGae

{He9aInnIIAIIMRsIAuTALe TuN1TAY AN KL LLENNNTaNTINFaIN1 s Ty aTRInTTUAALNIAD T

A

(g, Ig) waznszuanszsu I, anieusssuineanisnaiwlisaedune finefiduussduuuunugndaesain

v a 1

a5 13739A LU AU AU LARINANNNT (2.32) LAY (2.33) TedneBaasiiunnug19aalamasnand luilu

U

v
o ¢ o o

prdaussiuuunudrdaassnpesiaglddeyaresiumbidausennmedlnnefland falunidemeny

nanmes e fandtiaunawinluaziifumisdauey o Ale FeAnmaniianansafuenddanuunsiaes

m@qumm{ﬁgﬂmuammemﬂﬂfm%u‘?'qméq e ldannng (2.34)-(2.37)
Thnea1ee9zULATLAN MR FILLLILATINTAUANILLLENN1s Ean g auans A FagLl7

2.6 TULF0L A RANITAILANLENNITTONTIN (ANN1T (2.32)-(2.33)) UFL00U B ABANHIUENNWATANINAUALR

WD (ANN1T (2.34)-(2.35)) hATLFI0L C ABANEUENINNAT AT lsmasNaNT (aNnn9 (2.36)-(2.37))

2.3 WFauigun1sAILANKLLLENNISITaNsINTALAEURY K. Ohnishi Uaz F. Harashima

3i91 K. Ohnishi et al. (1985) [32] Az F. Harashima et al. (1985) [33] %1511’1LzﬁwﬂmmfmﬂuLLElﬂma‘

G o

- \ aa A = Al o = , P = & Ay 2 o o
Lﬁ@N?QNWNQﬂLLUUWQ']ﬂLL@zN@Nﬁ‘?ﬂuﬁWquﬁ‘z@Uuu\? Llﬁ]ﬂﬂ\?lli‘r]ilﬂzl,’ﬂﬂﬂUqQﬂﬁ‘zLﬂuWim@zL@ﬂ TINAINANATY

o o o <3

anasauauasioniuara i fulATuAdunaANdusL saNIIdsuaNnIIFne IR LANIINIAS S

wuuusssuniawaly (321337 ldavanns (2.38)-(2.40) uazidiswiluudenlaazunsulasagli 2.7

LSIAUALALARSNANISTALTELTIA UL TaNTE95E I NUIAY K. Ohnishi WAz F. Harashima:

Vg = Rig— @0l (2.38)
M 2

Vg = Rigto,0Ldy +a)0T|Sd (2.39)
r

(3 = o o o
m'imu'amm’mnmaﬂsmasﬂanﬂﬁ:

i
= 0, = po, +-L3 (2.40)
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WarlFausuiuannig (2.32) way (2.33) aziiuladnluannis (2.38) way (2.39) N1IANUIDANDNTALTEI LI

wanumlaanu azldanszuanda (iy i;q) WNUANN I AR AL TN LA 1NAINTTWAANFIA BN TUUIILLIL

£
o o

ANl uazdvldaviasmannasineszndnanszualuwnuy d waznszuansysu (iy —i) Asiumniganauss

FUAMABSANNANNT (2.38)-(2.39) M uANanafisnaz lFNanaUANaIN A UaLAMaFITIUAIANNNT (2.41)-(2.42)

di 1 L - M2

_d:d :_O'LS Rs(lsd _Istj)+a)oO-Ls(|Sq _Isq)_ R ?(Isd _Io) 2.41)
di 1 - ,

d—t‘°‘q=6—|_S R (ig—lg )~ 2,0 L (i — i) = 0 — (i — iy (2.42)

AMNANNNT (2.41)-(2.42) azwinladnanauauasradnszuadmnafazag lugtuuundewinsdudawdenauiu

v v
1w A

ANNNT (2.34)-(2.35) uazeadmanussfudanlaeseninauny d — g vasvdeey MellfmezanuuAnan1sge
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ANNISALALADS:

dl; e — .

dt = A11|5+AL2|0+B.LVS (3'1)
axnslsinas:

di_(; ad ad

pm =A I, +A,IL (3.2)
e

A, =—(R+RM?/L1})/oL,-|
AZZ_AZZ'MZ/O-LS I-r

Ay =(R/L)-I
AZZZ_(Rr/Lr)'I + pa)m‘]
BIZJ/GLS (3.3)

@ o [~ o @ o a
3.1.2 AR mmmu@umuu,*uuﬂ'a‘umuutmué’wmmmmé{

AMNULUAAB4 TUANNNT (3.1) BAY (3.2) 1B1EINITDEUANNITIRIFIFUNALLLLANEUA LTI RINDLADS

WU I FeaNnng (3.4) — (3.5)

ARRUNALANAUALLWLN WA IRIALALADS

ANNISALALADS:

de NP N T

dt :A1|3+A12|0+Bl s_Hl(Is_Is) (3.4)
ANNslsLAas:

di Aooa a2

dt = A21IS+A22|0_H2/M (Is Is) (3.5)
o



59

N

A,=—(R/L)-1 + pd,-J (3.6)
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fodunaludoanwsind A, uar A, duaziiludnldainnisdszuim (@,,) Tedusldaranudanawmasnly

o o

B AN ALLLANSWAY NaN9Re @, # @, HaTlATARAzIiAARANAIATRINTELAdIADS (€ ) uAT

)
e

n
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Motor
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717 3.8 Iasaieresszuuaruannnmes faume finauianlsmaainnisditeuseuuudnaes

3.2.1 STULRWNAUULNUBINDILSLARSWANG

'
ol ¥ a 1 %

Wenisysanissadaunaiuanseg uuunuawnesidnAusruupIuAunne fNE19B ey LN UEN9ES
wyuraslnnasiand nazuansiodanaiiuuunudsdamyueediame anduny Tnsandenisdawnugnedeann
wnugnedresammeslUdunugedaeslanasiand a1nannig (3.4)-(3.6) l31ANNIOTEUANNNIVRIFIFUNG

vuunuddslamefWandldfannng (3.8)-(3.12) (gasazidanluniauuan 1)

ARAUNALANSUALILLLLFUFAYUKBNRE198989 smaTNANG

ANNSTHLALADS:
feedback term
~ K_JH
di 1 M2 ~ ~ MZ.A P
d_:d_o-_L —(R+ R?)Isd +a)oJLSISq+R?IO+Vsd—O'LS[Hl-q]d (3.8)
dlA 1 ~ ~ Mz." ! = M A3
= Ry —00bly 0, ~—lo +Vy —oL[H;-8] -T=[H; 8], (3.9
S r & r _J
'zl

feedback term
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il & =0 -1,
[ ]d ,[ ]q s asAlsznauaasdnynyineluinu d Lazunu g AMNANAL
aunslamas:
feedback term
dlA ~ ~ i H )-8
0 :&Isd _5|0_2—q]d (310)
d L ¢ L M
- o ) - H! .
d@o: o:pwm+a’s=pa)m+&,ﬂ——[ ° = ]q (3.11)
dt L i, Mi,
H—I
feedback term
AU sUsENIUAIANNLE:
o = (Ko + K, [dt){ pMi, (i, ~i,)]} (3.12)

TugaunnsszanniAnANFTl 1radunmlaainannig (3.12) 9n1stseanasanmanida lusadanmnuuilsy
satlazldienizAfianatnaeanssualunnu g lun1ranuans dauieuiuiudsdszuinAianusasaa A Re

waranszausadaniaualng T. Okuyama et al. (1990) [21]
[ o o
3.2.2 ﬂ']?g?m’]ﬂ"li?gu‘]_lﬂquF’lNLLUULQﬂLﬁ@?LL@gﬁrJﬂQLﬂﬁ
N19YINIISEULAILANLLLNIER ST AL A feiuieanAMNE 1T NTBIULILA1A8Y A1XN9D
nszinliAeiiAe ludusuusniiasanusssuinilaulifusmdunniuiuuwssiunliuiainnisasuauuannisidas
SaunANs AL LIARUIMTENINLAIRINANNIT (2.43) WAz (2.44) AeuANNIITBIFAAING (3.8) uAT (3.9) A

@eidluad Il

ANMTAALADSURIAIRUNANL UM LUTIAUAINNITAILANUENNSITANT I:

Current-controller output

di, 1 LA _

—=— —ig)-oLJH;- _
ot O_LS{RS(Isd+ch Isd) o s[ 1 Q]d} (3.13)
feedback term

q ~ Current-controller output
| 1 N ;= M )
d_:q:a_l_s &(Isq_i'Icq_lsq)_O;Ls[Hl'Q]q_:[Hz'Q]Jq (3.14)
~

feedback term
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WaNA1TUIANNNT (3.10)-(3.11) kay (3.13)=(3.14) 11aznwudnlunsain lidnstleunduaesarnautananaly
nmstszanunszua (H) = H) = 0) aunswassndanmazassiuiuannisaasuuusaiaes ussuumuannnmas
(ANNT (2.36)-(2.37) WAL (2.45)-(2.46)) 31AIAINITNAFNUULANADIUDIND LD TN e AR aha s It T n A1 lé iy
sruuAtuANneasuazdadane witdsdunainisilaunduAimnuianain annisludounuudisesuges
L e 4 aaa N 2 o I 4 eum
sruvAzuANENNY Fasdasnsud latlymildTaanisiunlasudsunismuauuannisdanson Wanisfleu

NALAIANNANAIALBINITLITHIUAINIZUATINDE FRimINANNT (3.15)-(3.16)

Current-controller output

- N -
= Riy— 0,0l +R (| i)+ Rig +[ K -8, (3.15)

ﬁ—l
feed forward term

Current controller output
M2
Vg = IR+ 0,0 Ly + 0, — +Rslcq+|:K q] (3.16)

feed forward term

Qddy | % dl ' k74 o

Apilflunisuuannismauruuuy g (Feed Forward Control) 2@4n13auanuennisdiansondniunisauan

wuutleunay (Feedback Control) nusnsnaens K, Fsazvinlfisainnsnlfulgesnmninnisaunnassssuy
P2

pauAunmaflanteau lnaniaaanldan K, fmunvan diuaunisaessdunaaznlasuliliduanng

(3.17)-(3.18)

ANNTALALAASURIAIFINATTaUAIELTIAUAINNITAILANKENNNSITANTINTINUINAITAILANLLL L]
widn:

. Current.controller output f_eed forward term
diy, 1 (o e -
&t ol {R(i2+ i —1w )~ oL [H -], +[ K, Q] } 3.17)

) feedback term
Current-controller output feed forward term

dIA 1 ,—*—\ —_——

QO __ = - ! B A
ot o | Rliatia—la)-oL[Hi €], r[ val e[kl e

fewB;ktam

dusaandn K, Tiaanadasniuannis (3.19) uaz (3.20)

K-8 ], =oL[H;-&], (3.19)

~ - M ,
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feedback term
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x ~ MZ.'* ’-L‘ M ;= ;) =
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r .l _

Y
feedback term
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20U AANIIUNIN UnANARAnINN lwgasudalag H. Kubota et al. (2001) [36] s lfanAedgnistszunn
svuuiudaduiilunisdmeed uaglddudulsngnisainsaadasninsaananimanes

o a o o 1 k3 k% ¥ 1 =2 = 16 o A < -dl o o
LLNQ’]UVW’W’]N')@&IL‘Nﬂ@’]'ﬂ]’]\iﬁlu@%iﬁﬂ@’]')ﬂﬂﬁﬂ;’lﬁﬁL@ﬂﬂiﬂ’]‘l"l“ll’ﬂ\iﬁ‘x‘]_l‘]_lﬂﬁ‘tﬂ’]m wrngaiseinungn £l

¥
o =

dl = o U 1 =3 A o [ s = dgl a
néspsmnisfnmuazinacudnlaey 3 dssiaune (1) wdaaslifddsngnisainisaaadasninilaziinau
Walauazinluldednels wenwileanunaanuintinaualag S. Sangwongwanich (1995) [35] waa lilunaanu
Ao a o = ~ = = Ao aal a s Ay o o
Aqelantnaueiedeulaiuanifereurnresaiasninidaiay (2) Aansaaszdfatiasninideardinlunis

dszgnaldidu daaginisdiuatasninildainnisimsziuuy Averaging Analysis az 1 l5annz lunsiine
dnanaenatiusaiaAini lwaneinisdssunuszuuduwdaduarnnsaldesunangfinssneesszuuseus)qn
o < o oy i Y & = a aAa X a s A Y a
euniaint uaz (3) feliinsuanalifiuiaanuiianaianiinaulunisdmmeiiadesnindoang e

Hyperstability Laz38284 Lyapunov innl#deasiiiléain G. Yang et al. (1993) [23] uaz H. Kubota et al. (1993)

Q

1
acd

[22] LLmn&iN”lﬂ@mmm‘ﬁlié’mnmﬁmmzﬁé’fsmﬁ'ﬂuq

fmsuitlomnluumil lusiade 4.1 uas 4.2 PaziEuegunsARANAI ATl ILA L LAA S B
TlunstszanasldaesAnnnuise et lsfiudiasiaaeenislszunausiauiitesssus Bimaesfinaa
nanuinAugud luiada 4.3 wazuanlivindadasninlunisdseensfldngwi) Hyperstability lunnsdiaszyd
GBI ME09IT LI TT N AUANAYAEY ndaanniuluTade 4.4 191asinaueAEN TR Y lERE A NUR eI
UsrunuArA s daeaalnafindasszuntlszanalldugnsuuunudndalsime s dnduaz 14 Routh-Hurwitz
Criterion Tunamidenlansduatiosnnlugtaesaunisidaian Taedewledldduasnsnszylddnisana
wisnnilaziintuilels u@ﬂmnﬁwwxﬁ’]mumuummqmﬂmwL‘W'faﬁwmmL%%fi’]ﬂmﬂgmidﬂﬂimm
@Rtz naessvUL sz aaiatwldatingls luiade 4.5 wazuBanfaunanisiamsiadoenini | lwen

1
o o a

ao X Y ax a - A A v e oA Y Ry aald |
A9eU UN@V]VLW'WqﬂQﬁﬂq?’]Lﬁ?’]z‘MLLUU@u"] LWﬂcﬂiﬁLﬂuquﬂQWN@ﬂﬂﬂ@@ﬂLL@zﬂ?’ﬂUﬁ@ﬂm@mi@qqﬂ')ﬁ@ujﬂﬂq\ﬂ?



82

4.1 ANNITATRANANA LN U

Tudesiuilinazuanianuduiugaesrianaipeeedtyausine] uazufenlaszunutesrnianain
Tunsdszanaidimannds easdiduvdenlrezunsuiugudmiunisiinssiianesnnluiadednaly
AINANNIT (3.1)-(3.2) AT (3.4)-(3.5) 318N TAUIUMIENNIIARANATA lUN9L sz LA (error

. 9o N
equation) 15maiina

ﬂ"\ﬁmwmmmmumzﬂme'aéf:

L= (s H=- AT AL -T)+ (B - AT @

AHANAIATDINTEUANTEEIU:
i

=8 - A A= A - (M- ANG-D)f w2

anannsdiesiuazminlddnianainaasponuiadsetluman A, — A, uar A, — A, avaviiaulilde
HananATeeiInIzuAammasaznIzuanz U et lafianiliasandnyyiuninainnndnre At nlsae n
Ranwanaradnszuaammes 131asldAdana naInszLadmnasiunslszuiuAtauEa lamafauansluas

N17 (3.7) a1N&aNN1T (4.1)-(4.2) 13IA1NNTDATUITULATN ARANAIATBINTLUARLALADSHAINNANNUSUAE A

NANAUDIAINNLII LTRATANNANNT (4.3)

~ ’ _ -1 :
L= 1 s A A A A TEEMAD o6, 0w, s
w18 mnsadngtlannig (4.3) Ialudiiduaunis (4.4)
L-1=C(9| pMi, (@, -, (40
o
S S _
G(s) = {Gﬂ( ) Gol )} = E[ 2l + (X1 + yJd)s+ml +nJ] ' (4.5)
GZl(S) Gy (s) &

bR

m=| () o 1+
) oL, ¢ £

S

n=| R+ po, -+ -+ 1)
. g oLy ¢

S
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X = h{+i+i
oLy, ol
y=[h - po,] (4.6)

'
vaa

aganniumsng A Tuannig (4.1) uay (4.2) HanantiAnu skew-symmetric Aatiugnasnimualidnsaene

flaunau H,, H, asssadanafiudusunwuuliusodansnziiu skew-symmetric sogiduiufiaaunis (4.7)

LR
o

! _h!
H, = L 4.7)

Hl
1 h

ANNANNT (4.4) azlinlFdnARana nuadnINdiazarviaulliaAtanan ATeInN T LA A LA LAD TN
Werdulaudng G(S) uazAdanatnaasnszuaammasgninllldlunislszunnaiaauidanuannis (3.7) A
thusanunsougaudeninesunsesssuLnssetlafilssneudaeilaridulaugnararinnannn s uansanii
AusALAN Pl ”luzﬁ'fzuﬂi:mmmmwL%M\iﬁqzﬁ”@mmmuﬂi”uﬁq"l,é’ﬁ\igﬂﬁ 4.1 %'\w:Lﬂuuﬁﬂﬂimummﬁugm

AuFunsieseiianasninsely

linear feedforward block

H

+ I/e
0— i *{l/M

<

4.2 3aulymsszanamla (Identifiability Condition)

A -

wransalddayardanainaasnszuganines € Tunisdssunmuataaiuizalames (aun1s(3.7)) e

al
[ '

mezmamwmmmmumﬁ@m:ﬁ@uﬁqmﬁ ANANATBIAIHLTAIIAATATNANANAUS lUaNNNT (4.4) %\711’134’1

Aeulsludifuauniadananldsaaunis (4.8)
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&(t) = wit)Aw, (4.8)

Tnein

=
I

G(s){JpM r} 4.9)

atislafinudaudlunsiinssuuassautalugy 4.1 Disdosnmuazdyyin € war Aw,, 1Hidng

al

o = a [

anuzedn (& =0 uaz @, =0) uda widsldannsnazagdiddidAianainesaanisalamesazgidng

P a

Autl (Ao, = 0) anmiudunisgidngrasaesanuiiilamesldtsedelfminimmaseudenlaaenis

a

dsznnulfidanan lunimasauReulasasnislssunnanld wasfesigaddionees w(t) luaunis (4.8)

]
A

TuganndaariuNauly Persistent Excitation (PE) siauanaluannis (4.10) vidaly

Nauly PE dwiunnmas w(t)

to+0
391,72:6,¥t, >0 rl < [ wiw)" dt <z, (4.10)

[

fouddnmmand wt)W(t)" azfipniautifdenandmsunnan t uieuls PE Aasniaieusliionmes w(t) &

v ]

o a A

nnsadaeui lul3nd (space) atnaieanae siviliva liauiinfaaaawmnsnd W(t)w(t)" damanti® positive

v I

definite AuFLNNga99a1 & TauNeANIIAINANINTaneed W) lunniianisludsgisesiiAinan
Wieane e lidayadlanainuesnniees (Aw,,) arnsadairulilidudianainaesnscuaamines € 14

aghanaane lunstszunmanaandalames (S. Sastry et al. 1989 [38])
i

ANANNTT (4.9) e W(t) avauegiulswmasandlszuios Mi, dslasdsnfisnazianisaaung

(o]

v
o o

idaunasiuaziislaauaasdyyronduieidulanianundmils (@,) fAdusasaiuisafiansaneidu

Taudhe G(S) NAmnud @, MHfsaunis (4.11)

G(s)| _ @,J

S=jw, &

[ oy +m)] + (- + o,x+ n)JIl (4.11)

AINANNIT (4.9) uaz (4.11) aziulddnnaond o, nldwindugud sinsaesionmes JpMi, az

arnnsndeinudyauiiuisiduleuine G(Jw,) TWilwanwmas w(t) gleaawduilaidulaild 1@

al

= o & o o o alaal, P
anunsnidsunadnsaasanaad Wt) dmiunsdiidléidu

w(t) = A ° 412
) o (4.12)

~ A - Aa o o ° =<
IﬂiW] A ARTUNALRIINLART W(t) Wﬂﬂqﬂﬁwmquﬁuqquﬁquﬂuﬂﬂ

q
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o

Amdulunsiin @, =0 wu annsdanaisidulauding G(Jw,) Tuaunis (4.11) azwudn Wegain

|
a

G(Jw,) figudagiiqariniiafei @, =0 inlifufiulaudrefidviiugudde GJaw,)|  =0%nss

U

1
' o

waflonmes JPM i, Acldanunsndeiudygnliduaninas wit) 16 uazisazld w(t) = 0 dedanaliten

b

12 PE (4.10) llaanrdes nagudinnagnaaniiaialiduimwginssunisnianineeuanesinieqtinfian 1

AoMDIAUAuTUsIARaumHtainazlAwinAugud wasanyataanamafintiaotmissiuamineasangd
A = v c ©° % o‘d‘ 915 [ v o 1 =

wiRaasanzanusunusmnes i linssuasmne i ldaueg fupusunuammefiasatanealne

TauegiungAnssuniediulames dealiiallarunsndunadeyaresrnuidilamefinudeyarenssuaais

wafldanseld e luasnduasudan o, =0 Tinsamesfinnmes JpM i, eefiliaenndesiuleuly
PE Tliturin)

Tugrdudann nazasaasugiuenmed Wt) a aonudlaildvinduaud (o, # 0) azaenndes

AuRaula PE vivald Inantsuny W(t) Tuaunis4.12) aglu (4.10) 19nazldan

45 ty+8 . o .
[wowyd =2 [| ST sn@hosed g,
b i L cos(@,t)sin(w,t) cos’ (w,t)
Tunsaifisnaenld o :Z—E
a)O
2
t,+o 2 _7[ 0
0 ; A a)o
[ wow)" dt == > 0 (4.14)
: 2 27
0 O =
)

aziulddnwsandluannng (4.14) dAnianiif Positive Definite AeiufiAnd @, # 0 wnmaf w(t) azasn

ARBIAN el PE

‘ﬂl 1 :I/ Pl 1 < -dl = a
mﬂwnmqmmumm'mmia@a;ﬂimmaxuuﬂaxmmmmmmlugﬂ‘w 4.1 AAnuANTRID9NN9UIzHNU

q

(33

Al paentinuNIIe andy o qaneunAEnYiiuAud (@, = 0) wintiu
4.3 NM5IATITRLATLTNINAIENG =) Hyperstability

vaenlaazunanlugld 4.1 uanlivindinsseutlavesAianainiesdlsznausesdoune doudadu
tlauliutin (linear feedforward block) wazdnula@aduilawnay (nonlinear feedback block) sxiiv AN
o 5 d . a - = 4:4 . . >
mmfaﬂwqwg Hyperstability ‘lum?wqaul,mmmwmma:uu Tﬂﬂ%ﬂqwg Hyperstability [44] a1unrananalé

prasialilil
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nouf Hyperstability : amiudouliiiadutloundunesszuulugiy 4.1 laniauanifisenndesnin Popov's

Inequality Aauanali (4.15)
[l8'Vldt = —»* ; 3y>0,vr=0 (4.15)
0

A Ao ~ o o N oA .
RewlaRanduuaziiesnadnsuaanuiiaiasnin ( Asymptotically Hyperstable) 294

svuulugin 4.1 fire Warfdulaudneg G(S) azsiesiinniantia strictly positive real (Hau

la1 SPR)

Tunnsigatlianiesnndaemn s Hyperstability # lwlassiusazwansliiindndouliidaduaesssuy
Tug17 4.1 duaanAdasniu Popov's Inequality (4.15) NAvaINTuAIAeENA1TuIAIANTTR SPR 1aferidulan
e G(s) luanaudall

4.3.1 Ananthrasdulidaduilaunay

anuaentaazunsulugin 4.1 azlédn

V=ML (6, —o.) (4.16)

AT e UANN1IUTENNANANNHET (3.7) T sl
F 2 2
0., =K, J‘[(JpM i) &ldt'+ K, (JpMi,))' & +@,(0); (K, K, >0) (4.17)
0
PYIANNNT (4.16) WAT (4.17) wnuaslugunig (4.15) azla

dt = [[8" (M), - o]t
-l

{e (Jplvlf)}{ j[(JpM. ) &1dt' + Ko (M) & +@,,(0) - }

integral term

A —
— >

:j{eT(Jp T}{ j[(JpMI)Té]de (0)- w}
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W (e (M) | Ko (oM i) e o .19
0

proportional term

NaTuan1zdqu integral term azlddn

j{eT(mef }{ I[(Jpl\/ll ) &ldt' + @, (0) - }dt

- [{&" oM, )}{K (ftpmiy e+ 2o - “’m)}dt

{d;(t) K, f(t)}dt 4.19)

O'—.N O'—.«\

o
) (O) Dy (4.20)

f(t) = j{(Jle )y }dt+

Tunilisnazfiansaniznsaiiaanudaiamesiriaed (do,,/dt =0) Feazlddn

f(7)

i{% K, f(t)}dt =K, f(jo) f(t) df
=150~ 15(0)
> —% £2(0) @21)
Tl
f(0)= %n(0) aé':‘ (4.22)

uaztlafansaundan proportional term 151azlsidn

j{éT(JPM DK (pME) 8 fat - K167 (GpM )P ct

>0 (4.23)

WITRXTURNNENNNT (4.18) WaTANNANAUS (4.21)-(4.23) 1918 l@an
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2K [0, (0) - @, (0)]°

j[éTV]dr > —
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(4.24)

AneannIs (4.24) Mlnaaiunsoagdlsdndouliidaduilennduresssuudszuinlugii 4.1 asnndesnix

Popov’s Inequality (2@1n19(4.15))

4.3.2 AuANLIB SPR aasWendulaudia G(s)

=

(1) Weidulauiing G(S) avfasiAnaNITR real-rational

)

() Wrfdulaudina G(S) azfasdiatasnnuuugid

©®) G(jw,)+G (jm,) > 0; Va,>0

Reulanandunazsivesnaduiuiaridulouding G(S) Naziinmanii® SPR [45] fiRe

\Wavanndudszansaasierdulaudne G(S) luannis (4.5) iluaraseasiu G(S) azaanadasnuRaulan (1)

wazanAIANWan a W lduaasliiiiudn G(s) Hadosnmunugun AiuReulen (2) Aazifluasasaaiduiu

Y o

4y z
doutanlaf (3) uanunransageylasa

G(s)+G'(s) _ire (Xl +yd)s+ml+nd [+ (xl +yd)s+ml +nd ] . B(s)
&

Tneif

B(s):s(s*)zl +ss (Xl —yd)+sml —snJ +Ss?l +5s (Xl +yJ)+Sml +snJ

=55 (S+S )l +2ss Xl +(s+s)ml +(s —s)nJ

Auald S= jo, wawnsaannulidiReuls (3) anfluassiseile

Yo 20

(o]

. . 20 2
B(on)zza)gxl—zngnJ{ @oX Jw"n} > 0,

—2jo,n  2w:x

ANaNNIg (4.27) raunsnagllion

B(jw,) > 0, Va,>0 < () 202x>0 }

Yo >0

(4.25)

(4.26)

(4.27)

(4.28)
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(i) dwix® —4wn’ >0 (4.29)
< (1) x>0 (4.30)
|n| Va,>0
(i) @, > (4.31)
X

WaRarsuReula (4.30) uaz (4.31) azwudntaulan (4.31) agliifluaseinliwssnd B(jw,) laanndag

Anxeuly (4.27) nanqfe

; n
B(jow,) < 0 e ®, < u (4.32)
X

v @ 1

BaNN"3 (4.32) Tiudnieidulaudng G(s) Tudeutlanliuirvasusenlaezunsulugili 4.1 1anmantis

SPR iaiiiiiaaann

., . A n
G(jo,)+6G (jo,) £ 0 e @, < u
X

0o

(4.33)

1
e 1

#vldaanndasnudeuls SPR (Jauly (3) Tefeinsl¥ G(jw,)+G (jo,) > 0 dwiunndr @, (>0)

@ a

o 2 = | A A o = - P ' Y
Aeuisnasiiatnisnaslrnniiiadesninsessruudszunnlngedengui) Hyperstability 16 sl ldusne
. A Al ° , sy o § val \ oy A
AudszuLtlszinualifiatasnaw ez lunstifnmuadauldifaduilaunaulddAudueunds Rewla

Pieridulauding G(S) avsiasilnnaniia SPR i aziiluiesRauluieanaus lald Saulaaiy
daagudresulldaufiaiunan G. Yang et al. (1993) waz H. Kubota et al. (1993) letinaualu [23] uay

[22] MMNAFL TIAMNRANAIATBINIFATNEH LUNANNTIged e wans i ingavidanlunianuan A
4.4 NISATITALADLSAMWLULNUDNNDILTADSNANT A28 BLTINISINLADS

andesinrewmau]) Hyperstability lusiadenuda masimuimvidanisaulunisinasiiadasnintes

sruvsrANANEAasie lUT
< 1 a % a o o o
441 Uﬂﬂﬂiﬂ’t’]gllﬂﬁu"ﬂ’ﬂ\‘lﬂ']NﬂWﬂ']ﬂ‘LluLLﬂuﬂ'\QﬂQﬂHu‘ﬂ@\ﬁ?Lﬂﬂﬁw@ﬂ‘ﬁ

Tudassuaazyinnisulasszuussseuilavasaianaialussuudszunmaiaanadalugi 4.1 Geuana

v a v a 3 o 6 o/ ] T
aguuLnugdsamaeflluansununudsdanyuaeslanesiandieuanslugii 4.2 Tny [qd qu WAL
G'(s) lugilh 4.2 uazluanns (4.34) nuneieAiianainaasnszuagiamasuasiaidulaudne G(s) Nuana

vuunuddweslnmefnandmuatsiu dwiunisatwanmn G'(S) Tuansldlunianuwan g
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NI L TE G
=GO pup, J@nmem: OG0 e (434

linear feedforward block

G (9 >

]

nonlinear block

o,

3171 4.2 uRanlaezunsnaasAdanaaluszLLsza AN AMSI LB UMY LR TSR SNANT

Wasanuneeflawmeiand M i, azaluuuunu d Sinsaefionees JpM i, Auansuuunugnegals

=~ -

wasWandasiianizasAdsznaslunnu g wndu wnmefdyyruandraesiesdulaudradaduiaullnin
G'(s) ailaniu JpMi (@, — @,,) faziesslsznauanizluunu g wubaaiuuaziaidulaudiannay
auasiudtygrnandnilae G, (S) uaz Gy, (S) winliifinAianainanszuasmmaasiuun d was wni q

ANNAIAL WaNANEHesaINNanuanan s ldlunislssunarauiinemasanannig (3.12) auvaiu

v
o o ¥

PM i, &, TeArunmnaInARanataTesnszualuuny g Wi dasdudygruedsesdalddadutleundy
= oA o .2 a ¥ o qw v o | a
RedlieuAdryyluenu g Wl aanfinananisunevinisagdlddneseuilaundunesAiiananalunns
dszanaAranuidaiaandnyanluunu g Wil duusngasudileiduleudina G, (s) winduninaadeslu
nN9aATlanIN NTedsrULNIaLT A AusaIN1snangluazdnsruuwsauavesARanaa la L

wanslugii 4.3

>

Y

On—>¢—> PMi, [ G},(9) Ko +K, fat

y
el
<
A4

317 4.3 aesevilavesszuuszinaatanaiuuudyninidieenitien (SISO) uuunuaeBalsmasWANT

Weridulauding G, (S) awnsaAman@aInaunis (4.5) du (gnauwan <)
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"+ Xx8" + (@ + M)s+w X+ w,n— (@, + Y) (50,) +(sm)
e[(S° + X5— @ — Y+ M) + (20, + Y)S+ @, X+ N+ {sm, )+ {sy))*]

GL(s) = (4.35)

Tnefimen <Sa)o><sm> uay <sy> wanefeAneyiug (de, /dt) , (dm/dt) uaz (dy/dt) musadu lunsdl
ﬁqiﬂmmmm@xmmmmwjLumﬁié’ wazieridulaudng G,,(S) azgniszunaulddiaaannis (4.36) (an1a

NN )

S’ + XS + (w2 + M)S+ X+ w,N
2 2 2 2
el(s"+xs—w; —o,y+m)° + (20, + y)S+ o, X+ n)7]

IR

G, (9) (4.36)

4.4.2 \@tasmwiazRaulugudniiatiasnw

£
' ' o o

= o = = XA @ o Py =
i:uuﬂixmmhgﬂw 4.3 AAanHUENIEARNNTIATZ N Lasan i uss LU LU LAY U nAdN-aantALn

A

(single-input-single-output; SISO) TaafdnyyrnsadiumnuiieaianazdyynaneanaafimNEalseunu

v T

Tunsdianziiatasniniasiansounaunibiresdauazgudaesiaidulauding G, (s) Tnadouasenesdnnes
Werdulauding G, (S) duaziiluamaaiuiudsuasaaasisaesnduns nasainnsamSeulagiunnud
wnssnntesinaessadunnlaanistseynsld Routh-like scheme [41] Audaridulaudng G(s) uazlitaula

AIUARALUANNIT (4.37) LA (4.38) (N1ANKWIN Q)

i al o @ =~ 9 o & o o aa o
N'auulﬂl'VIQ']LﬂuLL@SLWﬂQWﬂﬂquumqmﬂﬂﬁl'JﬂQLﬂGW'INLﬂnﬂiﬂq'w:

x>0 (4.37)
n2
mXx+ny—— > 0 (4.38)
X

wansansagaulflagdradnTunstinlddnnstleunaundaduns (H, = H) = 0) dhaessdannaziiludasi

weniuiudaresawmasniiadasnnisazdanadesiuiouls (4.37) uay (4.38) agudn (N1ANwIn ) A miuly

o

nstiarldadnsaenailaundu (H, , H)) wediulgsdnsuzantifoessindunatiu Adnsvanstlaunay
ReanuwuuasAasdanAdeenuNawnle (4.37) way (4.38) e lHdqaessadunniiddasnin sesiudqaeeiaidulan

e G, (S) Reilpumbiaginieinuirarasszunuidieiou S aue

Ay

AmiuAunidiresgudues G, (s) 1w wesandrlaednfndenlddnveanisludaniiAgs e

Tildnanauauasianenslszuuaianuialames asiumiiuisaesguiiaunaasileridulauie G, (S)

v
o

azfpsagneiuinaaasssunuideiou S e lkliscuvaaanasnmainnisidadadnungus Tnanisusveneld

o

Routh-Hurwitz Criterion 131 ldRaulanianduuazinesnaisnyiauuagesniuisaasg (Numerator) 289 G, (S)

o

] % £ = £ rdld = da/
ATBEYNIATUTNLUVRTLUNLITITOU S (AUETNHADETNIN (stable zeros)) Fvid

ool

Naulugudniiiafasnw:



92

@,(w,X+n) > 0 (4.39)
x>0 (4.40)
®,N < mx (4.41)

o

Taedl M, N uaz X azauegiuAInIMTeefIoINamefuazAdnTnailaundufinliuandluannig (4.6)

= 1 ‘ﬂl a Y o 1 dj’
uazianaausazNaulagunsnfasanlfssalua

1) fewla (4.39): @, (w,x+n) > 0

TuntlsnasfisnnAnudangs @, ANannIg (4.42)

R+ 1) - pa (L4 )
; &£ oL, ¢

o, U —-—— = . (4.42)

X m+i+i

oL, oL,

waznfansaunlunsdli o, > 0wiausndautaula (4.39) I8lusiidu
o, > O, Wea w,> 0 (4.43)

' |
v A a o

deuly (4.43) liaenndedinanandninany @, egandianndangs (@, < ) iazfiagudaes G, (S)
WA UUINUATINNALND9T T LA UMEEBU S Feaziiume Iidnaesdnsaeanisliusa Pl iganaiin
wasun i guedial wazindszuuilszunnanaanasniwlidnadnmasediude Ky, K, aziidiuinmie
¥ =3

aafnu

awiusadunauwuuliusanlddnistleunau (H, = Hj, = 0) wawnsaaiuanléion

< Py, (4.44)

o v ¥ e v o 4 - o ya
He9RIN @, = PO, + o, MTU @, ariiAtenndt o, Widemenuiadl o <0 Guansliiiiningmn

MnunliasnpdesniuRenly (4.43) azag g NI uLLILAUNASIY (Regenerative region)

2) ewla (4.40): X > O
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T N v " o - 4 e
ReulanasstiuansiistodninluniseenuuuAidnsaansieunauaesdtyoyruaeantanaiaiveyiu
dgsddanmindusuvaivelfutlaananifaasnislszanuaiannusa aaglananisluumdaly Tunsainlsl
fnnstlaundunsadunmazld x=R /(o) + R /(oL,) >0 szuudszninipiniiuiaasinaugen

y oA &
AaasniuRaulailiane

3) Nauly (4.41): @,n < MX

\Haqnineuzesnaweiliasnndesiutenlail azilsngddeypreguduniennnaesszuiuanuau
dadan S denaligdsgaresdowuaesieidulandnn Gy, (s) Negneilviravesszuiudnuaudton s dadnly
WAl tunnngaudduseenuunlidnsaealiuda luszuulszinaifiaaaliAnganenanauauasd

a a ¥
A sruLAzanAL@D TN N LA

Tunsainludlinistleunauiisa

o

&une (H, = H, = 0) wanunsndauteuls (4.41) 1l

. RR_ R
Do Py < (GL +0L) (4.45)

T S

o Sy % - X e o FPN = A a P
fcgmmmuwimﬂmmmmmL\'i@uvlmmmg”luﬂmmmma?mmuuuuﬂ@nm o, Po,, < 0 FeAunaaLlaziA

' £
a Aa o o o «

NINNIWN @, uer P, edlafinifiasaindiaanunadlasiiAidsznnns 3-5% 1e9A1ANdRin Aatiuna
nefailevestenly (4.45) azflAnaglundn 10° luaniAaesnaiinisanileaverlundn 10° Tanafiaziin
AdsgAresaue lifiadasnnlunsiitaadulldenTunnal juin

(2 ¥

annsfiansandeulaieanadinanas lideagiilie wissnmeesszuulszannmnaanagasi
agiuATUMNIsAUIUTTUI LA W e S vaeiaridulaute G, (S) ﬁ@l\m:%u@giﬁumﬂm:nwﬁwmuﬁnm
N'ﬂL[ﬂ’ﬂ‘irTW;ILi’m’]NW?D@%U’]EISL‘LALLMI@?JH"]‘LAM?ﬁﬂdﬁ%ﬁi’]ﬂiﬁﬁdﬁﬁ@
(1) Lﬁ@uﬂl,m'ﬂi'ﬁwmul,ﬂuml,m@f(Motoring region, 0<slip<1) T2UUUTZNIUAIANNISIRZLANLTNN
GHE
(2) U UNNTN N BRU L ABNAIN (Regenerative region, slip<0) Lﬁammﬁﬁwmmmmwmi‘ag'rﬁ'ﬁ

Nd1ANDANGE (@, < @, ) AN AREUTFAILUUNUATININFEIULIVDITTUI LR WIUT TR S

De

e Idaaesdaudnanaenaliusauun Pl Negiqadudsanaeun linisaandedimgudson

a a

I e A '

fanaldszuutszananaaiasniwlianAdnsasnenislsusaazawinlafnu atnelsfiniuim

o % A °

aunsneenuuudnsrenaleunduisiadunadepnmuizan e liauddngpilAteaas

1 ° dld = v v =2 4
uazagneeunIneuRianasnwlindrsaule

a

(3) qan191ulutgiun1siierunuulania (Plugging region, slip>1) MldasandasiuNauly
®,N < MX Az WNAGALALIAUENINAIUIT89ITUNLAUIWT TR Y wazssuLszinniay

N Py o o o A = do ave oA y oy
addasn Il lunsiindmanaenaliudalArguisanannnlidainunegnisinudiasesssuny
Auandsdau S Seinunudunnindinngaudil agaslsfinanainnisiansnsisiaiaalunis

dfiRsmusndsngnisaliifinauldenn
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|
Y

annsdsziinssiusansaallsdnRenlandrdyduiuiatissnmaasszuutlsriiniAiaaug

K%
@ ddalw < '

AoRanly (4.43) NTlAiudszuLAz gt esn AN UL gINTIANNDANGR (@, > @, ) Inefaetg
anaznsnieun ldwdasnwlunsalnldinistleundu (H, = H) = 0) uanslssasialild
WaunuAmninesresnamasiuninuuen n asluannis (4.44) azldraaningmi

o, =0.62pw,, (4.46)

Aualiszuuniaulaaasuanlinanuidonewnes (@,,) agil 10.47 rad/s (100 rpm) wazNIzWANIZAU i, HAN

Wi 5.2 A uaznawaiinasiuluan (T, ) au1n -8.5 Nm ag l9nasnsnatuauanunad lfiniuy
. = L_TL = —8.31 rad/s (4.47)

wazianazliqaNeueessuY @, WAL 12.63 rad/s T9aLAINd1ANATNGA @, (=12.98 rad/s) Senaliiin

he

o a v

AREUTAILLUNUATINIA U 20T LA UIT T U S Aauanslugld 4.4 Tadwmnlddavessoncuau PI
P o a 4 A oo N X o qw = > o
Nqanfianaeuildmguanaimatasnanid wazinldssuutlsznnnamadasnnlsd (ggUnanisdnasanig

NN 4.6 Usznew)
< a
443 °11’|>J1.|L°1mﬂ'ﬂuﬁmﬁﬁlﬁ‘nﬁwuuﬁ‘:uﬁum’mL%"JLL@:LLN‘LI@

FTULATNNUBELLUIDLLATRUAT TN NG @, = @, TUNAINITOUAATBLIIAUDUAT 9N A0

ANNANRUETIAULUI TN LI T ALAZANNIE LA AIaNNT (4.48)

T,=-apw,+b (4.48)
Tnei
. o
e _MGRLr (pMi,)? o E(hﬁ;) (pMiy)?
L R,.R R | wR.R R
oLy, ol oLy oL
(4.49)

ann"g (4.48) 1uannsN@Aunn nanzsnaunsnszyvsanIanIsaianntinlfdnssuulssanuAiaNEaa
= ~ Y e = ' Ao o A a - o ° @ a o
Ppanesn1niialaldatinataian faunnsigainauldaluefniniemeiatasn ndnar A nsl g asa

waldlFuamnafluannisasinataaumilanluaniddsil wanannilisndegnnnsaldannng (4.48)-(4.49) viza (4.42)
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917 4.4 AunisresiouazAuivesssuUlsznuAIANENINNIIN WU WAUNASY (@, =100 rom, T, = -8.5 Nm)
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Wuwnaneluniseenuuudidnsenailenndau H,, H) weliudjuatiasnmaesszuudszunnlifmas s
tauauninaly
= = Al I} I} A = @
ANNT (4.50) uasstivravianveuatissn wlunadin Hy = H, =0 uazgiil 4.5 Aeszuiuzesanuida

A A =2 a ° LA o AW A A
LL@::LL?\TUW'VlLL@@QG\‘]U?LQM%@\‘]"Qmmqqquluﬁlquﬂuv‘l@\iﬂquvnmmL@ﬂﬂ?ﬂqw

R
)2

T - - ol, '(leo) o @50

R, R R

oLy, ol

Tm
‘ A
""‘(\-rated

Unstable region /"

-

Stability boundary
rated - (4.53)

917 4.5 1Enaesgaiulutuaundun i iosnmuwssiiugespuGuazieda

4.4.4 NARNADINTNNIULASHANITNANDY

o
aa a o

TuriadeilisastiuduiedeagUniangu]ninaaiuanasnnaessruudssuiniAnanuiafisanisug
o o a a oA ‘i’ £% d‘d‘ E% 6o < o
aeeNIILkaTRaN IMaaa U lun el iR TuidesiusazneasuunsiinssuuFawsefinanuidaii

. vo 4 B - e de o . - .

nsfuiAdeuNeLAe 19N A3 100 rom wazlifinistleunduifadanm anAIniTAmesreaneLna sy
ANALLIN N LTIEINITDAIUIUANNANNT (4.50) TadnAusadaNve U anadLdd asnInazi AN —8.2 Nm
WAZITULAZINAED AN e U AT ATeaNa e FAININNTN 8.2 Nm Tufidaw

Wanaaaud1annIg (4.50) Hadnugnieaiiaslalunisaianisaliadasnan 19118419090199191U46Y

wananaluglin 4.6 anansliiiudaniszisaiasnmaasszulfimwme sinaausa Wenawasgnaounnly

o

#1947 100 rpm tnedInanuuuduInn -8.5 Nm G9qanieusanatiiuanslisaadnydnenl ‘@ Geaglutn

4

nseunImEfa s NUUITUIUANMS-uwsedinlugUn 4.10 wyRnssunisemadasnna N sadunmuiuls

)

agedarauaINNIIgRaNIeIAIANTIATIRATAYINIEIL s san U Bty uaeansruanazusadinTugUn
4.6 1an1InNAaedaaluglil 4.7 i Reulansinewpaaiuiiliaiiull luuuoniamneaii
o = . o = . oA .
717 4.8 LAANDNHANIIINABINTYINNUN 100 rom NRNsudsAN Inanatingsaiiied enARe LN

lugunamesiazenuAunau azmiulidissuuannsainnuldategnaesludunewes Tuanenlugu
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= o = A = o 1 Ao % =
AUNATUITLILAzINAE AT WAA InanLlszans —8.2 Nm SensariuaAInAulinIamnsg) uanimaasalu
717 4.9 HAnuaanadeiuiunaaaeinsina gL 4.8 wuiu

HAR1AB9N1IMNUINgLN 4.10 wansnmANEzantRraANSuarunresszuudUIAAeY el

'
o A

nsutlsAnlianeted1ain 100% Taude —100% seAriiaTiAIANEFRUANTIINeUnARERN T
ANNLFIEY AzwinlAdnszuLA NI ALANANIEIuAIIeTA AR 19 NEesluTeAIINIEY (150-1450 rpm) 119
TN UNININLLLLN B LB S UAZLALLLE ST WATSLLAZ N AN LTI INTAANNIFIAN (15-120 rpm) Tueinu
AUNAY Wulrlugil 4.10 (n) wanaDsBe9UAT89AT HSNINAATUIUANNANNNST (4.50) IngszutazanaLaTias

=~ o = ' X | ~ = o ' = =
nieganuiaulitureuaaidn il lutdunanamdasnindangn uanimasedlugili 4.11 Jaonuaan
AREIALNAIIAR9N13NN9INgLT 4.10 Ty

917 4.12 uaastssumbsresgudaesisidulauing G, (S) uuszuiu S WanawmasuyufaaauiEa

QU a

B '
aa o

= " c Wy o = = - V= o a =
P9 100 rpm TnadAnTnanAsne) azdunadiulddnnqanienuingn (e, = o,) scigudiauegiqanin 9
AZINANNALDIFIBUAINAT0IERI TN eLF U SNl nA I anaIaTasn1slssuamantuzagfin i waziie

(%
o A

Tuandawiaiinagu (< -8.2 Nm) guidsaiifiaznaneiduguiinliiiafosninegniefuanzedszuiy S uasyin i

P Py
ﬁ‘zﬂﬂmqu@ﬂﬂ?ﬂq‘Wium'éﬁﬂ

445 ﬂ"J’]NMN']EIVI’]\?ﬂ’]EIﬂ’]W‘lI’ﬂ\?Qqﬂﬁ’]ﬂ’]uaﬂK]I?]'HE‘IJ’]EI'Q’]FIQQ'Q%‘@NH@

=

NARNABINIINNNULAZHAN1IN AR L danudq i uanaliiudnaeuunaeadiasninluannig

(4.50) anxnsnarantsnfiadasninaassruulszanaldatnagneies Tnalutdrunisineuniiadosninssuu

dsznnuannnsatfuranuiialszanallluianiengnsedld uazaArandandssunmazgdamuazvinduen
5 oo d e o A , o - . o

ANEIAselungn Tunnansesiudnadassuuiianuludiunainadesnin szuutlseniazliuAinnuga

dsznnuldluianandauazgesnliainataonuiiaseaunssivanaaiosninlungs 4 miulunstingniieu

agireunIeANIIADEININTY (@, = @, ) svuulszinueiaNFazgaliuAtAuEa sz

o = a @ ¥ 5= s ! V=l o a o v o Z’/
@zﬂﬂﬂQNﬂQ’]NNﬂW@qW].Iﬂ\'iV’]".]’WJJL?’JV]‘]J?&N’]Mi@@EIﬂ[ﬂ’]N (@umm GZZ(S) ATBEYNIANUUALNSUNANNNL LIV

]

2
v v A

fmnapananisUiusa Pl denldasuneluiada 4.44) FeluiadetisnazAnmuaziinaandilalungfnssnaes
sruusTanniANANEY 1 AATinuTag UTa UATaAREININASE
Tunrsinaud lafeng Anssnee9sr UL IR LAE AT EININANNEANNT (4.50) 1 L31aziatsun L

wuusnaesusadanmiuaiiounawefandonils (vewef B) Avuanalugii 4.13 GaliAmnsfmadsinecAipes

o o

Auiunimefranalnasas (Howef A) lnouaimaiisaasiiazgnilausosusesuaneaiu (V,) 1919zauus

IHBABFATNINNUBLNAATINIINGA @, = @, (< P,,) 190 IENUNIIMNBLULABNANIW waziielide

fan1gitAuidnla wazannf newmasmidunuuatasamadinaanslusnduns (Weimes B) vineuatn

|
a

anzlFluanfiAracndrinnuafesiuiunewes A fe @, = P@,, (< Po,,) 117 4.14 uanadanninasle

o '

azunINdMILATY AN IesNeme fTtaes AsasiiulAd1ninestensTad B 1oL STINABIAZILAN

S . @ ey 1 o = oA ca o
AnetilasainaAtanuFalnme s ldvindu mm@mmﬂmumm‘lugﬂw 4.14(N) LTINLINUBNALADTATINNY

u ANABNgELaINsnAMInlFdAB Nk UT TR BIRD T
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|Lo(@L,/R)’
1+ (oL /R)’

Z,=[R+jolL] (4.51)

-

nezuagiaef (iy) azdmdsussiusmneifayula tan™ (o Ly/R) uazlnmafand (Mi,) azdmds

nszudawmmes (iy) faayuadl B SeAuanildainaunis (4.52)

1 Sa)c I-r

yugatl B =tan =—tan| —=—= (4.52)

P

sauaazladnlameinand (M, ) aziilanssiuiuussduamaes (V) uaznszuagisimnag (

- v o
Ig) ATANAILLIS

suammefuazlnmasiandiayuma —4 = tan™ (oL /R)) wanshinamas B et luaninglivan

frepraadalameflszanniie azliddufivaud Z, =[R + jo L] wazislamesiandiszano (Mi)
i

Iy = dy a o E% ¥ o o - 94
LAYNIZUAAIAIRATU TN ( s) mﬂuumLmmﬂuiumquiﬁuammmmmeummmmeme

tan™ (o, Ly/R) = - fsuanslugifl 4.14(2) desannunudsdslnmeiand o Ml lussunAeunuluwues

annnunpasuedlapasiandlszuins M E) nanlanAanszud Ny q 19988 LRef9daIar UL AW (Wn

Au ) LL@xLﬁmmnmmmL%f*qﬂ?:mm%gﬂﬂ%umummLuﬂﬂﬁmawdfmﬁ'ﬁ?\mmnmmiw,t,ﬂu q (isq) UAN

~

Ugzunnl (Ig) ﬁqﬁuﬁ‘:uuﬂi:mmﬁwamﬂ?“ummwL?q‘iim‘aﬁm:ﬁm'iﬁmﬂizmmmﬁuﬂ'w?mz’iq widnazea

P a =

A Ranannaeensznaluwnu d faq'ﬁmu (gﬂw 4.14(m))

wraunsnagllddnreunsasaauiiwdasninidugaiienuieg luanasen llannsauanuazany

1% '

WANFNTENININRR FABIFNNNUAeA AN IR LANFA1eTY InsNeuAlanIZANTZLAdLARaT LN g

)

danaaesa N lifianssnnilifunuaniinitiesnandnsusanifaesdonamafieswsydznisldAiauin

NAA iqu —isq TunnsdszanauAnAaNEs
% = a ° = PR Y v ~ o
anAudnlalangAnssuaean IunzeLantesA N E eI NE9E U AN Razuily
tlywatasninaasszuulszanaiainauiiald dednndfuulfausneozanifsessdunauuulius e
W19 N AN ANIFIAI NI RANAT LA AN AT AT BINT T WA LAADFNADAARDINUATRANANATBIAINNLTY

Tawasluynenunisineu Tnadsnsud latyuiiegsoaiuassisae 1) nsdiunlasuianialunisidsiansdion

U

WRFANNANAIATBINILLARLAADS 2) NTLUAsudNHIzaNT RN 9NaTRIaNa s insa1Assnsasnaaunay

o

Ao = PN a P = D) o Ao o o = o ° o
NEIAILNEG Eﬁ\ﬂu'}ﬂﬂquwuﬁqu@5L@@ﬂ1°ﬁﬂqﬁ‘ﬁ@uﬂ@u‘lnmq@ﬁLﬂmiuﬂqﬁ‘ﬂﬁ‘uﬂﬁ;\?Lﬂﬂﬁlﬁ‘ﬂ’]‘Wﬂ\?qzuqL@u@luumﬂﬂiﬂ

4.5 1iFaudigunanisitATzRldfasnWALILERANLINNSIATIZUAEA AU 9

TwidatiisnaziFaumaulEdudananisasziianasnInn betnaua linda ndo A uaanAd e

priny; a cy  add aa o = .
LL@zﬁ?'ﬂUﬂ@qNﬂJ@Vﬂ@qf]ﬂﬂq?']Lﬁ?’]zﬁ@QﬂQﬁ'ﬂuWNﬂq?uqL@u@lu@ﬁﬂ'ﬂﬂfl\ﬂi‘
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1) N1 Hyperstability

A nviadad 4.2 uldnged) Hyperstability azldannsnagianesninaesszuudszannls wilidedwuns
1199¢1991NHANINARaLNa1 Y SPR 1e4dqdaduilanlluniii azidiulddndenly SPR luannis (4.30) waz
& A = v o A = aa aad o = a N o

(4.31) aziflutevlumaafuiuReulagdasn naesszuulsunundma e ilaef anunaua luana Anusie
wanalUANNIT (4.39) LAY (4.40) ANNANFU ANARARARRIRInadtldsiauliiudn@enle SPR lukenlaf

ANAUNINANFUANMNTLAT SN NUBIT LU LT TN AN ANHITY

o

2) NISAATITARULILDAE (Averaging Analysis)

S. Sangwongwanich (1995) [35] l@uniduani1saiAsziaiasn1naesszuulssnniA1ANL3Faea s

= - S oo a o sas o - A o s
NITIATICULLILLRAE ‘Jﬁﬂ’]i"lLﬂ?’]tﬁuﬂxﬂiféﬂﬂ[}ﬂﬂ'mﬂﬁmLﬂﬁ"]&"VILLUULfﬂ@EI UANNITANNANANA (4.4) LAZANNIT

]
a1 e o A

dsznnuen (3.7) neldannsgundndnsaenaliusaiipini deagnldineNeulaniieanedmiuaciud

= A 1 < % ° 1 dn}d 1 1 1 n:l'-a d‘ @A r_‘l'
ADEITNTWLRITELLAD i“éﬁ.l‘].lﬂiﬁ&ﬂﬂéﬂ'ﬁﬂ'ﬂllLﬁ‘fJ"Qzﬁ]@\W}"I\ﬂu'ﬂ%VIﬂ')’]lmi’mﬂ’]@\?ﬂ’)’]ﬂ"lﬂ’)’]ﬂﬂﬂﬂqm TNNABNAU

a1 (4.39) vR991UANERNUEH Dausdndtias WdeasUndaan winldaunsa s lunsainAdnsasnalsusag

]

'
o

A esnsliannuaieliluRenls (4.39)-(4.41) Nldddesninasnann

3) A8nsiszanaszuulimiilui@aidu (Linearization Method)
Famstszinursuylfidudaduiedluiafing lunsiieeesk H. Sugimoto (2000) [24] uaz H. Kubota
et al. (2001) [36] lelszansldanissananlunisiiassiiatiosnin tnanistszanmuannisanianans (4.1)-
(4.2) wazdnn19LszannsAnauiFa i (3.7) ‘lﬁ’l,flul,%qL&fui@mamﬁqmwﬁq WATANHUADTNINABITLTULANNAN
nN13anHuz@NR (Characteristic equation) ufidunAud i uiaz1§na1aienisAaR 2NN B9 TELL
tszannslugnun s uuLRundany wisldduansliifiudinisaeiasnmdenanttasfasuiielauay

o o '

a ‘;( v 1 z a Y ded U lﬂ‘ Y a Y o o o 1
wnnauldatngls wanarniinisiimssisaedsuideaninagnainnsaldesunaldiunisinanusesdnynyinluges
1 %’/ 1 a a d' o 1 k3 v
wALWINTR TlaNnTnesun D e sn N ees L LN NN lugaandne 1A
C. Schauder (1992) [6] ldldn1stszanmuszunlszanurianuilfidudaduseraninaumiiagu
o a = = o \ - JRy Ny )
A waziansandaadasnmaasszuuilszanaanaumibsresguiuesscuulsainnisdszunn Tnaddesagildn
] = p el 1A o . PR ) o P °o o v
sruvdszanipnANEAs AU E@dasn W o nevinauiiaRdat lut s usLNe e fuazin 1
sruvardilyu luFeaadasninlsd uddnszuuintaualae C. Schauder (1992) [6] LA ldasn19lszauan
ANNIFIAREAE MRAS T ldFmdan i ueusuuu LU Aeninawe 1Ll aeil wAnan1394AInsyin L iAeudng
o Y o & a a m‘ﬂl 1 a = ] ] A o 1 :I/
daufariudszaunisniasalundfiannudrssuuazsifiaioymianasninlugun1smianuuuLAUNAS WL
patiwanataazneagllidndsnsszanussunliidudaduiiuanainarldannsneiunaadasn naesssuui

a

Naulutaandnealfuga feanan lildnaniananalaluunansaiidunsdiveas C. Schauder (1992) [6] wlusi

4) qumfj Singular Perturbation

H. Hofmann et al. (1998) [29] #szensfldng i) Singular Perturbation lun1sdiasziiiafiasninaes

a0 e

sruudszinaidtAtmdadag i dunaandusuunuliuda Inalannigiunddyyinianaineesiouls



100

an i (8, €,) Ananauanesilondinasauaneaesdnygyuiianainzesrinnuiialames (Ao,,)

a

wazldiansundneniznenainaesAianainzesramiiilames Insanui lidooiuianaianisluilnsne

1
Y ] ¥ ada !

(&,8,) ldgiindanuzineuntsia (quasi-steady state) uda nanisawmszisaedsilddaagldn svuuiszunn

a a

[ |
a

14 o a a ] o A [ ] o I G ¥ ay yva v = dl
FagsindunailazanaalnasnInlue T UNI IR VUL L AUNASS 1T WY @ﬂﬁﬂi?ﬂﬂﬂﬂ@ﬁ;ﬂ%imﬂwiﬂLL@@\?O\?N@%VHJ

YBINNTUNALAD TN NN AN NENRUSNT LAY

A ' 2'/ < Al a e ¥ a ¢ | o ogally ¥ o
mnwnmqmm‘wum:muimwammLmﬁwLaﬂmmwummuawmi@mmﬂ@ﬂ*ﬂ 1@1&%@1&@1‘%\1’1%

a ¥ o a o

IngnfinusilrendieazaannfesuarATaLAGNNAAINNNIIATZIRIEREN581) wasiidadnineeInimsziin
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TuunilisazinauanisaanuuuAsmnsvenatlaundy naaztinReularesanuiadesnini i

=

Tuaung (4.39)-(4.41) i Muuuani1eluniseenwuudnsaeatlaunduaeadadann e ldsruuilsyunoud

ADININAARATINENUNTNNY UaziTIasigatiieauiiadasn neessruulszanuin lddnsvenailaundun

b

WauelneaAuase9 Lyapunov uazlusisugavinaazifeuiisuiuisniseanuuudniasiadoundulueu

o

=
AU

D)

5.1 98N19aankUUAIARsITENalaunal

nslddnaaenetienndu H,, H, sasdadunanlbminiugudaznfouaieunisiunlasudnwmy
ANTANINATHUI UL LR ABINBLAASN I e ladesnnaadszuudssnnadlasunlasly luniisnasldceu
laafesninaedszuuLlszan (@1N17 (4.39)-(4.41)) WuwanieluniseanwuuAIsns1wenatlaunay RET

dgaadasnnaesszuutlszanaslinau

5.1.1 aAs1ag1glaunaUNULE DA NARITE UL sE N

o

\HasannAumiiaasinaesfadanaiuazavet fuAdasaenatlaundusaeduiu deiulunisaanuuy
o o A o = o Y | e o X
dngveneileunduiieliudguadasninaesszuulszann wanduassesnsmaaaudndnmaenatliaunauiiaan
pdasiuRaulaRadulasiisanad iUt RN @D NIFEUNm (ANNNT (4.37)-(4.38)) vidaly
Ba1N1TneenwULAERNvenetlaund ULl lAsauanaluannng (5.1)-(5.2) Inedmsnasnstiazaan
ARININ AL IANNTLADE TN NURITITRIRIZUNA (RNNNT (4.37)-(4.38)) harHan AN aD8 N N8I Ly

gzu0d (@NN"T (4.33)-(4.35))

: R R R
H = —| Sy (1—g)— |1 +k| X1 + po - J 5.1
S S P o
H, = M%-I ; k>0 (5.2)

T

o ¥ ¥ dzl % o U o o o o o o =3 o o/ s o dl Y o v
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a 4 = % aa
51.2 ﬂ'l‘iW’gquLﬂﬂﬁl‘iﬂ'\W‘ﬂ'ﬂQﬁ$‘UUﬂ‘i$quﬂ’lﬂ’lﬁ‘ll'ﬂ\i Lyapunov
Ausuluiadatinasigadanuiiadosninaessyuulszununlddnavanstleunduluannis (5.1)

waz (5.2) Tnaa1Aedg1e9 Lyapunov 31 ldaunsnldng s Hyperstability Buduisaanuiianasninlunsiiils
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IPNTNUERIIENETaUNALANNANNNT (5.1) KA (5.2) a9lANAT (4.1) LAY (4.2) 1IANNITD g

ANgARANANA L9z e st

g{éH—km/L,-upme) —J/e(—R/Lr~I+pa>m-J)MéHo AwmpM/aJ}['

o
1

dt| €, 0 -R/L 1 + pay,-Jd g, 0 Ao, p-J
\_Y_) ~— — - \_Y_) - ~ JH_J
% = A, 8+ AAX (5.3)

Tunsaiiafiansnniaondaasereslamesipnaed (de,, /dt = 0) wiatunsndsuszuulszniniAiauizs

Tuannng (3.7) T lusdilu

dAw, dao,
dt dt

=K, (JpM i)Té +%[KP(JF’M 'i;)Té:| - Ke K >0 (5.4)

ez liflerfdu Lyapunov (V) 8andlu

V=¢g" Pé+i§2 (5.5)
KI
o
&1 Aw, ~ K (IpMi,) & (5.6)
WAZAINATANLIN B LTLAaN L
(k+De- | I
P=— | 1 | > 0 (5.7)
£
1A nsamayRutaasieridu Lyapunov (V) Tuasnis (5.5) il
Z-Y:éT(AIm P&)é+§TAATPé+éTPAA§+K£ ‘Z—f (5.8)
|

ANENN13 (5.3) 111azlean

XTAATPE + 8 PAAX = —2Am, (JPMT.)' & (5.9)
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WAZAINANNIT (5.4) LAY (5.6) 1Az ls

d ATa
< K, (pMi)e (5.10)

A1N&NN"7 (5.9) LAY (5.10) 131E1N1TTUANANT (5.8) 1A lusiil

N 2
E:éT(A]PJrPAH)é—ZKP[(JpMTo)Té} 5.11)

aInaxnis (5.11) szuutlszannaziiafasninuuugdi (asymptotically stable) dmssnd AL P+ PA, fans

an1TR Negative Definite Wiliiagann

) 2R ks 0
AP+PA, = L, <0 (5.12)

0 0
fauannanng (5.12) weisnd AL P+ PA, Sanauiififlwiles Semi-Negative Definite Taisnazlsdn

O =& (AP +PA)8- 2K, (M8

:—2%g(k+1)||é||2—2KP[(JpMi)TéT <0 13

T
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SufuLLLiUsaRTinnsleundudasAndnsaanaluaunig (5.1)-(5.2) Hiadasnanuuugdi aniufiAnuiaed

qanuwiiuAue (o, = 0)

NOHHUNUAY Lyapunov [43] :

wa

fmunliwendu V(X) damanids Positive Definite waz dV/dt<0 drusumaudsanius

¥

X¢ N waz dV/dt<0 dmsu xe N alsifiidulnas (entire trajectories) lm qjuasmauilsaniuz X

[ o a [~ v o a = a 1 v
ENLIUAANIUA @) 'a"m'ag"luwm N uaa ANUA O ‘*l$NLﬂﬂEI‘3ﬂ’1WLL‘LI1.I§L‘lI'\

o
AAaa

qaniin O Tunsdlilifeqan Am,, =0, & =0 uaz €, =0 WeRiansounannis (5.12)-(5.13) wraziinledn

dV /dt =0 fiseidle & =0 vide
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)
I

(5.14)

satiuiaannsatensdn N lisaannis (5.15)
N [ {&/g =0} (5.15)

aInaun1sAEanan (5.3) e €e N azld & =0 uaz d& /dt = 0 FulleunuatluannisAinnaInes

NITLADLALADT (ANNNT (5.3)) azlFdn

0 = -Ye(-R/L -1+ po,-J)& —Aw,p/e i, (5.16)
WNUANANRUS luaNng (5.16) asluannisAianainvasnszuansysuluannis (5.3) e ls

= (-R/L1+po, )& +A0,pd, = 0 (617

ANAMNANTUSlUaNN1T (5.17) 1naeagd1ddnTunsaln € e N Al d€, /dt =0 Teunnemanudgn €, Az

P 4 -
WnmafnuaAIAn (HearaLasiAanig)
i

TunsiNANDINIYL @, # 0 wnwesnsznansyaullsinns I azdlunnmasnuyuldsaanauise
[0} q q

(o]
®, Aiuannn (5.17) azdluasslafiseile € =0 waz Aw,, =0 Wiy wazisazlidndulnasaesiouls

anuzisnagludn N #e {(é .&,.,Aw,) =(0,0, O)} Wil Aeduanngeiunaes Lyapunov 4198w 191

a

= P N o= vy A Ao o o =~ Ao
ff«lmgﬂima’lﬁxuuﬂa‘zu’]mwmLﬂmlimflwLLUUQL‘D’MMWNQVI’N’M a, =0 Zi”]i)li“i_léluﬂi‘mwm’mml’]\i’m a, = 0

(DC Excitation) 1animafilszanns i, faziflunnmeMnAasd i1 launig (5.17) wluazals udidn €, =0 uas
Aw,, # 0 Fiumadsisunmiuiilidszunasiiefosnmuogdnfiaanaiinauwiniugud edhlsiamug
fv«;mﬁ’muﬁ?zuuﬁiﬁimﬂmﬂﬁmmuﬁﬂﬂm PE sivtinauanaluvinde 4.3

nanalneagtuds anansofiutuiianuiiafosnmuuugdiesszuudssanuildsnmaane luay
117 (5.1)-(5.2) 1#RaeRTU84 Lyapunov ﬂmf’iuﬁf-gmﬁﬁmuﬁmwﬁmﬁu@u?j(a)o =0) wintiu
5.1.3 aps1ren2iaunauUNUAN HULANL AURIAIRILNA

307 5.1 uaasiviumisresguiaesiaidulauding G, (S) Aramisa 100 rpm falugnunnsinanu
LIRS UATAUNAY Wunstifimns 48R enedlaunfunNgNnIs (5.1)-(5.2) TmﬂnﬁiLﬂ?MLﬁﬂuﬁugﬂﬁ
411 aziiulginnaaiildsnanaanatleundunuannis (5.1)-(5.2) Tug 5.1 @zlﬁﬁ@uﬁﬁimmﬁmmmm%ﬂuﬂm

° g A o dJ A o Y & KR ¥ 1 o
NITNWIULLTNDEADTASAUNAINNL mwau%mummmqnm@wmm'amwmﬂ’lmumi (5.1)-(5.2)
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A nnisinuA1dnszens Hy luannis (5.2) adluannislswmeiramadanafi i g uiuuuunue9eeaLn

B (ANN17 (3.5)) 118NN lisaNNg Iama sl iy

annslsinasuandanauuLnuasdsdiaaas lunsainiinisilaunaunse Hy:

~

o : i
d Loa =(—R|+p60mJ) Lw +5 sa

— . — . (5.18)
dt o L, Iop L | 1ss

TuinuaaR e uaNN13 19 e FUaIA AN ALE AU LILUBLNLE 9B lamasNANT (aun1g (3.10)-(3.11)) Alislua

l5magunig (5.19)-(5.20)

o o o Y a ¢ | o ol o v '
ﬂNﬂ']iIiLﬁlﬂ‘é‘“llﬂ\‘l[”l’JﬂﬁLﬂﬁl‘lJuLLﬂuﬂﬁQﬂQTiLﬂﬂiwﬂﬂﬂuﬂimﬂNﬂ']?‘;]’r)uﬂ@llﬂ’lﬂ HZZ

dé, . .~ . Rig
— — + = + ——— 5.20
dt [0} pa)m a)s pa)m Lr io ( )

AxN19 (5.18)-(5.20) wansliiwind g Anssuaesdadunmiadinisllaundusdas H, luaunis (5.2) ax

wWasuanmunldnseuatsznnn (i) suflunisldnszuaaseassnawas (iy) Tunisdszunuanlsmasnand
(Mi,)
Yo e o aul . o 4 - 4 . . .
nsldanmaenetlaunduazin lidaresadanmasuudadllannitin Tus18a NN TnANUI AT LAY
daaa9iidaunslunsmn liensasnadeunauldlaanisunudnsnvenstlounauluannig (5.1)-(5.2) agluiaridu

Taudhe G(S) Tuaunng (4.5) 31azlddn

G(9) =>[(s+R /L)1 - pw, ] '[(s+kR /L)1 +k po, ] (5.21)
&
ﬁ‘hLLWLiwm%wmﬁaﬁqmm‘lummiﬁﬁmaﬂ@unﬁuﬁ%@ﬁ -(R/L, Fjpw,) waz k(R /L, *jpao,,) 31

aAaa

#1 5.2 ugpsdesnunidasuesiadunanAaNEase TnauFaunisusendensiinduaz ldinnstleundu az

winlddnTunsaindinisflaundudouaseresdaiuazasriagh — R /L, lusnzidonaunninaesioazuledn

U
'

< o o aa 1 o a 1 :,/ 1 dl dl v
AINAINEY Po,, Auiulunsiinliinisdlaundu niuiusnaesgdsgasedamuazindaui lunistiaaiu
e A X 4 e o iy 1a XX . . Ao X
ANNIFANINNAUW TennnaANddnsnegdinaasnsain ldinistleunduilazgaaunuaiaaaaninuay
ag1elsininArdnsaenetlaunduluannis (5.1) ezl lunisldeuaselunial§om mezdus
U £ 1 < a '8 1 lﬂl OI/ 1 (=3 s ~ -dl
Feasnanudayarasainnuiaastesiawmes o uiitesannineiallaraauisalameslszunm @, aruisadn
ALAARINAIANEIAN @, IFedelndinesiuuiluaniozsdaieanninuds Amiulunisdiicienaiunsn

Uszannuannng (5.1) Aaaannig (5.22)
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H = | R P B+ s, -3 (522)
ol oL, L,

717 5.3 wanaiivlassa¥waassiapouguuuuiisugesinaanmniaunsdine ldnsnaensdeunduluas

al

N9 (5.2) uaz (5.22) azwiulddnlassa¥ramanaassanqunndsasmilouiulugl 3.9 azuansnaiuusine sl

v o

U3l C (aunswadnaaslamasand) N ldAnszuaassasanaimnas (i ,isq ) Tunnsdszanauanlsimasnand

Faflunannainmsldadnseneiewndu H), luaunis (5.2)

\ V, V.
0 SR 4 A | v B
. -4 Pl + ﬂ Rs 4L +A Axis
|Sq _0 O _? +0 . | Trans *
Current @ Vg Vep
Controller Modified o.M 2/L
Decoupling 2 L
Control
rt--—— === e —— =T — 1
| €eCq !
| ol
| |
| |
[ i !
I > 1 s iy — /l I
| 1l o/P 11 L S/R +1 [
| oL.S/R +1 f SR |
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| Stator Dynamic Isq % E<— |
| T S I ~
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i ls
= Axis | €—
Trans -
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'8 A o < '8 v d‘d‘ 1 %
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77 5.8 uansdednmuranRreundnuazAuEan lFaINN1991a89N199 19U AIANEIFNN AT
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o o PN , = | o o N oA ) @ o , o
svunfanwinaulanludasauifage uazdoeliszuundunifsfiosninwlutiuannudasn lugunisinauuuy
A o d‘ =KX o wa a < d‘ ¥ o < Y
AUNAY 317 5.9 uansiednsuzantifueussdauazauinlianuanimaass azdannwiuldduanay
dl % % o o o d’ 2// 1 o dl =3 =3 0' = Yo
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a 3
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U 1 a ea = dl 1 a = U £ v o 1 = '8 ]
gnsied wiluniediFievaniaesAianianatnreanisinesidenn udazldinistfuAmisdmesatig
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Shaft torque (Nm)
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5.2.1 98184 H. Sugimoto
. o o aa o o A o =
H. Sugimoto (2000) [24] l&tinauedsnisaanuuudnsnenstlaunduielfulgaatissninaesseuy
Uszanae Insuuansluniseenuuuldinannnistssunassuuilseunnsriaansisa g adu waziannandns
8181 UBIFIFUNALNDNN LFANN1IAN UL ANTR U093 LUR 1A D 2N WA TUE N WA N9 UL AUWANN 93T
RanAERIaE 8 lANIAINNNTRATNANNITAN L ANTRIB9s LU 720 TReaN A NN SR sN 8T a1l

naunaualng H. Sugimoto (2000) [24] Nidlawliannisg (5.23)-(5.26)

h, o,

H = (5.23)
"ol hy
M 5 0
H! = L (5.24)
5= .
o MR
Lr
1o
hn’hzz >_i_(1_0)i (5.25)
ol ol,
S+—>- R +(1- 0') +h,
h,=-o,- a L x {1-q-sgn(w,d,)} &5; 0<qg<1 (5.26)
s+ R
L

azwinlddnasdlsznay hy,h, vasdmnmaena H, azrauinpdneiuiuAERaeefiaueluaunis (5.1)
04 h, a uLﬂumﬁﬂimﬂ‘umwmmﬁﬁﬁﬁ”u‘ﬂ@uﬁmmﬁugﬂﬁﬁ@u%’ﬂqeﬁusﬁ@u dmFudnaaeny H, Huasd
AL 1§ ane (5.2)

Tnaiagiluda H. Sugimoto (2000) [24] TéRansauntieadasninaassruulszunuAtamia lun1saan
wunAdnmaenetleundunarldinsnmaeefidaudndlnd e iuioildinauelu (5.1)-5.2) wAdeAsdgiuuy
fisudeusanisiililszgnfd S lunea fim
5.2.2 96984 H. Kubota

H. Kubota et al. (1993) [22] waz G. Yang et al. (1993) [23] WmﬁﬂLLuqﬁmiun’m@ammuﬁmm%’mLﬁlfa
IiraesdadanatAnfuduauyingesdae e nes auntsi (5.27)-(5.28) uansdeAdmsaenatloundu H;

H, annlddaaesdadannianiu k' wirnesdtasweamas

=—(k'-D<- RS R 1+ pao,,-J (5.27)
ol GLr
H,=¢k'-1)q| kK'— R_R 1+ pw,,-J (5.28)
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a9 k' >0 uazr k' =1 snefensainldiinnstlaundy
AINFRTIVENETIFUINEINITDATUI DD LLAAUBIAN N LA LTNIWANNANNNT (4.51) TaTln

1y _ 2
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1+n R
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5.2.3 96984 G.C. Verghese
G. C. Verghese et al. (1988) [30] lAsintduaniseenuuudnsiaaneive lidareadadann ludiuannisg

Anasas 11 huuNTUa W UIYINI89ANAN LA IANANN1IN A UTTAES ANNANANN LS AaLanaluannITh

(5.30) uaz (5.31)

(5.30)

_ Iy Ry R}L
hz{hl+ +(1-0) R

! Lr !
h4={ﬁ-hs—M}-pa)m (5.31)

FaeipNANRUTUR98RT18ne lUaNN197 (5.30) waz (5.31) 1g1xTaendaat1anseanuLLlidnae

sodans ludeuannisasaesiandy K wiiees —(R /L, £ pw,,) Miaald

’ RS R’ " Rf
H = -| ——+@0-0)—— |- | +K'| —-1 - -J 5.32
1 GLS ( G)GLr Lr pa)m ( )
H, = M%J (5.33)

j po,,) wazssumraANTalisnInNas

Qe

naasdadanaazwiniy —(R /L, +]j paw,,) wer —kK"(R /L, £

AunslasaaNnig (5.34)

=2

" )2
- k"-1 (pMi,) o (5.34)
k"+1 R
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o A = > v v X Ny
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sruuAuANANEtaeTiallaziin st Adty oy e aNLR9FIAILANANINIE (Speed
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SPEED-SENSORLESS VECTOR CONTROL PROGRAM
OF AN INDUCTION MOTOR (MAIN PROGRAM)

MODULE : MAIN PROGRAM

Initialize
Initialize all variables
Initialize all timers
Clear all variables
Wait for data from keyboard

Enable time interrupt

Loop here and wait for interrupt only

Switching frequency Interrupt Service Routine
Read motor currents
Input Ig,,Ig, from AID
Convert to rotating d-g axis ( 1 ,iSq )
Get speed command

Get estimated speed from previous interrupt service routine



Speed regulator

Calculate speed error

Calculate Speed Controller output ( i;q )

Current Control
Calculate PI- Control in d-Axis
Calculate PI-Control in g-Axis
Stator and Rotor dynamics
Calculate estimated currents ( I;j , F
Adaptive Controller
Calculate current error ( qu - iSq )
Calculate estimated speed @,
Calculate rotor flux frequency and angle
Decoupling control
Calculate Vg Vg

Calculate dead-time compensated vo

Generate PWM signal

o)

ltage

Find sector of compensated voltage vector

Calculate timing of switching pattern

Return

END MAIN PROGRAM
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Interrupt

Interrupt

LI \I\

500 us —————P>

E Read motor current (16 us)

[[I:I] Speed regurator (15 us)
Current control (10 w1s)

Stator & rotor dynamic (14 is)
E Adaptive controller (10 us)

Calculate rotor flux frequency
and angle (13 w1s)
Decoupling control (39 us)

Generate PWM signal (27 us)
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LL@Kﬂ’]ﬁ'ﬂﬁ‘L’N’]mm@’ﬂﬂ@uN’ﬂui“ﬂ LWNLWNM@@@H?SMQ‘LAH’]?WQ@% °INLL[ﬂﬂ[ﬂ’]\‘iVLﬂQ’meﬁﬂ’]ﬁ‘uqL'&‘LA'P]SLWWJ“II@ 4.3 Ny

pndaEuLaztsAaInnIsUszanle aenelefin luniiisasasae Nasian s TR NIMNIZANTBIANNFA§ U

Q

o/ 4 1 6o 71 o 1 a
(A.1) waz (A.2) waraansululeasudnfaidulandne [SI -A-H ’] HAnuaNtR SPR 1W31231ANEANANA

Tunnsigatiiatiasninazey ludauaasnisiarsananantimvesdoutlaunduluiodedaly

1.2 Popov’s Inequality wardiutaunay

| o T o

ANzl A.1 unaw [37] Anvualddowlddaduileundufidyoniionan [§ €] figa Bidu

Foyayrnsnduardnyaynns ¢ f9m A dudtynyinianesn aanng ) Hyperstability dauflaunduilazsiasaen

ARBYTIL Popov's inequality (A.3)

{[e él]Tg}dTZ 3% . 3y>0,Vr>0 (7.3)

O =y

o

A = A a o v 9 -1
Gﬂﬂg‘ﬂ‘w A.1 Li‘q@’]lm?ﬂLﬂlﬂuLW@N@uWﬂ?@‘ﬂq\?Wuimﬁﬂﬂqu

O ey

{[e él]Tg}dr :f{[e & [1/e —1] Mi (6, -o,)|dr
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_ I{M@; M i}dr_”(asm —w,)& M ﬁ}dr (n.4)
0 &

0

UNALN [37] Wna191Anan1slssuimiAIANEInINaNNIT (A.5) dautleunduazaanndadniy Popov's

inequality (A.3)
cbm:(KPJrK,J‘dt){(JM ﬁ)Te} (0.5)

2t 1R ARINNNTANUIALIINLIINNENNTUTLHIIANANNIEIRINANNIT (A.5) AIN13N 1A NBURNSANaN LN

Tuaunns (.4) Wuuanwingu naname

j{(“’rﬂ;“’maﬁ IMi }dr >0 (P.6)
0

T ~
WALATRINNNELBAUNENEUTNFA AN AB j{(a}m ~w,)& IM io}dr dwlianduseauuandas ez
0

Tdnsuianieseannwes €, dududnedunalildlnonse inliReula Popov's Inequality (A.3) laitluass
Z’/d’l 1 d‘ % 59/ 1y o 1 a rvr—»d‘ allydydsjy
Mt ldannsonazufioyumidly sz lifideyasesnnnesaianainvaslsnasiand €, Tsnadn el
winlvdaranainasnisivgarininaualag G. Yang et al. (1992) [37]

TuumAqnu [23] 284 G. Yang et al. (1993) TaiduunAnudann G. Yang et al. ldnszminisdafianain

o

anang wazldnesnuudlailyun Inaldauenislssuinnnimasantianainaesianefiand € Faapona

o o

WU (A.7)
€ = Mg (A.7)

mﬂiﬁ@mﬁgmﬁ'dw
el = Mmle (n.8)

WINANANTUS U (A7) 1uass Aagyinliignainnmidsunesduiiniameniaasluannis (a.4) nailalug
WaNVNAFANRANAIATEINITLA € uazazyinlidiuliidadutlounduasnndedsu Popov's inequality

Talifluasa wszaniannmes

=

peinglsfA @181 LaA TN ANANAUSIUANNNT (A.7) WAy (A.8

o

€, uay & danuduiusiunsuansluannisiianain (4.2) Tneviudiaulus

Zhe

& =M@, -T)=M[s - A (B, - A -(HyM-AJE]  (no)
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o

Geaziuldilneildudannmes 8 uax & Dlauduiudidenuwauasianidlugluuufsasiingingng
Tuauns (A.7) waz (.8) ”qﬁumﬁqmm;ﬂvlﬁdﬁm'qu"l,u'L%qLﬁuﬂ@uﬂﬁuﬁﬁqm”l,aimmm”mmu Popov's inequality

ﬂz\hqimmgﬂﬁﬁ@mﬁmmxﬁmﬁmmwrﬁfqﬁﬁﬁﬁﬁmuaimﬂ G. Yang et al. (1993) [23] uaz (1992) [37]
fanuiananndeiinansumeazideadnadu uazislanunsnfusuiaaiiosninaneszunsyanniAnAnaEe

ﬁ'fm‘wqt-rﬁ Hyperstability 18
2. H. Kubota AUNMsWgAuLaTiasnIWA835aa4 Lyapunov

H. Kubota et al. (1993) [22] l#3iAs1zsfidDasningesssuulszunuAIAINNSIAa 875399 Lyapunoy

1P BUFUANANNTATRANAIA (ANAT (4.1)-(4.2)) Tasinsndeisle bl

>

dle] [ Ai-H, A|[&] [0 —pM/s-T]|T,
wla | ' ~ | ~ (a)m_a)m) (P.10)
dt|e | | A-HI/M Alle] 0 pa |
~— %—/ (o] A
8 A—HC & AA O

unaanu [22] leaeniaridu Lyapunov lu

A

(wm — a)m)z

.11
K GV

uwazayiutesiiaridu Lyapunov desiu neldiannmgnuindy de,, /dt = 0 lddsluannis (A.12)

T - ~
‘ij—\t/: & [(A—H'C)T+(A—H'c:)]é—2A“’me Mi, | ,A0, do,

°+2

12
P K a0

AN@NNNTEN9AU UnAnN [22] eaenianistszunaiAnaanniasananalugnnig (a.13) e lEmenidesueagn

A7 (P.12) WINFUMaNNANNIBIANNNTRETL

do, K

G T -
—£ & JMi
dt & .

(P.13)

(o]

o

dainlimann1eranderesdannis (A.12) mdelaaman & [(A— HC) +(A-H 'C)}é wniluuazlade

a7Ud1 fsannsnidenadnsaenailaunau H' delfwssnd (A-H'C)" +(A-H'C) LUilamuaniin

q

Negative-semidefinite azinl¥szuulszunmuainnuisasasadanauuuliusfiafasnn
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atelafimunszuaunsigalinesiuiidetiananaluduneunismeyiusaesileridi Lyapuvnov luas

M3 (A.12) wransnsaAaalilasdadiayiusaesieridi Lyapunov NgnsiasasliAsuaunis (a.14)

A
0 N

T ~
N_ g [(A-HC)" +(A-HTC)]e- 2808 Miy 5\ g TaMi 42220 9% o
dt £ - K,

snannve

< \ - T : o { o | a
anannIg (A.14) aziulddnluannis (a.12) insazeawmen 2Aw, €, IMi GuflumeniniinainAtanain

'
a v

raslsmaiiand €, uazuinilfannis (A.14) Ngnsedlunisfigaunuannig (A.12) LAY 3301319 UAN
ANNITIRINANNNT (A.13) azlianunsnduiuladneyiusaesieridu Lyapunov azilnniauiis Negative-
semidefinite n1sui laTymaenanaiiliainisnazinldlnedne neiiiiesainis ldldeyavsesnnuianainaesls
o &= o o = ' A A o a A \ & vy ad
wasfnand €, fAvlusasliauisanaziiuduaauiiaiasninassszuulszinmainanuialasaaitnes

Lyapunov aunlsnaualag H. Kubota et al. (1993) [22]
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WanFuloudne G(s) vuunusradaviyuveslsinesvlidnd

anieunasisidulawine G(S) uuwnudsdeamnasiuannii (4.5) 1asuni 4 Auanslugunis

(€.1)

G(s) :E[szl +(xI +yJ)s+ml +nJ]71
&

[Gu(® Gu(9
T1Guls) Gn(9)

wransnsnAwneiduleuding G(s) vuwnugsdeediameidndiamgusaaanue o, ldalae

G'(s) =TG(S)T * =G(9)|

[GL(s) GLy(9)
T1GL(s) GL(9)

S1=sl+Ja,

=1[s| +@,J]|[(sl +@,d)(Sl +@,d) + (sl +@,I)(XI +yJ)+ml +nJ ]’l
&

L8 40 d][$1 + 50,0+ 0,83 - 07 | +
5

sxl +syd +o,xJ —a,yd +ml +nJ]"

S|

1 [l +@,J]
& (S -2 + X—w,y+ M)’ + (S0 + WS+ Sy + WX+ N)>

-1
S -@’+sX-w,y+m  —(Sw, +®,S+ Sy + o X+ N)
Sw, +®,S+Sy+w,X+Nn S —@+X-@,y+m

*

(4.2)
. S -0l +X-w,y+Mm S, +m,S+Sy+w,X+N
—(sw, + @, S+Sy+w,X+N) S -0 +X-w,y+m
Taed
cosd, sing,
: (4.3)
—-sing, coso,

T=

0, : reynvaslnmeidndiieuiuunuitammeiuaz o, = d6, /dt
AN (4.2) 131agle
1 w,(Sw, + @, S+ Sy + @ X+ N)+S(S° — > + SX— @, Y+ M)

G, (s)=— (4.4)
2(9) & (S +X—w2—w,y+m)? +(Sw, + ©,5+ Sy + o X+ n)>

= X g < = o X g . 2
e m, n uwaz 'y auagnu Pa,, EASIGEISIR R TY w,,MN uaz y QQLﬂH@QLLﬂ?VI“HH’ﬂ%ﬂULQ@’] AN
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falfiifinng o, asamnsndawludlidaannig (1.5)
sw, = w,5+{Sw,) (4.5)

nefl (sw, ) = da,/dt Aednansdauulastesrnainieu wazmazldanudiusluiiueadaniv

Amiuda N1 Sm, SN uar Sy deeituAy AaieauTauanng (1.4) I

, 1 1
Gy(s) == 2 2 2 7 ¥
& (S +SX— @] — Y+ M)? + (20,5+ (S0, ) + Y5+ (SY) + 0, X+ N)

#| 2075+ @, (s0,) + 0,5+ 0, (SY) + 02X+ 0N+
2
(o)

S*+ X - wS— 20, (S0, ) — 0, Ys— @, (sy) - Y (sw, )+ Ms+(sm) |

S+ XS + (@2 + M)S+ 02X+ 0 N~ (@, + ) (S0, ) +{sm)
£[(S + X5—@f — @,y + M)’ +((20, + y)S+ 0 x+ N+ (S0, ) +(5y))’]

(4.6)

msilszanansndulaudie G, (S)

Nal o

lunsdindmsaenetieunaufifemluannis 4.7) Wudrasl nenayiud (so,) uaz (Sy) luaunis
(1.6) azauagiudnIIN19svTaantasANiGalames wannsouansiiuludEdaaadnANANALS (3.7)

uae (4.8) aziiuasedmiuqaineulnedaulug

ol X+o,n [ (0, +Y)(sw,)+{sm) (4.7)
w,Xx+n [ (sm)+(sy) (4.8)

EZ Q‘Q: Y o 1 A (=3 a0 d; $ £ % g"ﬁv a :‘/ 1 dl
wilunsaimiidnsniaisazeanmanuda (de,,/dt) frgeaaRenladefuiifidinaiuaseiausAianug
NNIUNGIAUTIAIAINDARININT (1-2 Hz) 8nfaeti191eenisAuandeiaa gy lunsain H; =H, =0
WAZNBAASTINNUNAIND 2 Hz uazgniseanaiasaerusstiniin (Audadtl o, = 17 radss) Tnaendeiiany

ANNANNNT (4.7) WATAINIIINADTINANLIN N 13781119 AN AT

\
L, ol
R
n= - _ S
pan -
. R R % (29
oL, ol
n=-po,
don _ 59 rad/s®

dt J



A
(@ + ) (50, +{5m) = (@, ~ poo, ) () + S8

= o, do, _ o, doy, 8,500 rad?/s’
dt dt

Tnef

o’ X+o,N = o’ R.R +a)0(—pa)m)—&

oL, oL ol

= w0, 102 B < 50,000 rad?/s’
ol oL,

AMNANNIT (4.10) uaT (1.11) 11agl@dnannis (1.7) wWuase luniuagimannu

do do do
sSm)+(Sy) = —>— T =—=70
| (sm+(sy) = 3P q" "
Tt
W, X+N = cos£+cooi ~ 4,000 rad/s’
oL oL,

S
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(4.10)

(N.11)

(N.12)

(N.13)

AINANNIT (4.12) Uay (4.13) 1azlddnannis (.8) Afluasaduiu aulwsasagdddndmiuganienulag

inld Werdulauding G, (S) aunsnszannilddaaannig (3.14) viagunns (4.32)

(9 = S’ + XS + (@ + M)s+wZX+w,n
2T e(S+ xs— P — o,y + M) + (20, + Y)S+ o X+ N2

(4.14)



165

NANUIN D

A Ao & = AR, Y, s A
Nau"lmm1nJmm3mmwai:nmummmmmmmwmanmmw

o o o =

dhaasfadaunaiisaziatsuazminiudenesisidulauding G(s) Tuanns (4.5) asi@auludlfs

ANNT (a.1)
G(s) =§[szl +(xI +yJd)s+ml +nJ]_1 (a.1)
&

Wasannaulsianimasanunsouanaiunnmesisednuniddaui udowsmnuazaan mszdidend
wnwasiaziEniauaudeioullnnianif Isomorphism synaneriu luntie in1sAuandavesilariduloudne

G(9) druuazdniau azuansiaridulouding G(s) uuiniarwwddanunulfiiuaunis (a.2)

G(s) :3[52+(x+ jy)s+m+ jn]f1 (a.2)
&

fetlugnaunsniansnndnvassindunaldainnug

S+ (X+ jy)S+m+ jn (2.3)

d
a

aziulddnunlu (a.3) asflidndss@nsidusaiuinaden daluaazld Routh-like scheme [41] luniswniRen

Ao o = Y Ao o o o A o o
VL°1|‘VW'1LﬂuLL@zLWﬂQWﬂﬂlﬂQﬁquNL@ﬂﬂﬁ‘ﬂ’]‘w @qM?UWHuWNWNgﬂLLUUWQiﬂ@QIu@NﬂW? (a.4)

f(s)=82+(arl+ ja,)s+(a,+ja,) =0 (2.4)

o

18 NNI0LTEY Routh Array TRsatl

=)

gl

Chalioja—lioaliagn i=12,..

T j=12,..
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d‘ d' o = o [ alld :1 1 ¥ ¥ o a v oA
LL'Z\WN@%DL‘HVW’]LﬂuLL'Z\JZLW?J\?W@@’]V?‘]JWHMWNGL‘H (2.4) NUIMNNUNABLYNWNATUTIE VBN TEUILATUIULTITAUN AR

D,=r,>0 (4.6)
D, = Mg T3y Ty > 0 (2.7)
AMNANNTT (].3) WAL (2.4) 13121590
r11:1 ,=a,=Y s =—a,=—M
Iy =8,=X I =84 = r23=0
L Tl L el (= B0 _
31 - 32 = -
a, X A
-Nn
Xy n— X(—m)
_ Nl — Mol _ X (2.8)
a1~ - :
I3 Xy—n
X
WNUANNNT (2.8) A9 MIANNNT (3.6) kAT (3.7) ez l@an
D=r,=x>0 (2.9)
D2 =Tyl Ty
Xy_
n—X(—Mm
R AL em
X Xy—n
X
2
n
=mx+ny—— > 0 (2.10)
X

ANaNNIg (2.9) uag (3.10) wrawnsaagllsdnReulananiuuasieenad miudanessodananiisdasninge

(A.11)

(2.12)

ansfaagradulunsdinliinisdleundy (H; = H, = 0) watnisafigaiilddndaaes G(S) avaen

AdeInNRaule (a.11) uaz (a.12) uazi@dasnnuuugdnldlaanisuny m, n, X waz y anaunis (4.6)
(lunstdn H, = H, = 0) adluannis (a.11) uaz (3.12) Geazlsan
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oL, oL

"RR[R.RT R

_EGLJJLS-FO'LJ +(pon)
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a ¢ A ! Yo v Y = .
mﬁwqc‘nmaaﬂﬁmwsumnumJ55u1mﬁﬁl‘namwmﬂi’]eunauquya Hyperstability

Tunanuanilignarivgatliatissninaesszuulszanuaiauidanldanaeailaunduluannis (5.1)-
(5.2) Fiaemn ) Hyperstability TuduwsnisnanunsaaiuanAInidmes N uaz X 4 miunsaindnistleundu

léimapialyil

ANRLINLRIAT N Baz X 1WaNn1g (4.6) Tusninndaw sl

n=|:5(hz’ +ﬁ)_ pa)m(h’+i+i):| (@.1)
L, &£ oL, ¢

e R R

x_{h,+0|_5+al_r} (2.2)

wazanANERIasnetaunauluaNnng (5.1)-(5.2) 191

H/ = h', _r} =— i+(l—a)i 1 +k i-I + Pw,, - J (2.3)
LA R TR R I
! _hl
H, = hf ;! VLY k>0 (2.4)
h; L,
al@an
n=0 (2.5)
x:(k+1)5 (2.6)
Lr
anniiewla SPR 1 (4.31) 7idn
n 2
w§>(—j . Va,>0 (2.7)
X

WNLANANT (8.5)-(2.6) adluaunng (2.7) azlsdn

@.>0 , Vo,>0 (2.8)
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Rawuly SPR Tuannns (2.8) axldaanrdasfianudminiugud endudnslasuriemungaannisain «>"
> Gefpentsaneulalddeuaaiuidanly Positive real (PR) 881N17 (2.7) %38 (2.8) Aaziiluade fatiy
Heridulaudneg G(S) asluifinnianti® SPR witinniant® PR Wit Felunatiiingw]) Hyperstability flangeiugi
Aniadasn wtessruulsruanAtaauiald wiliarnnsovenlddisruuarfiadasninuuugudi
(Asymptotically stable)
= DX = - | & o N oA Y g oo
neusidmn ) Hyperstability azldannsntiudunanuiiadesninuuugidivesszuulunsdinlddnsm

«

wgnatlaunauils uadlaliuuanisunsetnedniunisdeniersdu Lyapunov Misanunsasinld 14 lunsivgasd

C

WRUIN NARERTIRY Lyapunov Tusiade 5.1.2 fasallil

AINNOEJUNATHUES Kalman-Yacubovitch [38] 7191

19 [A| ,B, CT] \{lu minimal realization sasWsidulaudng G(S) NdAmManTR strictly proper uaz stable

Yy . X o
bR mﬂmmmiﬂmmwj@ﬂum

X) G(S) dRmuantis SPR

J) azilweEnd P uaz Q Adlnianiif Positive definite

PA, +AP = -Q (2.9)
PB =C (2.10)

aangd (4.1) wagldiaiiulendne G(s) lunsaindinisilaunduiiy

1T L1/

G(s) = [sl-A ], (2.11)
0 x4 - 4x2
\_Y_} H_J
Cc’ B
vﬁ”qi%u
A, - —k(R/Lr-I—i-pa)m-J) —1/5(—R/Lr-l+pa)m-J)
B 0 -R/L 1 +pw,-d |,
B |/&
- 42
I
C' = (2.12)
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TnuanAunmaniAaed Isomorphism seudniigiionmediuiEniauauwidedau isnaviatsuwssnd A, B,

war C lulipgfawudstewdu A, B, uaz C' unu lag " wunadawssndluligisaiuiuideden o

LaAalANNT (2.13)-(.15)

A_| _{_k(R/LrI + pwm‘]) _1/5(_R/Lr'| + pa)m‘]):|

0 “R/L -1+ pa,-J

isomorphism A, - |:—k(R/Lr + j po,,) —1/8(—R/|—r + ] pw,,)

0

[ isomorphism 1
-1 4x2 -1 21
C = P} isomorphism C = |:1}
0 4x2 2x1

RINANIANLIR isomorphism 1AZITEUANNT (2.9)-(2.10) ATy

PA, + AP = -Q
PIB! — CI

Tneniwssnd P’ uaz Q' Aewsisnd P uar Q Muanslulfgianuwdeon

P,{pl pz}
P. P

wazlddn P’ aziinouant® Positive definite fisiaiila

Avue

p >0
Loy PP~ p; >0

ueEsnd A, luaunis (2.13) uaz weisnd P’ luaunis (2.18) unuasluannis (2.16)

_Rr/Lr + J Poy, j|2x2

(2.13)

(2.14)

(2.15)

(9.16)
(2.17)

(2.18)

(2.19)
(2.20)

alfan
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kR

o Jpa)m) 0
A,-{*P,+P1Af_| — LI‘ |:p1 p2j|
LR jpo,) e, | P
e L " L, "
. 1 .
_k(5+ Jpa)m) __(_5+ Jpa)m)
+|: P pz} L, e L
p2 p3 0 _5+ Jpa)m
Lr
k .
28 p 2t kD)4 poy)
B , & L,
2 kD) pay) 2R (P
€ L, L ¢
=—Q (.21)
AnaxnIg (2.21) wiagldsmssnd Q' avilamuanii® Positive definite Asiaile
2kTR p >0 (2.22)

T

(el 2om) (Bewrn ([ smr)so

T1ANNNT (2.14)-(8.15) wnuaalugannis (2.17) azléan

I RH

N30
P =1+p, (2.25)
£
p = (9.26)
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anannissnedesuasldReulalunisaenesflsznausineaeusindg P’ isuun 6 aunisheannis (.
19)-(2.20), (2.22)-(2.23) uaz (2.25)-(2.26) anenla (2.22) warlddn p, >0 uaziiiatinaunis (2.25) unu

aslutaula (2.20) wagldReuladmiu p, A0
p>¢& (2.27)

T1ANNNT (2.26) Wnuadly (2.23) 13r1azlsian

2

2
—(—£i+(k+4)p{) {? +(pa,) | > 0 (2.28)
& T

AInaxnIg (2.28) desiuaziiulddnaliannsomdn p, vise p, lav AnnliReuls (a.28) fuassls nanape

a_ &

wldanwnsni@enwssnd P uaz Q' fillnuaniif Positive definite lfaanadassuannis (2.16)-(2.17) 1
Ay o X Y o v a LA ' A oK A A Vo
uanliiaanrdasiudeasiainngu]) Hyperstability Nd1aldansntiuduienuiiadasninuuugidizes
sevutlszanaulunsaindnistleunduld etelsfinlunsditiisnainisoidenmesnd P’ #viald Q' Hanianiid

Semi-Positive Definite 161 Ine/ 15

_ﬂ+(k+1) p, = 0 (2.29)
&
AN (2.25) LAY (2.29) 1314 1Fqn
p = ﬂg (2.30)
1 k .

LAZIINAINNIOAUIIAT P, UAT P, AINANNTT (2.25) uaz (2.26) Muazarnisadswwssnd P’ uaz Q' Id

o

X
JU

I 2+l e 0
p—— 1l >0 o= L >0 (2.31)
&

r

0 0
azwinlddnlunsaimeeulanli Q' dnmanii® Positive semidefinite waa weisnd P' azgnanialidaAwvindun

wansluanng (2.31) Wil wazlneandannaniis Isomorphism agldmssnd P luliginneesidu

[keDet

P=— Q.32
k [ l~I (832
&



173

v a & aal, o o o o =) d a 2 aal o Y
wazisnaglfwmand P Blunsidenileridu Lyapunov dmiunisfigaillanasnindagdaves Lyapunov Tuviade

5.1.2
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Abstract

This paper presents a novel
approach for the speed sensorless .vector control systems
based on the Routh-Hurwitz Criterion. It is shown that
instability  may occur in low-speed region with braking or
regenorz?ir.é operation. It is also pointed out that the stability
can be rendered by assigning an appropriate feedback gain of

“the flux observer to reduce the unsiable region.

1. Introduction
in the recent years, stability of speed sensorless vector

~control systems” has been studied extensively using various

fanai\;zirﬁg toals [1},12]. The linearization method in (1] pointed

~out the existence of unstable zeros in the motoring mode
- which may induce unstable operation.. Nevertheless, this
method is valid and useful only ‘or local stability analysis.
_ Another approach is by using the averaging analysis [2]; which
15 very powerful when adaptive gain is small
“in [2] indicated that instability wili cccur when the operating
~frequency goes’ lower than the crtical
therein However, for & high adsptive gain, this averaging
analysis can no longer guarantee the stability Therefore, in
_this paper we will introduce a rovel approach to stability
,y'anreiysis based on the Routh-Hunw'iz Criterion.  The proposed
~‘method gives further insight into th2 behavior of the system
at nigh/iow adaptive gains: And it is shown how the unstable

~zero afiecis the stability of the syster. The analytical and

“simulztion results obtained include and agree well with those
,,yol the twe methods in -[1], [2] menticred above:
2. Induction Motor Model
i Tne inverter in° AC drives can be cateyorized as a
uc}itage source type inverter or a current-conirolled Inverter
depending on whether it contiols tne stator voltage or current
of the motor. In [2], the fcllew
induction” motal has been introduced, and we will use that
same framework throughout this rJa';-er.

The mode! of the inducticn motor.used in this paper
for the voliage source type inverier  is. expressed on the
stator reference frame ( ¢ — f3 axes) by

stability  analysis.

|, and the results

frequency derived

ng generaiized model of the

4 {1
,7=/1111s+z4121~r+31w ,
d (2)
14211?4'/422/17'
wherein ) '
Aiy=m 2,42 1 xq2
h1=—(Re+Rp ML) oLgel,  o=1-M“/L;L,.
A =R/ Lyg)el —poy,/ce], Bi=1/olg
Az}z(iMR?/],,_}tf A22:~,5;4]2, g:O—LS_Lr/M

v ¢ stator voltage on ¢ —f axes

i¢: stator current on g~ - axes

Ay rotor flux on @ f axes

R stator resistance R, rotor resistance

s stator self-inductance L, rotor self-inductance

- M mutual inductance =d g, /di:rotor speed
m (L

P number of pole pairs

For the current-controlled inverter, we introduce an augmented

output, pseudo flux 47, defined as:
dX,  dA,
e == T
dt dt ~1LA
L . -
sz’;( ~Ryig—o Lysig)—TLA, @)

which together with (2) gives another current source model of
the motor to be used with the current-controlled inverter.

3. Adaptive Observer

Using the models introduced above we can then built
adaptive observers which estimate the rotor flux and speed
simultaneously as shown in the following.

Firstly, an  adaptive observer. corresponding to - the
voltage source model (1) and (2} is consliucted as:

_sfs= ,-"1]];S-FAA]2£’.+B]V‘S'/I{’](?.S"i‘\;) {4)
—H'Q(* —ig) ©)

)(ZS 19) p‘]';{'
(kP’k]>O) (6)

~ ~

sA.=Ap1f s+ A1,

“in B (kP



s

For the currentsource model, we use another adaptive
observer given by:

sip=Agist Ay A —Ho(A.— ) vl
SA= A>21i5+21222:r“ni’}.—H[(/i’,ﬁ‘ﬂ'r) ®)
G = (kp+kpldy o207 pJ A,

(k e, <0) 10

The overall speed sensorless vector control system with an
adaptive observer Is depicted in Fig. 1

VSPEED

FUMMAND SPEED | | vecTOR INDUCTION
Lk lconrolier CORBHDL MOTOR
FIELDy: =B
COMMAND T
ESTIMATED VOLTAGE
SPEED ADAPTIVE
OBSERVER ¢~_—._J

CURRENT
Fig. ¥ Speed sensoriess vector control system

4. Stability Analysis
, From the equations of moter models and observers, it
-can be derived that the estimated cutput error will satisfy the

~following equations:

~output error e = G(s) p,}'/‘;b r ((,:)m = @y} {10}
N -1
G(s) z};{s‘i +s{xl + ) +ml+ nJ]
_:!UII(\“S') (r]j(.f)i an
16219 G
~ where
ey =1, i
R, I L : I ‘
m=[——h F——+—=V+ po_ (B ,+—)|/ (&)
L~ oL, ¢ T8 ’
Rr - h" 4 2 ]Q\‘ hl 3 P
n=[—",+——)-po, (I +——+—/ ()
L.~ % ¢ oL, &
L (RAFR ML) R,
x={h I-‘:—T“M —Z—*z;’]/(.z;)
y=ll".~pao,]l () (12)

~for the adaptive cbserver correspending to the vcltage source
th

“model with error feedback matrices of the form:
[hy —Ho | iy kg
=] L Ha=l,
Ly Ry =y W3

or

e, = /’t’r»- AL

Ny .

m :——]— “(hy=hatm)+ pay(ho-hyg)
Ly L

R , ' ,
n:zr—(h2~h4)~pmm(h1——h3+7r)
r

R
x=h1-’:‘7r+—]:zf y=hoy—poy (13)

”
for the adaptive observer of the current source model with the

Hurwitz matrix TT and error feedback matrices given by’

[z 0] [hy kgl [hs —hg]
=, n}’ e N e VT
respectively.

The closed-loop system composed of the: output error
transfer function together with the Pl speed estimator of the
adaptive observer is shown in Fig. 2. This will be the basic
block diagram used in the stability analysis.

linear feedforward block

i
i
!
i
|
i
|
i
L
I
¥

fw=pdi

nonlinear block
Fig. 2 Block diagram of output error in adaptive observers

The stability analysis of the speed estimation system is
usually done by the linearization method with respect to a
certain operating point [1]. The results in [1] pointed out that
unstable zeros will occur when the motor operates in braking
region at a low freguency. The systern will, therefore, be
unstable if we use a high adaptive gain for fast tracking of the
speed, because the dominant poles will be moved toward
those unstable zeros. The validity of this linearization method
is, however, limited only to the small signal operation. Another
approach discussed in [2} is based on the hyperstability theory,
the passivity of the linear feedforward transfer function, and
the averaging analysis applied to the output error system
under the small adaptive gain assumption. The result  obtained
is the necessary and suflicient condition which states that the
system will be unstable if the operating frequency goes lower
than the critical" frequency derived therein Usually these
unstable operating points are in the reg»;memt'iue region.
Although this approach is very powerful, it is inapplicable when
the adaptive gjain is high. The weak points of the two methods
aforementioned stimulate us to seek for another approach for
stability analysis which is described step by step in the
following.



: First of all, the block diagram (Fig. 2) of the estimation
- eror system is- transferred to rotor flux reference frame. as
~ shown in Fig. 3 by using the @—f to d—g axis
- transformation matrix 7

[ cosf, sind, |

7= (14)

—sinf, cosb,

~where
- stator frame.

8, is the rotor flux vector’s  angle referred to the

SN
i
< |
i
I3
i
i
i

i e b

)
T I
FI 0 7 nonlinear block
P[ 2
Ay

- Fig. 3. Biock diagram of output error in adaptive observers on

rotof flux frame

: Here, (7'(s) is the linear feedforward transfer function
G(s) expressed on the rotor flux frame defined by

[G 1) G pa()]

- , (15}
L{ a8y G oa(s)d

G'(s)=TG()T

Because the regressor vector P'U:i' expressed on the
: 1otor flux frame has E’rg component only on the g-axis, so does
the input of the linear feedforward block.  The transfer
input are ('?'12(\\% and

“functions that - carrespond to this

'(}’22(5} Furthermore, it can be seen that the nner product
: réq_uires only the output error on the g-axis to calculate
17;’5“:-!(’)‘3@‘ Therefore, the input to the nonlinear feedback
block is just the g-axis output error, As a result, it is concluded
_ that only the signals in the g-axis form the closed-lcop system.
~ This means that only (j'99(s) is involved in the stability
analysis of the speed estmation. system.  The closed-loop
system can, now, be simplified ¢ be a single-input-single-
output (SISQ) system shown in Fig. 4.
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Fig. 4 Block diagram of SISC output error system on rotor

flux frame

In addition, if the rotor flux frequency is varied slowly
and -can be neglected (dw, /dt ~0), such as at a fixed
opérating point, then from (10) and {15), G’»9(s) is calculated
to be: !

G'oa(9)=
S +x s’ Hol vm)s+ol x+o,n
(8 +xs~o} —w,y+m)’ +( 20+ +o,x+n)’
{16)
where @, is the angular frequency of the estimated rotor flux,

- The error sysfem depicted in Fig 4., now, enables the
stability analysis to be carried out easily. Since we usually
have to select a high Pl gain to obtain a fast tracking of speed,
the location of the zeros of (3795 (s) must be restricted to the
left-half plane only. To determine the:condition for all roots of
the numerator of G'99(s) (zeros) to lie in the strictly lefi-haif
plane (stable zeros), we apply the Routh-Hurwitz Criterion and
obtain the following necessary and sufficient conditions:

2
WDy, > -;
x > 0
w
won < mx A
R

where m, p and x depend on the adaptive observer being
used and are previously shown in {12} and (13).

5. Simulation and Discussions

In this section, we will discuss each condition of (17)
and compare with the results in [1} and [2]. Simulation is also
carried out to verify the validity of the analytical results. The
parameters of the simulated system are given in.the appendix.

Firstly, the right-hand-side term in the first condition of
(17), 0w, = -nlx is just the critical frequency derived in
[2]. i the operating frequency goes lower than this critical
frequency, an unstable zero will appear on real axis and the
pole at the origin of the adaptive Pl gain will move toward this
unstable zero as shown in Fig. & and 7, for the voltage and
current-source model, respectively. In this case, it can be
concluded that the speed estimation system will be unstable
regardless of the adaptive gain used. The simulation results
shown in Fig. 6, and 8 confirm this analytical result. Note that
the speed enor of the voltage-source model in Fig. 6 does not
diverge, but approaches a steady-state non-zero valué,
instead. This is because the critical frequency, which depends
on the rotor speed, and the operating frequency are changed
continuously during the transient response, and finally become
equal. The unstable zero on the real axis of (G'q(s) then
becomes a zero at the origin which cancels out the effect of
Pl gain and causes a steady-state error.



, As a counter measure, the output error feedback of
the adaptive observer together with a small 7 can be used to
_enlarge the stable region to render the stability.-As concrete
‘examples, we select H’ 170, H'o=—-09Rge] in the case of
- the voltage-source mbdel, and 7 =001 for the
~source model. The cdrresponding polefzero aliocation and the
simulation results are shown in Fig. 9, 10 and 11,12
~ respectively. We can see that there exists no unstable zero
',f':and the systems work properly in both cases.

The second . condition. of (17}, x > @, poses a
design constraint on the output error feedback. When there is
- no feedback, this condition always holds. If the output error
feedback is used, this condition has to be taken into account
by considering the relations {12 and {(13] for each modsl.
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Finally, if the third condition of (17} ws; n -~ > m x,
is_ violated, for example in the braking operation where slip is
greater than 1, the unstable complex conjugaté zeros  will
appear. These unstable zeros will cause the dominant complex
conjugate poles {in left-half plane closed to the imaginary axis)
of G'99(s) to.move across the jmaginary axis toward them.
As a result, the higher adaptive gain we design, the more
unstable system we obtain. This result coincides with that of
[1, but only in this paper is the exact condition given. In
normal operation, slip’ frequancy is only about 3-5% of the
rated frequensy, so in the case of voltage source model where
¥ is of the order 702, these unstable zeros can hardly occur
and the system will work properly as shown in Fig. 13 and 14.
On the other hand, in the case of current source model, a
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~-small- rotor-time-constant motor will' satisfy this condition,
~whereas the high rotor-time-constant motor-may be confronted
- with instability as shown in Fig: 156 and 18. Although, we can
, moderate this situation by designing a small adaptive gain, the
. -speed response of the estimation will be too slow to be
 tolerable.

6. Conclusion

, In"this paper, we investigate the stability of the
- speed sensorless vector control systems using the Routh-
Hurwitz Criterion, and derive the conditions for the existence
of the unstable zeros which, in turn, cause the speed
estimation system to pe unstable. Our approach
well with the linearization method and the averaging analysis

conforms
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previously reported. Simulation results are also shown to verify
the validity of the analytical results.

Appendix

Motor Parameters

Rs=0277Q K,.=0.183Q

L.=00553H L,=0056H

M=00538H  J=001667Kg—m> p=2
Adaptive Gain
Kp=1  Kj =340 - ({for voltage source madel)

Kp=-284*%10" K, =-142%10"

source model)

{ for current

a 15
+ Pole : H
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A0 : g

o

in) Axid

el Rag

Fig. 11 Pole/zero allocation with regenerating operalion using
current-controlled inverter with smaller 7 , (z = 0.01)
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Abstract— Tn this paper, we propose a novel stability
analysis for speed sensorless vector control systems based on
the parametric approach which results in the analytical
necessary conditions for stability. It is polnted out that the
systemi ecan be unstable in the low-speed region with
regenerative load. Assigning an appropriate feedback galn of
the flux observer, however, can render the stability and
reduce the unstable region. As a guideline for - designing the
adaptive PI gain, it is shown that the integral gain
determines - the - tracking speed of the estimator during
‘acceleration/deceleration  while  the sensitivity to - curreat
measurement noises depends on the proportional gain. In
addition, to aveid am oscillation in the speed estimafor, &
suitable corner frequency of the adaptive PI gain i¢ required
as a design trade-off.

L Introduction

In the recent years, a large number of speed-
sensorless drive systems have been developed and applied
to several industries. Among them, the popular approach
to estimate the rotor speed is based on model adjustment
methods, and the stability limitation of which was pointed
out in [1,4]. However there are two important problems
which remain to be solved. Firstly, the results in stability
analysis were constrained by the linearization or averaging
process. Therefore, in this paper we will introduce a new

approach for stability analysis based on the Routh-Hurwitz:

criterion which gives exact stability conditions covering
also those mentioned in [1.4].

Secondly, the adaptive gain of ‘ the speed estimator
is often found out by trial and error due to lack of design
criterions [2]. Thercfore, a design  guideline for the
adaptive gain taking into account also measurement noises
will'in addition be given, We can, as a result, design a
suitable speed estimator to achieve the performance goal
which will be confirmed by experiment.

IL. Adaptive Observer
_ Following  the induction motor model for the
- voltage source type inverter, we can express a full-order
adaptive observer on. the stator reference frame (g ~ g
axis) [3,4] which estimates the rotor flux and speed
simultaneously as

d?s = Py 2 = -

ds_ ; 5 - 1
dt H's+Al2lr+Blvs Hl ('s Is) ®
":}ﬂ i Ay A 1) G 1) @

,,-(kp+k,Idz)(z,—z,) ik, ik, k>0 ()
wherein

0-7803-3823-5/97/310.00® 1997 IEEE

583

Ay=-(Ry+ Ry M2/ 1) 1o Lol
/312 "'(Rr/Lrg) ol - pdylees

Ag1=(MRy 1 L)o1, Agp=—cdpp
B=VoL,o=1-M2/Lsl,, e=0cLlsL. /M

¥
H, ,H are the observer’s gains, and “ A“ denotes the

estimated value,

~The overall speed sensorless vector control system is

depicted in Fig. 1
III. Stability Analysis

From the equations of motor model and observer,
it can be derived that the stator current error will satisfy

the following equations (see {4,6] for further details) :

e1= G(8) P A r Gy — ) @
G(s) = -i[s’I + 50 + ) +md + 1]

[Gn(S) G129)] )
61 )

a
= -

& =1, -,

'R’
= ['Z'(h'l

where

p L 2+ _)]

R,
=l z+"£—‘) - po, (B +

ol,
={A R, - y=[h,-pa,]
= ’+0'L,+0'L,]’ - i

I L 2 R L
Hl"[hyz hl‘ le"l-hr‘ h:} J (6)
It should be noted that equations (4) and (5) are the
general form of error equations for most model-adjustment
based speed estimators. As a consequence, we can apply
the analysis - given - in- the following to those - speed
estimators as well. We can see that equations (3) and (4)
form the familiar closed-loop system composed of the
output error transfer function G(s) together with the- PI
speed estimator of the adaptive observer as shown in Fig.2.
To carry out the stability analysis easily, we will transfer
the estimation error system from the stator frame
- ) to rotor flux frame (d - 4), and then simplify
the error system to be a single-input-single-output (SISQ)
system considering also measurement noises as shown in

* Fig. 3 (See [3.6] for more details). G., (s) is calculated to

be

PCC-Nagaoka '97



Gp(®) =
Lrxfa(l+ms+alxtaon M
—e[(F +xs-f ~wy+m)’ +({(2o, +))s+ 0, x+n)’]
where @, is the angular frequency of the estimated rotor

flux.

Since we usually have to select a high PI gain to
obtain a fast tracking of the real rotor speed, the location
of the zeros of G'py(s) must be restricted to the left-half
plane only. To determine the condition for all roots of the
numerator of G*95(s) (zeros) to lie sirictly in the left-half
plane (stable zeros), we apply the Routh-Hurwitz criterion
and - obtain  the following - mecessary and  sufficient
conditions:

a); >o,= --z— (critical frequency)l (8.A)

x>0 8.B)

(8.0)

@,n < mx

where B2, 1 and X depend on motor parameters, and
feedback gains H{ , H; as given in (6).

If the operating frequency @, goes lower than
this critical frequency @,, an unstable zero will appear on
real axis. The pole at the origin of the adaptive PI gain will
move toward this unstable zero as shown in Fig. 4, and the
speed estimation system will be unstable regardless of the
adaptive gain used. This unstable phenomena corresponds
to the operation in generator mode with large enough
regenerative load which usually occurs in the elevator
application. Experimental results in Fig. 5 demonstrates
this phenomena. The motor speed command is 120 rpm
{12.6 rad/s) together with regenerative Joad Ty = -9.7 Nm
and slip @,; = -11.7 rad/s, and the operating frequency @,
must be 13.5 rad/s. In this case, we set the feedback gains
H: H; tozeros and it can be calculated from equation
(6), and (8.A) that

Po, 9
©=—RL,. ©
LR,
According to the motor parameters in the appendix, the
operating pointw = 13.5 rad/s is lower than the critical
frequency (w,= 0.66 pw, = 16.6 radls), and the

instability of speed identification results in speed error and
the exceed torque and slip command (7= -11.5 Nm, o, =
-14 rad/s). Fortunately, the speed error does not diverge,
but approaches a steady-state non-zero value { = 35 rpm),
instead. This is because both the operating frequency and
the critical - frequency .depend on the rotor speed  are

changed continuously during the transient response, and
finally - become equal at new values m;,co;. The new

operating frequencyw, can be calculated from the
experimental result as @, = pd +a) = 2¥12.6-14=11.2
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rad/s, while the new critical frequencyw, is given by
equation (9) as :@_= 11.2 rad/s. The unstable zero on the
real axis of G'95(s) then becomes a zero at the origin
which cancels out the effect of PI gain and causes a
steady-state error. Normally when the instability occurs,
the operating point of the system will move onio the
boundary between the stability and instability.

This analyucal condition  does agree with the
result - derived by the averaging analysis [4], and an
appropriate output error- feedback gain of the adaptive
observer (!, H} ) can be used to enlarge the stable
region to render the stability as shown in Fig 6, and 7
(w,= 0.5 pw,. = 12.6 rad/s). There is, now no unstable

zero, and the motor speed can be regulated with the torque
command corresponding 1o load.
Since the boundary for stability is the point when

w, = o considering that @, = pay, +a, and @, ='-lg—9’-‘!—

+7
when 77 can be changed by feedback gain h3 » We can find
that the stability boundary is given by

QO+ R,

7 o4, |
From the condition (8.A) and equations (6), (10) we can
compare conceptually the unstable region on the forque-
speed plane for the systems with and without error
feedback as shown in Fig. 8.

Fortunately, for normal rated slip frequency and
motor parameters, the remaining conditions (8.B, 8.C)
always hold. The condition 8.C is similar to the one
derived by linearlization method [1] which can cause
instability for some system as well. (See [5,6] for further
details)

T, 10

IV. A Design Guideline for Adaptive PI Gain
Following the block diagram in Fig. 3, we can
give a design guideline for the adaptive PI gain of the
speed estimation based on three criterias,

[1} Tracking Performance

Normally due to the mechanical inertia, the
waveform- of motor speed during the acceleration and
deceleration can be considered as a ramp function. So it is
reasonable to focus only on the tracking performance
against the ramp response. The speed estimation errore,,
corresponding to the ramp response of motor speed can be
calenlated from Fig. 3 as:

0, -8, 1
o, 1+ {=CHG (K, +K, /s)
R
& ‘IEZ’ IOy n(s)(K,,-&-K,ls)
R b

T =CHGLG) K,
whereR=T /J, C= p[/f,

. (S)Lo is nearly constant




over the entire range of speed (see Fig. 9)

The result in (11) implies that a good tracking
performance can be achieved with a highk, gain or,
speaking in another way, we can design X, according to
the specification of the tracking error for ramp response as
shown by the experimental results in Fig. 11" which
compares the Jow and high integral gain used in the speed
identification. In the case of low integral gain, the steady-
state speed error €, is about 45 rpm and the motor speed
acceleration R is about 272 rad/s’, while the one
calculated from equation (11) is 274 rad/s® and the overall
system response time is about 450 ms. On the other hand,
the system with high integral gain gives us a good
tracking performance which steady-state error e, is about
10 rpm, while the speed acceleration R is about 2 times of
the system with low integral gain ( 573 rad/s®) and the
overall system response time is just 150 ms. From the
above result, we can conclude that the slow tracking
performance will cause the motor torque 7., to be less than
the commanded torque 77 , and it also distorts the stator
carrent i, , especially its amplitude during the acceleration
which results in the slow response.

[2] Robustness to Measurement Noises

As the current error is used in speed estimation
{equation (3}), the effect of current measurement noises on
the estimated speed is  given by the following transfer
function.

@, C(Kp+K,/s)
o 14+ (-C*) G () (Kp+ X, 15)
Current measurement noises can be either 1) an DC offset
or 2) a high-frequency noise or 3) a low frequency noise
around” @,. It should be reminded that the noise in
equation (12) is viewed from the rotating frame, and as
such its frequency must be shifted from the frequency on
stator frame by @,. For the Jow frequency noise, its
frequency on the rotating frame will be around zero, and
from equation (12) and Fig. 10, it is seen that the effects of
 this noise is governed by G, (s) only. However, for the
remaining noises whose frequency is shifted to a high
- frequency above @,, their effect is roughly given by Ck,
because Gy, () is small in high frequency range (Fig. 9).
As a result, we can reduce the effects of measurement
noises by choosing a low kK, gain. This conclusion is
confirmed by the experimental results shown in Fig. 12-a
and 12-b.

12)

[3] Stability Margin
It seems as if both results in (11) and (12) are

independent and enough to fulfill our performance goal,
but if we select a high- x, gain for fast tracking of speed,

and a low x, gain to attenuate noises, oscillation may

occur as shown in Fig. 12-c. The reason for this
phenomena can be explained from the Bode plot in Fig.
where we can see that the phase shift of Gz, (s)is about -90°

at the frequency nearly equal to the operating frequency
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@,. Therefore, the phase lag of the adaptive PI gain with a
high corner frequency (high X, and low x,) will reduce -
the phase margin of the system, and may consequently

 cause the oscillation. The design trade-off for K, and K,

gain is that the comer frequency should be less than the
operating frequency (Fig. 12-d).

V. Conclusion

In this paper, we analyzed the stability of the
speed sensorless vector control system using the Routh-
Hurwitz criterion, and derived. the conditions for the
existence of the unstable zeros which, in turn, causes the
instability of the speed estimation system. Our approach
conforms well with - the linearization method and the
averaging analysis previously reported.  We also gave a
design guideline for the adaptive PI gain to fulfill the
tracking performance and robustness against measurement
noises of the sensorless system. All theoretical resulis were
confirmed by experiments.

Appendix
Motor’s parameters:
Rs=1.84 [OChm], -~ Rr=0.885 [Ohm]
Ls=131 [mH], Lr=M=120 [mH} p—2
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Abstract The . popular speed-sensorless drive of
current-controlled type has several disadvantages. It needs
current loop of high bandwidth which causes complexity
in the implementation hardware/software, and requires a
dedicated high speed DSP. The structure of - sped-
sensorless inverters is also not compatible with the general
purpose V/F inverters of volatge type. To overcome such
problems, we will develop a new sensorless drive based on
decoupling conirol and an adaptive full-order observer.
Our new semsorless drive differs from - the - existing
sensorless  drive - in the following points : (I} speed
*. estimation is based on rigorous control theory, and is well
analyzed, (I} a modified decoupling control is introduced
with which the torgue control performance is improved,
and (HI) decoupling control is integrated with the adaptive
observer to reduce complexity of the whole system.

1. Introduction

Most of speed-sensorless induction motor {IM)
drives, nowadays, have been developed from the basic
concept - of the conventional vector control, and thus
usually work by controlling the stator current with a
current-controlled- inverter[1][2]. These sensorless drives
of current-conirolled type have several disadvantages:

D) current loop of high bandwidth is needed, which
causes - complexity in  the  implementation
hardware/sofiware, and requires- a dedicated high
speed DSP,
their structure is not compatible with the general
purpose . V/F  inverters  (voltage-controlled type)
which shares the largest market in the industry, and

1) stator voltage sensing is difficult if the hysteresis

current control is used,
On the contrary, a sensorless drive based on decoupling
control can overcome such problems because

Iy it controls the stator voltage generated by a PWM

inverter with no current loop,

I} - it can be looked as an improved V/F inverter, and

1T} the voltage command in the controller can be used

instead of detscting the real voltage.
In this paper, we will develop a new sensorless drive based
on decoupling controf and an adaptive full-order observer.
Qur new - sensorless  drive differs from the - existing
sensorless drive [3] in the following points :

¢ speed estimation is based on rigorous control theory,

and is well analyzed,

@ a modified decoupling conurol is introduced wiih-

which the torque control performance is improved,
and

m
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4 - decoupling control is integrated with the adaptive
observer to reduce complexity of the whole system,

In the following, we will first derive the modified
decoupling control, and then explain about the speed and
flux estimation with a full-order observer. A simple
guideline for the proposed decoupling control will also be
discussed.  Finally, simulation and experimental results
will be given to confirm our theoretical conclusion.

‘2. Decoupling Control with Stator Voltage

Firstly, we will breifly show the model of an
induction motor expressed both on stator frame and rotor
flux frame. These models will in the sequel be used to
derive the new decoupling control and the adaptive full-
order observer,

2.1 Model of IM on d-g axis of stator frame
The dynamic model of IM viewed from stator
frame is given by equations (1) and (2).
dis

;=AIIFS+A12T0+BI‘7.S 6
di, B}
o Auist A, @
where in

A= —(RS+R,.M21 L%)/az;soz

App=-App*M° IoL I, |
A21=Ry/Lp)el Apg=—(R,/L,)yel+pwye)

[1 o] To 1]

=lo 1] 7=l o] -

¥ ¢ stafor voltage vector 7 - stator current vector
i, Totor flux magnetizing current vector

o=1-M2/LsLr

Rg" stator resistance R, rotor resistance
L stator self-inductance = .. rotor self-inductance
M. mutual inductance, @, = dg,,/dt : rotor speed

p : numbers of pole pairs

2.1 Model of IM on d-g axis of rotor flux frame
As our aim is o control flux and torque of the
motor, it is, therefore, more convenient to transform the

PCC-Nagacka '97



above IM’s mode! onto the rotor flux frame, and we obtain
the following model:

Stator dynamic :
. 2
Ri 4ol di5d=waLi =R (jgg—i )+v
s sd s s'sg g 2 pisdTlo’ T Vad
v
3
. disq L Mo N
Rs‘sq A4 s . dr =Te slsd+ L m(lsd 'o) Vsq
r
@
Rotor dynamic :
vp Yo _p ®)
Ryl Ty T Risd
@ _ R /L ®
——= = = + H
a 2 PO, FOEPY TR B )

ol vl :
rE! N IR N B 0
s ’sq 5 Vsq o |0
Where igg isg Vsg Vsq are the d and q components of the

stator current and voltage, and i, is the rotor flux
magnetizing current,

2.3 Conventional decoupling control

Decouling control for IM has been previously introduced
in [4], [5], using the following relations:

Vyd T Ugg— OO0 Lsfsq* (ugq=Rs ici®) 3

* .
o (sg=Rsigg¥) (9

where: *** - denotes the commanded value. What the
decoupling control does is just compensating the induced
voltage  coupling  across the d-q axes. However, this
conventional decouling contrel ignores the stator dynamic,
and thus is imperfect. To acheive a complete decoupling
stator dynamic we have to use the following compensating
voltage instead:

Vsq = “sq"‘mLsi

M2
ysq=usq+a)lesd-Ta)(rsd-—xo) [¢1)]
r
2
Vsd:‘",sd_‘ao'l‘sf + R ({sdai‘o) an

sg 2 r
r
where ‘A" denotes the estimated value. With the above

decoupling control (10) and (11), the decoupled stator
dynamic becomes :

disd
Ri 4oL =ugy (12)
Ri +ol Tisg =y a13)
ssg 770 g T

which is very simple. It should be noted that the’
decoupling control does not change the rotor dynamic. As
such, the decoupling voltage can be calculated from the

rotor quatities (a3, I:,) estimated from equations (5) and
(6) together  with the estimated current (i:d, I )
calculated from the decouple dynamic. (12) and (13).

2.4 Modified decoupling control

However, in reality, the estimated current and flux
always contain some errors which may be caused by speed

estimation error during a transient respomse or by

parameter variations, The aforementioned ~decoupling
contro! is purely feed forward and cannot be expected to
handle this kind of errors. Therefore, it is natural to
modify the decoupling control - voltage by adding a
feedback term Keas:

M2
de:uSd—ngSisq +Z—£Rr(fsd*io)+[Kb’}d (14)
r
2 M2 A H
Vsg = usq-a-coLstsd -'L—a)(tsd -10)+{Ke]q {15)
r

wherein - the current error € = ?; - i; It will be shown in
later section how to select a suitable feedback gain X to
overcome  the effect of speed estimation error during
transient. We can conclude that the main features of the
modified decoupling control are that :
¢ complete decoupling flux/torque current control is
achieved even during transient,
¢ stator dynamic is simple, and
¢ current error feedback can suppress speed/parameter
error.

3. Speed and Flux Estimation

To implement the decoupling control according to
equations (14) and (15), we need to know the rotor
quatities including the rotor speed. In the conventional
decoupling control, this information is obtained from the
IM’s decoupled model as given by equations (5), (6), (12)
and (13). In this paper, we will use an adaptive full-order
observer instead of the model to estimate the required
information. The reason is that with the observer we can
improve the stability and sensitivity of the estimation.

3.1 Adaptive full-order observer on stator frame

From the linear model {1) and (2), we can build
an adaptive observer as shown in equations (16) - (18) [2],

[6}-8] .

di_s ol ol ¢ 2
";;':Alllx-f-/fz[ia‘f'Blvs"Hl (i:‘[:) (16)
di, PO, , .
-;;=A2115+A2210—{H2 /M]*(fs"f‘s) {1n



Ay =-Agy* M IoLL,
App=AR, I L) eI+ pt, 0T

a‘im=(kp+k]fdr)wTe kp ky >0 asy
w=JpMi$0 e=fs—fs

where H;' and H,’ are the feedback gains of the observer.

The rotor speed is estimated through the adaptive PI gain

(k,, k; ) by projecting the current error onto the g-axis of

the estimated rotor flux frame.
3.2 Adaptive full-order observer on rotor flux frame

In order to merge the observer with  the
decoupling control on- the rotor flux frame, we will,
therefore, express the adaptive observer on the rotor flux
frame as:

. 2
R sd-}»oL i:f!'—-a)al. isq —%Rr(;sd—fo)
¥
+vsd—dLs[Hi’e] ; (19)
RF +oL ois oL i +M2a;(i -
s sg s ssd L sd o
M ’ ,
+Vsg™ L —IH, e] -oL[H'd, Q)
RP +L 5@-:1{ G -——L—’—{H el) @l
r rodt risd p 2°d
d6 R
'(—1}—=w=pw +ws
R L 22
=pa3m+z—'(,sq RM[HZEIQ)”
ld
6 =(kptk ,Id:)[:sq—zsq1 pMi,, 23)

where {}4 []q denote the d and ¢ components,

respectively. It should be noted that the rotor speed is
estimated through the torque current error similar to the
methed in [3]. Main features of this adaptive observer are
that:

¢ . estimation characteristics can be rigorously analyzed
via linear control theory[6]-[9], and
sincg it -uses the same model as that of the
decoupling control, that same model can be shared
by both.

¢

4. Integration of decoupling control and
adaptive observer
Now we are going to merge the decoupling

control with the adaptive observer. Firstly, when  the
adaptive observer is used together with the modified

decoupling'contrél. the resultant stator dynamic of the
observer is found to be :

~ d;d ' v
Rs‘sd +aLs =u_,d+[Ke]d --a'LS[H1 e]d (24)
a d{sq v
Rsisq +0.L.s 7 —-u.,j.q-+-[I<e]q_-—ans[I1V1 e}q
2 )
N
o e
L " 279

-
The rotor flux dynamic is unchanged, and is still

given by equations (21) and (22). Based on the relations
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(14), (13} of decoupling control, the resultant dynamics
{equations (21), (22), (24), and {25)), and speed estimator
{23), we can integrate the decoupling control together with
the adaptive observer as shown in Fig. 1,

5. Selection of Feedback Gain K

Even though the speed estimator can track any
constant real rotor speed without steady-state error, it do
exhibits a transient estimation error against the ramp
response of speed during acceleration/deceleration, = For
sunphcuy we will assume that

Hl -h ], H2 —h K=k*l @6

and consxder that the speed estimation - error during
transient is approximately a step function. From the
estimation error system shown in Fig. 2, this tramsient

7

error can be then calculated as :
Ay, = Gpy — Dy
R 1
= [ X TH X 7
B TPy Gy () (Kp + K 1)
R .
= @
e -1 .
e 00l * e €M @

3
and R is the acceleration/deceleration rate (see {9} for
detail derivation). This error can be suppressed by using a
large K; gain, but there is a limit. This transient speed
error will disturb the decoupling - control beause the
decoupling voltage compensation will be then incorrect,
especially the g-axis back e.m.f. which depends mainly on
the estimated flux frequency or the estimated rotor speed.
As a consequence, the torque current and motor torque
will not follow the command as is expected. The amplitude
of rotor flux is, however, quite insensitve to this error
because of its slow response. Simulation result shown in
Fig. 3 clearly indicates this phenomena. The generated
torque - during  acceleration/deceleration " is lowered by
nearly 20%. To improve the torque control capability, we
must know  how current error feedback affects  the
estimated flux frequency which is the most important
factor. From the block diagram shown in Fig. 2, it can be



derived that the torque current error caused by the speed
estimation error is given by :

e] =i =i =-pMi "G' 6:)‘ *Aw
[]q sq - 3q P o 22 =0 m
o 9
z—————-——‘-’—-—-—-—,*Aa)
Rr"‘Ls/M—-h3 m

which means that the torque current error depends roughly
on the feedback gain A’y ( H>' } only. Next we have to
consider how the torque current command is compensated
by the feedback gains #, , H»' and K. Since the decoupled
stator dynamic is very fast, it can be neglected  for
simplicity. From the block diagram in Fig. 1, we can see
that
o Ls ,
= Hiel,
(30)
In addition to the above compensating terms {the last three
terms), the slip equation in the rotor flux dynamic also

Lr
2k e ely
a result, the net compensating frequency for the flux
frequency will be given by :

. 1
@, = Rr/Lri)* {E{Ke]q

M .
=isq *+—-[Ke] Lr*Rs[H2 e]q -

sq

contains the compensating term of

M2Rs
Lt *R

[+ }[H e]

M
T Lr*Rs
GhH
For the decoupling voltage to be correct, it-is necessary
that
o = pAcom 32)

By substituing the relations (26), (29) and (31) into
equation (32), the necessary condition for = complete
compensation of flux frequency becomes

L ?
SEH )

M - M*Rs . oL | Rr*M/Lr
Rl L e AR B -
Rs  LrRs™ 1 2p, s Rr*Ls/ M ~h,

=1 (33)

This is the condition which ‘is’ important ‘in design.
Normally, we have to design the feedback gains 7, H;
s0.as to stabilize the speed estimation, especially in the low
speed region with regenerative loads [9]. Therefore, to
achieve ‘a good decoupling control we must select the
feedback gain X to satisfy the relation (33). We will verify
this conclusion by simulation - carried out under the same
condition as that of Flg 3, but with error feedback.

CASEI: H =H, =0,K=Rs*]

Usmg thcsc gains, the flux frequency will be
almost completely compensated. And from the simul:.tion
result shown in Fig. 4, it is clearly seen that the generated
torque follows the torque command very well compared to
that in Fig. 3. We can also see that the speed estimation
error characteristic, which is governed by the feedback
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gain of the observer, remains unchanged. This means that
we can. improve the torque - cobtrol = performance
independently with the speed cstimation characteristic.

2

13 .
CASEJl: H =0,H, =-025Rs*] K =084Rs*]
In this case, by using the observer gain H,’, we
slow down the estimation response to improve the stability
as can be seen from the increasing of speed error during
transient in Fig. 5. However, we still have a good torque
conirol performance owing to the feedback gain X,

6. Implementation and Experimental Results
The new decoupling control sensorless drive is
implemented. using a RISC microcontroller SH7032 as
shown in Fig. 6. The timing diagram of the software
module is given in Fig. 7. The sampling time is fixed at
500usec. The stator voltage command is used instead of
the real one, and the effect of dead time is also
compensated. The stator current is detected synchronously
at the beginning of each period of the space-vector PWM
pattern. Experimental result at speed reversal from 1420
to -1420 rpm is shown in Fig. 8, and it can be seen that the
performance of the - decoupling - sensorless  drive is
comparable to that of the vector control with sensor.

7. Conclusion

In this paper, we have proposed a new sensorless
drive based on a modified decoupling control. The
complexity of - the ~whole system is minimized by
integrating harmonously the decoupling control with the
adaptive observer. The current error feedback in modified
decoupling - control -~ improves ~ the' torque  control
characteristic - if its feedback gain is appropriately
designed. Owing to its simple structure, the proposed
sensorless drive - can- be  implemented easily, and - its
feasibility is also shown by simulation and experiment.

Appendix
Motor’s parameters:
Rs = 1.84 [Ohm],”  Rr=0.885 [Ohm]
Ls= 131 [mH], Lr=M= 120 [mH], p=2
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Abstract

This article points out the limitations and obstacles
to the operation at a low speed range of a speed-
sensorless induction motor drive, taking into account the
effects on the rotor speed estimation of both the motor’s
resistance variations and the non-ideal characteristics of
power devices. It is shown that the performance
degradation problem.  can be alleviated by wusing an
adaptive flux observer with appropriate feedback gain to
restore the stability and to improve the. robustness
against parameter variations. Experimental results are
also given to verify the performance improvement in the
{ow speed region.

1 Introduction

In order to enlarge the applications of
sensorless inverters in the industrial drives, many efforts
[1}-[2]) have been made to improve the low speed
performance of the speed-sensorless drives; Though the
effects of parameter mismatches are dealt with in many
research works [1]-[2], their counter measures are rarely
mentioned and the  stability - limitation of the speed
estimation is also left unclear. Actually, there are two
causes  which is responsible for the performance
deterioration in the low speed region of speed-sensorless
drives. The first one is the theoretical instability of the
speed estimation in the regenerative operation which has
been analyzed in details in [3]-{4]. The second one is the
practical instability or loss of torque controliability in the
low speed region, due to the effects of motor’s resistance
deviations, imperfect compensation of the dead-time
effect, and voltage-drop of power devices.

This  paper " reemphasizes the theoretical
instability phenomena  previously discussed in [3]-[4]
from the viewpoint of torque-speed characteristic, and
gives some simulation  and experimental results to
indicate the validity of the -analytical result. The
quantitative analysis of the effects on the rotor speed
estimation of both stator resistance variation and the
dead-time or voltage drop of switching devices is also
investigated. The adaptive observer’s design guideline is
then proposed to not only improve the robustness of the
speed estimation against the parameter deviations, but
also to restore the stability in the regenerative operation.

2 Full-Order Adaptive Observer

Fax. +662-2518991

e-mail : somboona@netserv.chula.ac.th

Due to its systematic and rigorous approach, a
full-order adaptive observer is used in our sensorless
drive to estimate both the speed and rotor flux. The
sensorless controller used in this research is the one
proposed in [7] as shown in Fig. 1. The controller
structure is ‘obtained by integrating harmoniously the
decoupling control with the full-order adaptive cbserver.
Some basic equations are repeated below.

The induction motor model on the stator frame
can be expressed as: ’

di's R _

T Alfst 41270 " BIs ®
di, - . )
o Afst A @

where
A, =—(R, +RM*II2)/ oL, o1
2 .
A=A *M oL LB =15, |
A21 = (Rr/Lr).I;Azz =~(Rr/Lr) 'I*‘Pa)m"-f

10 0 1 2
I= ,J = L o=1-M"/ 3
B (T Lir @)

Refer to the above induction motor model, the
equations of the full-order adaptive observer -which
includes both the stator resistance deviation (AR, ) and
the effect of dead-time or voltage-drop of power devices,
(7, ) can be given as:

di . - n

5 =8 o ~ P
-5 = — - 4
p Anzs+A1210+Bl(vs+nv) Hl i-i)y @4
iy A G +Ad i ~[H IM*G~7 5)
—_— + — T a7

o 2s Tk Ay TM]* G~ is)

A T.
wm=(kp+k1jdz‘)w e kp,kI >0 (6)
where
w=JpMi, ; =705 i

o 2 2
M = - =
1 All All ARSM /c'LerOI

2
A =My M oL Ly

Ad22 ™ 1222"!122 =pAa)m oJ



Fig. 1 Speed-Sensorless induction motor drive system

AR =R -R; Ao =& ~w ™
A hy 3 n m m
‘A’ denotes the estimates, A and H, are the

observer’s feedback gains,

3 Speed Estimation System

Equations (1)-(2) and (4)-(6) form the speed
estimation system on the stator frame as depicted in Fig.
2., '

Speed Estimator

Mi, *
Fig. 2 Speed estimation system on the stator frame

where

0-a a0
e
07l o]

G,(5)= [szl +s(x +yJ)Ji—mI+nJ]—l

m= [ILQ: (A + al‘f[: +%—3-)+pa)m(h'2+%"—)] |
n= [L: (h’2+%i)—pw,,,(h’ o+ 0').:., +-—;—3-)]
x=[h"+£,—+0)'?lra, L y=lr-pa,); ezf'-%[i'-
et el 1)

The shaded portion in Fig. 2 is the familiar
closed loop speed estimation system. The rotor speed is
estimated through the adaptive PI gain by projecting the
current error vector (€ )-onto the g-axis of rotor flux
reference frame ( pJM,). The stability of estimation
system is mainly determined by the transfer function
G(s), whereas the effects of disturbances (AR, 7,)

depend on the characteristics of transfer function R(s)

and V' (s). The feedback gains H,, H,, will be used to

stabilize the estimation system and to. attenuate the
disturbances, but they must satisfy. the necessary and
sufficient conditions for the observer’s stable pole as
shown in the following:

Stable Pole Conditions :

x >0 (9-A)
mx+ny > n2 fx {o-B)

The above conditions are obtained simply by applying
the Routh-like scheme [6] to the transfer function with
complex coefficients, G, (s) defined in (8).

To simplify the analysis, the MIMO system in.
Fig. 2 is transformed onto the rotor flux reference frame
to be the SISO system [4] as illustrated in Fig. 3. It can

be noticed that the closed loop system is formed by the
g-axis component only.

(2@i]  bepal

3 ~

h4

Fig. 3 Speed estimation system on the rotor flux
reference frame

Here “ * denotes the transfer function on the rotor flux
frame;

G, G,
G’(S): G(SI)L'stw., =[G; Ej; G;z E:“;}



R(s)= RGN, .5 V)=V (") (10)

=5+ jw, =5+ jo,

4 Stability and Robustness of Speed
Estimation System

With Fig. 3, it is now possible to analyze both
stability and robustness properties of speed estimation

system. In this section, the effects of disturbances (AR,

77, ) will be discussed in detail, and as a counter measure

the design guideline for the adaptive observer will be
finally presented.

4.1 Stability of Speed Estimation System

In spite of the importance of the . stability
property, it is often unknown and unpredictable as when
the speed. estimation will become unstable [1}-{2]. In
fact,  the stability property should be firstly well
understood before dealing with the. problems of model
uncertainties. The' parametric approach in [4] gives a
very useful insight into this problem by linking the
stability of the speed estimation with the stable zero

condition of G, () which is repeated again here:

o, > @, = _z (critical frequency) | (11)
x

The condition in (11) states that to maintain the stability,
the operating frequency must be higher than the critical

frequency (@, ) which is defined in terms of motor’s

and observer’s parameters. The validity of the prediction
of stability - region ~according to equation (11) is
confirmed by the simulation results shown in Fig. 4. In
Fig. 4, the motor is operated from motoring mode at
rated torque down toward regenerating mode at rated
torque for each commanded speed (50-200 rpm), and the
predicted stability boundary is shown as a dotted line. It
is clear that as soon as the motor runs across the
boundary  into - the predicted 'unstable region,  the
sensorless system becomes unstable.

Torgue (Ninj
15 v v
without feedback !
Fated----10¢ J
Motoring
5F
O L Speed (rpm)
56 O ST~
\\\ P o~ Regenerating -
rated.- 1o} -~ L =
unstable region T
% 50 100 150 200

Fig. 4 * Simulation results showing unstable region in
torque-speed plane

Limitations by the above instability in the low
speed region can, in theory, be totally removed by the
design of feedback gains H{,.H, to fulfill the
condition in (11). However, the effects of parameter
variations and measurement errors, which also depend
on these feedback gains, should be together taken into
consideration in the design strategy.

4.2 Effects of stator resistance variation and
dead time on Speed Estimation

Besides the aforementioned theoretical stability
limitations, the practical problems arising from the
parameter deviations and measurement errors also play
a great role in the performance degradation. This section
focuses on the effects of stator resistance deviation and
imperfect dead-time compensation which have serious.
influence on the sensorless drive especially in the low
speed region. It is well known that the effect of the stator
resistance deviation (AR, ) is analogous to that of the

dead time and voltage drop of switching devices (7j,),
and the input transfer functions ¥ (s)and R(s) in Fig.
2 are related by :

V(s)=~AR M?*/L?-R(s) (12)

Therefore, only AR, will be treated in the following, and

the results obtained can also be applied to the case of
7j,- The simulation results in Fig. 5 (under the same

conditions as Fig. 4) illustrate the deterioration of both
stability and accuracy of the speed estimation due fo the
stator resistance variation. It -can be noticed that the
regencrative - operation is more . sensitive to the
disturbance than the motoring operation. This is because’
the amount of ' induced emf in the motor is smaller. The
system can become unstable, even though the operating
points are higher than the critical frequency.

Torgue (N}
15
without feedback !
rated----40f J
Motoring
St F
Ok Speed (rpm)
5t
Regenerating
rated.---48} .
-15 : - : =
0 50 100 150 200 250 300

Fig. 5 Simulation results showing the effect of AR,
(=0.2 R ) on the torque-speed curve at
commanded speed: 100, 150, 200 and 250 rpm



The effect of stator resistance variation (AR ) on the
speed estimation can be described by the vector diagram
shown in Fig. 6(a). The current error vector (2) is
composed of one component from speed error (2, )

and the other from disturbances (&,, ); the angle

between both components (y) depends on motor
parameters and feedback gains. AR, disturbs the g-axis

component of the error vector which is used to estimate
the rotor speed, and consequently causes the speed
estimation error as shown in Fig. 5. If the effect of the
disturbances is large enough to change the sign of e, as

shown in Fig. 6(b), the speed estimator will tune the
estimated speed in the wrong direction, and the system
will finally become unstable as seen in Fig. 5.

4
rotor flux
Jrame

(a}

Fig, 6 Effect of AR, on current error vector

4.3 Adaptive Observer Design

In this section, a design strategy for the
adaptive observer is introduced to improve both stability
and robustaess properties of the speed estimation system
in the presence of the uncertainties. From Fig. 3 the

effects of both AR, and 7j, disturbances on the speed
estimation can theoretically be eliminated, if the
feedback gains (M|, H, ) are designed to satisfy the
condition :

[R'(s).i]q = 0 (13)

An example of | and £, which satisfy (13) is

K= &, R R +Qo-1DdjL| R
dyoL | R+OL ol, §aa4)

W =k =K, =0

where @, and @, are the estimated rotor flux and slip

frequency. However the. feedback gains used in-(14)
must also fulfill both the stable pole and zero conditions

[(9), and (11)]. The additional constraint for A to
satisfy the stable pole conditions is

R

o> m 15)

£

Fortunately, the stable zero condition” (11) always holds
with h,' ~given in (14). This means that, the feedback
gains in (14) not only aftenuate the effects of AR, and

ij,, but also restore the stability in the regenerative

operation. These properties are confirmed by comparing
the simulation results shown in Fig. 7 and 8 with those in
Fig. 4 and 5.

Torgue (Nn)
15
rated----sg} i
: Motoring.
st SRR
i} kpcad {rom)
5 A
Regenerdtiig
rated--+18} R o
.15, N N x 2
i} 50 106 150 200 250

Fig. 7. Simulation results showing the stability
enhancement in torque-speed plane with
by feedback
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rated---18} e
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Fig. 8 Simulation results showing the attenuation of
AR (= 0.2R,) effect on the torque-speed

curve with 4 feedback at commanded speed:
100, 150, 200, and 250 rpm.

The torque-speed characteristics in Fig. 7 and § illustrate
the effectiveness of the designed feedback gains in that
the low speed performance is considerably improved for
both motoring and generating operations. The physical
behavior of the error vector under the feedback gains can-
be described as depicted in Fig. 9. It can be said that the

A feedback gain completely attenuates the disturbances
by adjusting the error component caused by the

- disturbance AR, (€, ) to align with the d-axis and thus

has no effects on the g-axis error component.
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Fig. 9 Error vector with /] feedback gain

5 Experimental Results

The experiment is carried out with the speed-
sensorless vector controller shown in Fig. 1. Fig. 10(a)
illustrates the experimental results at 100 rpm with the
load torque varied slowly from motoring to regenerating
mode. It can be seen that the rotor speed is gradually
diverged when the load torque is about 6.3 Nm and

finally become unstable. When 7 feedback is applied as

designed in (14), the sensorless drive becomes stable as
shown in Fig. 10(b). The experimental results for various
commanded -speeds are depicted  in the torque-speed
plane as shown in Fig. 11. The gray and bold lines are
the torque-speed characteristics with and without /]
feedback, respectively. The dotted line indicates the
stability boundary calculated from (11) whose validity is
confirmed again by these experimental results. Fig. 10
and 11 indicate that torque controllability is improved
and stable region is enlarged by the feedback gain. The
effects of AR, to the sensorless drive is shown in Fig. 12.

Without A feedback (Fig. 12(a)), the speed error

corresponds to the rated load torque is about 10 rpm in
the motoring operation. On the other hand, the system is
unstable in the regenerative mode even though the
operating point is higher than the critical frequency. The
effectiveness of the feedback gain against the AR,
distarbance is illustrated in Fig. 12(b). The speed error is
reduced, and the stability is restored.” As a result, the
system can now work properly in both quadrants. The
torque-speed curves in Fig. 13 show the performance
improvement by the feedback gain for various
commanded speeds. Finally, the experimental results
showing the dead-time effects are given in Fig. 14 and
15. The dead-time effect can be observed from not only
the distortion of current waveform but also the sixth-

order harmonic in the estimated speed waveform (&, ).

The effectiveness of the feedback gain 7 is again

confirmed as can be seen from the decrease of speed
error and restoration of stability in the regenerating
mode.

6 Conclusions

The performance degradation in the low speed
region of - the sensorless induction motor drive was
investigated. The theoretical instability in regenerative
operation ~ was ~reemphasized, and - the ‘effects of

parameters deviation on both stability and accuracy of
the speed . estimation were - pointed- out.. The design
guideline for the adaptive observer was also proposed to
improve the stability and robustness properties. The
performance improvement in the low speed region is
confirmed by simulation and experiment.

Appendix
Motor’s parameters:
R, = 1.84 [ohm], R,=0.885 [ohm]
L,=131 [mH], L,=M=120 [mH], P=
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A Speed-Sensorless IM Drive With
Decoupling Control and Stability
Analysis of Speed Estimation

Surapong Suwankawin and Somboon Sangwongwanich, Member, IEEE

Abstract—A. new sensorless drive based on a decoupling con-
trol and an adaptive full-order observer is developed. A modified
decoupling control is introduced and integrated with the adaptive
observer to reduce the complexity of the whole system. The speed
estimation based on adaptive control theory is analyzed and the
necessary and sufficient conditions for stability of the speed estima-
tion are analytically derived. It is indicated fhat the system can be
unstable in the low-speed region with regenerative loads. However,
assigning an appropriate feedback gain to the adaptive observer
can restore the stability and reduce the unstable region. Sensitivity
of the sensorless drive against parameter and measurement errors
is also qualitatively discussed. Simulation and experimental results
are then given to verify the validity of the theoretical results.

Index Terms—Decoupling control, full-order adaptive observer,
speed sensorless, stability analysis.

1. INTRODUCTION

O ACHIEVE low-cost inverters with satisfactory perfor-

mance, a lot of effort has been expended on research on
speed-sensorless induction motor (IM) drives. Such sensorless
inverters are gradually applied to the industrial drives and replace
the standard V/F inverters in several areas. Although the sensor-
less drives are quite efficient from the practical point of view,
there are two significant issues that need to be paid attention. The
first one is the instability phenomena of the speed estimation ex-
perienced in the regenerative operation. This instability issue is
well recognized now and has been reported in several articles,
e.g., [1], [21, [9]. However, it is still not clear as to: 1) when and
how this instability phenomenon occurs and 2) how to improve
the stability property of the speed estimation system.

The second issue concems the structure of the sensorless
vector controller. Most of the speed-sensorless induction motor
drives, nowadays, have been developed from the basic concept
of the conventional vector control and, thus, usually work by
controlling the stator current with a current-controlled inverter
[3}-[5]. These sensorless drives of the current-controlled type
have several disadvantages.

1) A current loop of high bandwidth is needed, which causes
complexity in the hardware/software implementation and
requires a dedicated high-speed digital signal processor
(DSP}.
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published on the Internet January 9, 2002. This work was supported by the Na-
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2) Their structure is not compatible with the general-purpose
V/F inverters (of the voltage-controlled type) which share
the largest market in the industry.

3) Stator voltage sensing is difficult if the hysteresis current
control is used.

In this paper, a new sensorless drive based on a decoupling
control and an adaptive full-order observer is proposed to over-
come the aforementioned problems. The proposed sensorless
drive based on a decoupling control has the following features.

1) It controls the stator voltage by a pulsewidth modulation
(PWM) inverter with no current loop.

2) Its structure is basically similar to- that of the general-
purpose V/F inverter, but it has superior characteristics
[6].

3) The voltage command in the controller can be used in-
stead of the real voltage.

4) Stability of the speed estimation can be analyzed via rig-
orous control theory to obtain the analytical conditions
for the instability.

5} The decoupling control is also integrated with the adap-
tive .observer to reduce the complexity of the whole
system.

In the following, the speed and flux estimation with a full-
order observer and the stability of the speed estimation will first
be described: The structure of the new sensorless. system to-
gether with a modified decoupling control will, then, be given
and implemented. All theoretical conclusions will be verified by
simulation and experimental results.

1. ADAPTIVE FULL-ORDER OBSERVER ON STATOR
REFERENCE FRAME

In the proposed sensorless scheme, the adaptive full-order ob-
server is used fo estimate the speed and flux simultaneously.
This choice of speed estimation method matches well with the
decoupling control which uses also the full-order model and en-
ables the model sharing to be done naturally.

A. Model of IM on Stator Reference Frame

A dynamic model of an IM viewed from the stator reference
frame is given by (1) and (2)

di, = - .

v =Aj1ts + Aris + B, (1)
di,, . =

y =Ao1%s + Apai, 2)

0278-0046/02517.00.€ 2002 IEEE
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where
(& + At ;
A =-— oL, *
. M2
App =— Ax oI.L
1
B, =
! ol
AZI::&O,I
Azzz—%.1+pW1rx.J~
1 0}, _{oo—1], I
I‘{e 1}’ J‘[l 3 ey

¥, is the stator voltage vector, {5 is the stator current vector, 7, is
the rotor flux magnetizing current vector, R, is the stator resis-
tance, R, is the rotor resistance, L, is the stator self-inductance,
L,. is the rotor self-inductance, M is the mutual inductance, w;,
is the rotor speed, and p is the number of pole pairs.

B. Speed and Flux Estimation

From the model (1) and (2), we can build an adaptive observer
as shown in (3)(5)

% —Ani, + Aty + BT, — H! (i' - {’) 3)
di, S s [HY), ;=

‘a{ —Ales + '4227'0 - {ﬁ} (Zs - is) (4)
Oy = (k,, + k; / dt) wle (5)

where

- " M?
Ay = — A" :
12 22 oLL.
."122:— "1'{’“1)’.}:}7"..]
w—JpJVIZo e:;s——fs

H{ and H) are the feedback gains of the observer and “*”
denotes the estimates. It can be seen that the rotor speed is es-
timated through the adaptation proportional plus integral (PI)
gains (k;, k; > 0) by projecting the current error onto the ¢ axis
of the estimated rotor flux frame, and this estimation scheme
is similar to the one used in [7] and [8]. The main features of

this adaptive observer can be summarized as follows: 1) estima- ~

tion characteristics can be rigorously analyzed via linear control
theory [9]-[12] and 2) it uses the same model as that of the de-
coupling control and that same model can be shared by both the
control and observer parts.
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C. Output Error Equation

The error equation derived from the motor model (1) and (2)
together with the adaptive full-order observer (3) and (4) can be
expressed by the following equations:

c=l,—d, = G("")JPM;}O (Wi — @) (6)
C;I 5% = rc;ll(s) Glz(s)
VT Gai(s)  Gaa(s)
=§ [$°1 + s(z] +yJ) + mI +nJ] - N
where
o s (i e ) e (44 )]

[ (o + ) = pom (1 + 5 + %)
£ = lh&'{'}%* %}:],y:[hfz-—pwm],sz——f/j—'

/_I ! _/
=i ] m= [ ]

hy R Ry 3

(8

Considering the skew-symmetric property of the matrices 4;;

in (1) and (2), it is reasonable to design the feedback gain (H') of

the adaptive full-order observer to be skew-symmetric as given
in (8).

HI. STABILITY ANALYSIS

It is seen that (5) and (6) form the familiar closed-loop system
composed of the output error transfer function G(s) and the P1
speed estimator of the adaptive full-order observer as shown
in Fig. 1(a). This will be the basic block diagram used in the
stability analysis.

A. Hyperstability Theory Approach .

By applying the hyperstability theory to the error system in
Fig. 1(a), one can easily prove that the nonlinear feedback block
satisfies Popov’s criterion, therefore, stability of the adaptation
system depends on the positive realness of the transfer function
G(s) (SPR condition) in the feedforward path.

The same speed estimation method is also adopted in [7]
and [8] and the stability was analyzed therein using the same
closed-loop system [Fig. 1(a)]. Hyperstability theory was ap-
plied in [8] by defining the transfer function from point 4 to B in
Fig. 1{a) as the feedforward path. Stability was then concluded
under restricted and complicated assumptions and approxima-
tions whose validity is arguable.

On the contrary, it is clearly shown without any assumptions
in Appendix A that the hyperstability of the block diagram in
Fig. 1(a) fails because

Gljw) + G (jw) <0 for w< —g ©)
whereas the SPR condition requires that G(jw) + G*(jw) > 0

for all w. Therefore, the stability of the speed estimation cannot
be concluded by the hyperstability theory approach. Actually,
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Fig. 1. Block-diagram of output error in adaptive observer. (a) On stator frame. (b) On rotor flux reference frame.

the failure to satisfy the SPR condition (9) leads to the instability
of the speed estimation, as will be confirmed by simulation and
experiment later.

B. Parametric Approach

The failure of the hyperstability approach stimulates one to
seek for a different strategy for stability analysis which is de-
scribed in the following.

Cutput” Error- Block Diagram’ on Rotor Flux Reference
Frame: First of all, the block diagram of the estimation error
system in Fig. 1(a) is transformed onto the rotor flux reference
frame as shown in Fig. 1(b). [cqe,]T and G'(s) as defined
by (10) are the current error and the transfer function G(s)
expressed on the rotor flux frame, respectively, and 2, is the

amplitude of 7,

[ZZ] =G(s) [ , 121,} (wm = @) »

ey — | Guls) Gio(s)

co=c dnl

From Fig. 1(b}, it is seen that the regressor vector J pA Ty €X-
pressed on the rotor flux frame has its component only on the
g axis, therefore, the transfer functions that are related to this
input and are relevant to the closed-loop stability are G',(s)
and G%,(s). Taking into account that the input to the nonlinear
feedback block requires only the output error on the g axis, ¢4,

@y 4

& by (,Ij"
pM Gya (5} pMi kot k, e
24 1 22 (e i i

Fig. 2. Block diagram of SISO error system on rotor flux reference frame.

to calculate pM %oeq, it is concluded that only the signals in
the ¢ axis form the closed-loop system. This means that only
Gy (5) is involved in the stability analysis of the speed estima-
tion system. The closed-loop system can now be simplified to be
a single-input-single-output (SISO) system as shown in Fig. 2
and G, (s) is calculated to be (11), shown at the bottom of the
page, where w-is the rotor flux frequency referred to the stator
reference frame and (sw), (sm), and (sy) denote the derivative
terms (dw/dt), (dm/dt), and (dy/dt), respectively. As shown
in Appendix B, these derivative terms can usually be neglected
and the transfer function G5,(s) can be approximated by (12),
shown at the bottom of the page.

It should be noted that, since the derivation of G, (5) in (11)
needs no linearization process, its validity is, therefore, not lim-
ited locally as in the linearization method.

Stability and Stable Zero Conditions: The error system de-
picted in Fig. 2 enables the stability analysis to be carried out
easily. Considering that a high adaptation PI gain is usually used
in the speed estimation to obtain a fast tracking of a changing
speed, the location of the zeros of Gh,(s) must be restricted to

P+ us® + (w? +m) s+ wie +wn ~ (w+ y)(sw) + (sm)

(in

{22(5) = e [(

52+ 25— w? —wy +m)° + (2w + v)s +we + 1+ (sw) + (ay))z]

5% + x5t + (w2 + m) S+ wie +wn

(12)

,22('3) = . [

(52 + w5 — w? — wy + 1) + (2w +y)s + w + n)z]
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Fig. 3. Dominant pelesizeros allocation at a regenerating operation. (a) Without error feedback (H{ = 0, H} = 0). (b) With error feedback (H] = 0, H} =
—-0.25 R, - 1)

the left-half plane only: otherwise, the dominant poles will fi-
nally become unstable. The condition for all roots of the numer-
ator of Gh,(s) to lie in the strictly left-half plane (stable zeros)
can be determined by applying the Routh—Hurwitz criterion and
the following necessary and sufficient conditions are obtained:

w {w — w,) >0,  where
we s~ -’E (critical frequency)  (13.A)
>0 (13.B)
wre <. (13.)

Detailed discussions of each condition (13.A)-(13.C) are given
in the following.

With regard to the first condition (13.A), if the operating fre-
quency w goes lower than the critical frequency w, so defined,
an unstable zero will appear on the real axis. As a consequence,
the pole of the adaptation PI gain at & = 0 will move toward
this unstable zero as shown in Fig. 3(a) and the speed estima-
tion system will be unstable regardiess of the adaptation gain
used.

For the second condition (13.B), it only imposes a design
constraint on the feedback gain H1. As can be seen from the
definition (8), this condition always holds when there is no
feedback.

Finally, if the third condition (13.C) is violated, unstable
complex conjugate zeros will appear. These unstable zeros will
cause the dominant complex conjugate poles (in the left-half
plane close to the imaginary axis) of Gi,(s} to move across the
imaginary axis toward them. When the feedback gains H] and
Hj, are set to zeros, the condition (13.C) becomes

R. (R, R,
L, (ULa + 52—) :
The condition {13.C) may then be violated only in the plugging
operation w-pwy,, < 0 where the slip frequency is greater than w
and pw,,, . Fortunately, since the slip frequency at a normal oper-
ation is only about 3%—5% of the rated frequency, the left-hand
side of (14) is of the order 10% while the right-hand side-is of

(14)

=t Py <

Pl

the order 10°. Therefore, these unstable zeros can hardly occur
in practice. '

IV. INSTABILITY IN THE REGENERATIVE REGION
AND ITS REMEDY

According to the discussion just given, it can be concluded
that the most severe stability condition for the proposed speed
estimation scheme is the condition (13.A) which requires that
the operating frequency must be higher than the critical one. In
the case that the feedback gains H{ and HJ are set to zeros, the
corresponding critical frequency can be calculated from (8) and
(13.A) to be dependent on the rotor speed as

Wﬂl

R Ly’
L+ IR

15)

We =

The result in (15) implies that w. < Ppw.,, therefore, it can be
derived from the condition (13.A) that the unstable phenomenon
occurs only at an operation in the regenerative region with large
enough regenerative loads under which w < w. < puwy,;.
Simulation results in Fig: 4(a) demonstrate this phenomenon
under the condition that the motor speed is kept constant by the
action of a vector controller with a speed sensor at 120 r/min
(12.6 rad/s) against a regenerative load T, = —9.7 Nm (slip
ws = —11.7 rad/s) and the operating frequency w is 13.5 rad/s.
According to the motor parameters given in Appendix C, the
critical frequency w, is calculated to be 16.6 rad/s. The operating
frequency w is, thus, lower than the critical frequency w. and
the instability of speed estimation can be clearly observed from
the divergence of the estimated speed and the deviation of the
estimated rotor flux and stator current as shown in Fig. 4(a).
The above instability problem can be alleviated by assigning
an appropniate feedback gain to the adaptive observer to enlarge
the stable region and render the stability as shown as an example
in Figs. 3(b) and 4(b) with H{ = 0, H = —0.25R, e {. Under
the same operating condition as that in Fig. 4(a), the new critical
frequency w, is calculated from the definitions in (8) and (13.A)
to be 12.6 rad/s. There is now no unstable zero because w

o~
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Fig. 5.- - Area of unstable region in torque-speed plane.

13.5 rad/s > w, = 12.6 rad/s, so the speed and flux estimation
works properly.

Let the feedback gains be H} = 0, Hj = h% e I and con-
sidering that the boundary for the stability is the point at which
w = we, it can be derived that the stability boundary is given by

(16)
R,

-3
W= w = IE% where 7 = %*é- (16)
ol £

By rewriting the equation in terms of the rotor speed (w,,,) and
the motor torque (77,,), the stability boundary (16) can be repre-
sented by the following straight line in the torque-speed plane:

(1+n) R
7 mﬂu- (1 7)

wﬁl::'—

The unstable regions on the torque-speed plane for the systems

with and without error feedback can be depicted as shown in- ~

Fig. 5. The relations (16) and (17) can be used as a guideline for
the design of the feedback gain h% to enlarge the stable region.

The validity of the predicted stability region according to (17)
can be confirmed by the simulation results shown in' Fig. 6.

In Fig. 6, the motor is operated from. the motoring mode at
rated torque down toward the regenerating mode at rated torque
for several commanded speeds (50-200 r/min) and the stability
boundary is shown as a dotted line. It is clear that as soon as
the motor runs across the boundary into the predicted unstable
region, the sensorless system becomes unstable. By comparing
Figs. 6(a) and (b), it is concluded that the stable region is en-
larged by the use of feedback gain.

It should be emphasized that all the simulation results are per-
formed with perfect parameter matching and correct voltage and
current information. As such, the exhibited instability phenom-
enon is an inherent property of the estimation process caused by
the feedback loop not by parameter errors or any other uncer-
tainties.

V. STRUCTURE OF SPEED-SENSORLESS VECTOR CONTROLLER

Besides the stability, the complexity of the whole sensorless
drive is also an important issue which should be investigated
from the viewpoint of implementation. In this section, it will
be shown how the sensorless drive system can be realized by
merging the adaptive full-order observer with the decoupling
control (to be described later) without meodel redundancy.

A. Adaptive Full-Order Observer on Rotor Flux Reference
Frame

In order to merge the observer with the decoupling control,
itis natural to express the adaptive observer on the rotor flux
reference frame as (18){22), shown at the bottom of the next
page, where

> — gad o | Vsa > o gu
’“'[iw} ’“[vqu "’M e
and the subscripts “d”” and “¢” denote the “d” and “¢” compb—

nents on the estimated rotor flux reference frame, respectively.
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Fig. 6. Simulation results showing unstable region in torque-speed plane. (2) Without error feedback (H] = 0, H] = 0). (b} With error feedback (H{ = 0,

H, = —025 R,-I).

B. Decoupling Control

In contrast to the conventional decoupling control which has
been previously introduced in [6] and [13], a modified decou-
pling control is proposed here as

Vg =Ryt5, — warL,,;qu
M2 e i3
e (z,,d - zo> +[Kel, 24)
Vsq :Rsi:q + WLs'zsd
.1[\/1.2 “ ~
ey (isd - z,,) +[&e], 25)

™

where () denotes the commanded value.

In this modified decoupling control (24)-(25), the estimates
;sd 154 are used instead of the current commands to calculate the
back electromotive force (EMF) terms and the terms zsd — zo are
also added to achieve complete and simple decoupled dynamics
of the flux and torque current control even during transient. Al-
though the modified decoupling control includes also the feed-
back term (f(¢), its objective is not to form a tight current con-
trol loop, but merely to simplify the merging process with the
observer.

C. Integration of Decoupling Control and Adaptive Observer

The decoupling control can now be integrated with the adap-
tive observer by selecting the feedback term (K e) as

(26)

[Kc]d =ol, [H'c]d
M @

[Ke], =0L, [H] el +L—{Hzc]

By substituting (24)+27) into (18) and (19), the decoupled
stator dynamics become

disg
"t L =R,y 28)
Ryiog Bg st =Ruil, (29)

which. are very simple. It should be noted that the decoupling
control does not change the rotor dynamics (20)~(21). As such,
the decoupling voltage (24) and (25) can be calculated from the
rotor quantities (@, 2,) estimated from (20)~(21) together with
the estimated current (zsd,z,q) calculated from the decoupled
dynamics (28)—(29).

dlsd ~ <M2 1

Risa+ oLy = =wo Ly - 17 e (oa=i0) + voa — oLy [Hiel, (18)

5 disq . M? M., o
Rty + oL, p whylgg + — I (zsd ) + Ugq — I [Hye], — oL, [Hie], (19)

dio L, ,
quo'f"L g Rr(hd"‘m[ﬂz@] ) (20)
. R (e~ 5 (B4,
W =Py, + Wy = PWey + r‘ = (21)
e (™

D = (kp + ks / dt) M, [isg = i (22)
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Fig. 7. - Block diagram of the proposed sensorless drive with modified decoupling control. -

Fig. 7 shows the resultantblock diagram after the integration of
the decoupling control together with the adaptive observer. The
portion 4 is the modified decoupling control (24}(27). The por-
tion B is the decoupled stator dynamics (28)}29) and the portion
C is the rotor flux dynamics (20)—21). Finally, the last portion D
is the speed estimation (22). It is noteworthy to mention that, in
contrast to some sensorless schemes 4], {5, {14], the motor dy-
namics are shared between the observer and the vector control
and appear only once without redundancy in the block diagram:

V1. IMPLEMENTATION AND EXPERIMENTAL RESULTS

The new decoupling control sensorless drive is implemented
using a microcontroller SH7032 as shown in Fig. 8. The sam-
pling time is fixed at 500 us. The stator voltage command isused ~
in the calculation instead of the real one and the effect of dead
time is also compensated. The stator current is detected synchro-
nously at the beginning of each period of the space-vector PWM
pattern.

A. Response to Speed Commands and Loads

All the variables in the observer and controller are initial-
ized to zeros before running the drive. The startup procedure
begins with a dc current injection in the d-axis direction to first
build up the rotor flux and is followed by the acceleration to the
commanded speed. Fig. 9 is the response at acceleration and de-
celeration between 500—1420 r/min; the response time is about
150 ms: Both of the estimated signals &,, and Ty CAN SUCCESS-
fully track the real ones w,,, and i,,, during transient and steady
states and the stator current 1., is nicely controlled without os-
cillation. The experimental result at speed reversal from 1420
to —1420 r\min is shown in Fig. 10, which clearly indicates the
smooth operation and the correctness of the estimated current
and speed. The step responses. to the speed command and load
are also shown in Figs. 11 and 12, respectively. From the afore-
mentioned results, it can be said that the performance of the de-
coupling control sensorless drive is comparable to. that of the
vector control with sensors.
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Fig. 8.  Block diagram of experimental setup.

Fig. 10. - Experimental result at speed reversal (H =0, H} = 0).

B.: Experiment on Instability Behavior in Regenerative Region

As an example to illustrate an unstable behavior in the re-
generative opefation at low speeds, the speed command is set at
12:6 rad/s (120 r/min) and a load torque of about =9.7 N - m
{slipw; = —11.7 rad/s) 1s applied to the motor shaft. This-op-
erating condition corresponds to the point marked as “0” in the

~unstable region of Fig: 6(a). From the result shown in Fig. 13(a);

the instability of speed estimation is observed which leads to

sthe speed error as well as the wrong torque and slip commands

(1, = —11L.0 N - m, w] = —14 rad/s).
In contrast to the simulation result in Fig. 4, the speed error
in Fig. 13(a) does not diverge, but approaches a nonzero steady-

state value (22 37 ¢/min), instead. This is because, in this case,
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Fig. 12..  Experimental result at a step load (H; = 0, H; = 0).

the motor is driven by the sensorless controller, with the esti-
mated speed fed back for the speed loop control as shown in
Fig. 8. This causes the operating frequency « and the critical
frequency w, to change continuously along with the changing
speed wy,, during the transient response and, finally, both be-
come equal at new values «’ and w/, as depicted in Fig. 14. The
new operating frequency w’ calculated from the experimental
resultis ' = pd! 4wl = 2*12.6 — 14 =~ 11 rad/s: With the
final rotor speed w,,, = 8.7 rad/s, the new critical frequency w/,
calculated from (15) is about 11 rad/s and is equal to w’, indi-
cating that the system is operating just on the stability boundary.
It should be mentioned that the stability boundary line defined
by (17) is also changed from the solid line to the dotted line
as shown in Fig. 14, because under instability the magnetizing
current i, will deviate from its command. Normally, when the
instability occurs, the operating point of the system will move

onto the boundary between the stability and instability. Under”

this circumstance, the unstable zero on the real axis of Gb,(s)
becomes a zero at the origin, which cancels out the effect of the
integrator of the adaptation Pl gain and causes a steady-state
error (see Fig: 2).
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The experimental result when an error feedback (h%) is ap-
plied to stabilize the speed estimation is shown in Fig. 13(b).
The motor speed can now be regulated correctly with the torque
command equal to the load. According to (16), the critical fre-
quency w, is shifted by the feedback gain A4 to 12.6 rad/s which
1s just below the operating frequency w (13.5 rad/s) and suf-
ficient to: fulfill the condition (13.A). The operating point is
marked as “0” in Fig. 6(b). These results confirm the effective-
ness of the feedback gain and verify the validity of the theoret-
ical results.

VIl DISCUSSION ON EFFECTS OF PARAMETER DEVIATIONS
AND MEASUREMENT ERRORS

Limitations by the instability in the low-speed region can,
in theory, be completely removed by the design of feedback
gains H1, Hj to fulfill the conditions in (13). However, besides
the theoretical stability limitation, there are also practical prob-
lems arising from the inductance and resistance variations and
measurement-errors, which degrade the performance from its
ideal one, especially at the very-low-speed region. In this sec-
tion, some effects of these disturbances will be qualitatively dis-
cussed, while the detailed analysis and the remedies will be left
to subsequent research.

Firstly, the deviation of the inductance, which occurs in the
high-speed region where the magnetizing current is weakened,
will degrade the performance of decoupling control which
needs the accurate value of the induced EMF (wlsisq and
wo Ligisq) in (24) and (25). The simple and quite effective
approach to cope with this parameter variation is by using the
magnetization curve to adjust the inductance value according
to the magnetizing current [15]. Secondly, for all sensorless
drives including the proposed. scheme, the rotor resistance
variation (AR,) will cause the speed estimator to adjust the
estimated speed to compensate for the slip error until the torque
current error becomes zero. The speed error is then calculated
to be Aw,, = (AR,/L,)(isq/io). However, the torque con-

trollability of the system is insensitive to this rotor resistance

variation because the rotor flux estimated from (20) and (21)
is still correct. Thirdly, similar to other sensorless drives, the
stator resistance deviation (AKR,) has a serious influence on
the proposed sensorless drive in the low-speed region where
the -amount- of induced emf in the motor is small. Both the
stability ‘and sensitivity of the speed estimation system will
be deteriorated as shown as an example by the experimental
result in- Fig. 15. From Fig. 15, the speed estimation error
caused by the stator resistance variation is about 10 r/min at
the commanded speed of 100 r/min and the system becomes
unstable when the command is changed to 75 r/min. One
remedy to this problem is by the use of appropriate feedback
gains (H{, Hj) to reduce the sensitivity of Aw,, to AR,
which can be analyzed from the block diagram in Figs. 1 and
2 [16]. Lastly, the current measurement error and the imperfect
dead-time compensation will cause ripples in the estimated
speed waveform as observed in Figs. 11~13. The sensitivity to
these errors can also be reduced by the same remedy against
the stator resistance variation.
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torque (slip) VII1.. CONCLUSION

In this paper, a new sensorless drive has been proposed based
on an adaptive observer and a modified decoupling control: The
complexity of the whole system is minimized by integrating har-
moniously the decoupling control with the adaptive observer.
Owing to its simple structure, the proposed sensorless drive can
be implemented easily and its feasibility has been shown by ex-
periments. The stability of the speed estimation drive system

stability boundary shifted by

agnetfzing current deviation

83rpm 120 rpm
i34 i 5p eed is analyzed using the Routh—Hurwitz criterion and it is pointed
out that the speed estimation can be unstable in the regenerative
region and this instability is caused by the unstable zeros. The
analytical conditions for the existence of the unstable zeros are
explicitly derived and can be used in the design of the feedback
0.7 Nim - g gain of the observer to avoid the instability. The validity of the
analytical results is finally verified by experiments.
resulted commanded
operating point operating point
0=, ® <o, APPENDIX A

The positive real property requires that the transfer function

Fig. 14.  Behavior of induction motor under instability. . .
8 on et 4 G{s) satisfy the condition (A.1)

r— Change of speed command

100 Gljw)+ G (jw) >0  Yw >0 (A1)

: T SAmEaY
50 rpm/div goms o)

where [}™ denotes the complex conjugate transpose.
Substituting (7) into (A.1) yields

G(s)+ G (s) :;lj [s°1 + s(xd + yJ) +ml +nJ] -

[0+ s(wl +yd) +ml + 0] e B(s)
>0 Yw > 0 (A.2)

where

B(s) =881 + 55" (xl —yJ) + sl — snJ

; o+ 8T 455" (el +yd) + sTmd st
Fig. 15. - Effect of stator resistance deviation on the operation atw,, 1 100 //min R " ( y/) R .
—75 t/min, AR, (= 0.4 ), (H: =0, H, = 0). =55 (s + "M+ 255wl + (s + s )ml (s = s)nd.
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Letting 8 = jw. it can be derived that the condition (A.1) is
satisfied if and only if

Bljw) =2 el = 2jwnd
2jwn
2t

R

= {-2;@:” } >0 Yw>0. (A3)

However, the condition {(A.3) is violated for

<« < -—LL. when n < 0. (A4)
£

The result (A.4) reveals then that the transfer function G(s) in
the linear feedforward block is not positive real.

APPENDIX B

In the case that H] and H} as defined in (8) are constant, the
derivative terms in {11) will depend mainly on the acceleration
or deceleration rate of the rotor speed wy,. It can be shown that,
in general, the following relations are satisfied:

(B.)
(B.2)

w4 wn (e + ) (sw) + (sm)
wx + 1 (sw) + (sy).

Even when the acceleration/deceleration rate (dw,,, /d?) is max-
imum, the above relations are valid down 1o a very low fre-
quency of about 1~2 Hz. Consider as a numerical example
when H{ = Hj = 0 and the motor is maximally accelerated
at the rated torque (slip frequency w, = 17 rad/s) with the op-
erating frequency of 2 Hz. Using the definitions in (8) and the
motor parameters in Appendix C, it can be calculated that

™= %(ﬁ’s 3
1= Ry, ﬁjs
w= e B (B.3)
y - —‘P’»Um
oy, 2
. = 500 rad/s_
and that
dw dar
o+ 9)(0) + (o) = (= ) (52 + 5
du dew,, .
=Wy —— N Wyt % 8500 rad? /s°
dt
whereas
. SR R, R
w2 e gy =g id b W~ bt
WL W =w [ULé, + ULJ +«J( PMH)ULS
R 5 R, . O
=ww, cf]j, + wz;l_,,_. 2 50000 rad?/s*.

Therefore, the relation (B.1) is true. In the same manner,

dw  dwn dw,
(aw)+(ay)_71—£—p—d%——.-—d~t~~0
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while

wrtn=uw ui +¢
T, TYSL.
The relation (B.2) is also valid.
Therefore, for most operating conditions, the transfer fimc-
tion G5,(8) can beé approximated by (12).

~ 4000 rad/s?.

APPENDIX C

The motor’s parameters and ratings are as follows: 2 hp, 220
V/50 Hz, 6.2 A, 1420 t/min, Rs = 1.84Q, Ry = 0.885§);
Ls=131mH, Lr = M = 120mH, p = 2, J = 0.021 kg - m?,
rated slip = 17 rad/s, rated torque = 10N - m.

Adaptation gains: k, = 2 rad/s- 4 - Wb, ky = 400 rad/s® -
A- Wb,
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