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ABSTRACT

This thesis proposes the development of the indirect vector control for
PMSM drive. The indirect vector control requires the relationship of the motor
differential equations. Therefore, this thesis proposes a mathematical model of the
PMSM to study the PMSM operation and design the indirect vector control. The aim of
this thesis is to improve the speed response of the PMSM compared with the reference
speed and reduce the vibration effect of the PMSM. For this reason, the controller
improvement for the indirect vector control was studied and confirmed through the
simulation of the indirect vector control for PMSM drive by software-in-the-loop
embedded software technique on MATLAB/Simulink program. This technique is used to
verify and compare the controller performance in each type. The simulation results
show that the predictive speed controller operated with the model predictive current
controller provides a fast and accurate PMSM speed tracking performance and can
reduce the PMSM torque ripple. In addition, this thesis also presents the simulation of
the indirect vector control by processor-in-the-loop embedded software technique to

verify and evaluate the proposed controller before real hardware implementation.

Keywords: Permanent Magnet Synchronous Motor, Indirect Vector Control, PI Controller,
Predictive Current Controller, Model Predictive Current Controller, Predictive Speed

Controller, Processor-in-the-loop embedded software.
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ANUNT0ARNTINTEIDL VDI QY INTT AR
¢ sauteilvensueiinvosnszudannesi
ANANGY HANDUALDINTYIUTDINDWMBST
wiuguaziiadesnImnINssuUAIUANKUY
NNMBINIIBRUMIEAIAIUANTLD Wil
ausnannisnseiilonvesday gyl

Yovasle

2017

Xiaoguang Zhang,
Benshuai Hou and Yang

Mei

UNAUDNITHAIUITFUUAIUANKUUINADS

n1990ulaun15tdfImIuAY Deadbeat

Predictive Current Control with Stator
Current  and Disturbance Observer

(DPCC+SCDO) Fatdun1swaruiainn

AuAx TanunsnanvoudyInsunIu




15

A15799 2.2 (sl0) MUITeMAgITRINUNTRRLITFUUAIUANKUULNINEIN NN TugUuRIuAY

NICLLE

Do

=b.

ARIERIAY

A5EEAYVDINUIY

lngnanI1suYeIssuUAIUANTILEYD
ANU150YIN N AR D UANBITANULLUEINIT

nslasamuauilels

2019

Xin Yuan, Shuo Zhang,
and Chengning Zhang

UNAUDNITHAIUITFUUAIUANKUUINADS
n1990ulaun15tdfImIUAY Deadbeat
Predictive Current Control luguaiuay
nsewd lauazly3snis Novel Current and
Disturbance Observer (NCDO) 1i111%3¢1u
nsauAy Wesannluvuzuetnedvinau
21UNANITIUNIUVBIRALAYAINIT AN S
Yo9uanosin1sUasuLYas A1SWaIUA
FEUUAIUANLUULINIAD TN 01 UD
Afed Samunlidnuauiausous
nsiufinuwazinnissuniuvesivan
NIDAINISIALADSVDINDLABIANTS

WagukUas

2019

Xudong Liu and Qi

Zhang

‘Lj’]LﬁuaﬂﬁﬁﬁWU’]ﬁ%UUﬂ’JUﬂﬂJLL‘U‘UL’JﬂL(ﬂEJ%

199U LABNN5 YA I Predictive Current

Control Based Equivalent Input Disturbance
Fadunisimuiaindaniuau Predictive

Current Control Lﬁaam%auﬁzyzymsumu
1AuNan15119UY ANaN 15RO UAUD DY
wawnasianuuduginInisldnintunu

lo
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A15799 2.2 (sl0) MUITeMALITRIUNTNRUITEUUAIUANKUULINMEINI9R luguAIuAy

NICLLE

Do

=b.

ARIERIAY

A5EEAYVDINUIY

Xiaoguang Zhang, Liang
Zhang and Yongchang
Zhang

UNAUDNITHAIUITFUUAIUANKUUINADS
n19geulanenislddiniuny Model
Predictive Current Control kagiiladIuyaa
n1sUsuUsaRuliLlug eI ne s
s A v = a a
weas welvssuuatuAudUsEaANSAIN

1N

2020

Xin Yuan, Shuo Zhang
and Chengning Zhang

UNAUDNITHAIUITFUUAIUANKUULINADS
n19aulnen1slERInIUAN Nonparametric
Predictive Current Control & sWaiuntisLfy
INFAIAIUAYN Model Predictive Current
Control o wAludyninruulsiuves
WISTMDSVDINBLABST Y1 IARANITNY
suaqiswmu@mmmmammimsLﬁamaa

dyaalilovadla

2020

Xin Yuan, Shuo Zhang,
Chengning Zhang,
Alessandro Galassini,
Giampaolo Buticchi and
Michele Degano

ﬁﬁLauamsﬁwmiwumuquLL‘UUL’mLma%
n19geulanenislddiniuay Model
Predictive Current Control Lazifiud1uve9
Parameter mismatch suppression Lﬁ ULy
anuRanaInaInnsiUasuulamisfves
%QmﬂNamiﬁwﬂumaﬁwummw’mw
HAMBUAUBIVDINBLADIHAIIN LU LY

NINANLAZYILAANITNTLLNONVDIF QY YU

16t
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A15799 2.2 (sl0) MUITeMAgITRINUNTRRLITFUUAIUANKUULNINEIN NN TugUuRIuAY

NICLLE

Do
2
c
=b.

ALY sy IesNUITY

9 2022 | Xiaoguang Zhang, YIEUDNTHAIUITZUUAIUANKUULINLADS
Hailong Bai and Ming

Cheng n1g9eulnenislddinlungyu Model

Predictive Current Control With Series
Structure FIANUITANAIUNAANUITAVINUY

NILuAR198982m 3 order WavinlviszUy
AuANtIgann1sUsEIRIaTlunisaIuaula
AEITu lagnan1sniaIuUsIngIn

HANDUAUBIYDINBIADTIAINULIUEES

10 2023 | Xiaoguang Zhang and YIEUDNTHAINITZUUAIUANKUULINLADS
Ziwei Wang

n19geulanenislddiniuny Model

Predictive Current Control without Flux-
Linkage Parameter &94Jun15wWe w6

A3uUAN Model Predictive Current Control
Trarursanarulalaeliaealy
A3 ITImes Flux-Linkage Tnonisifivay
Y9INITAUIUATINTTADSTINE 1T UL
WeldszuualrvauaiuisnuFudale

WLNZAUAULDLADS LA R

nansAnuINUATRgTesfumMsimuszULAmUANLUUNAMES e TugUAIUAN
n3TUA MNR15197 2.2 uandliifiudn mswanszuAmUANLUUNNInesn1sdenTugUaUAL
nszuavziidnauaueg 2 via Alduanudenlunsiaunszuumuauuuunnneinsdesly
qUAILANNTEUA A HIAIUANNTELARUUYNUIeAlduuus1a0s (Model Predictive Current

Control) kagAIAIUANNTEWALUUNIUY (Predictive Current Control) §9919 2 §3A3UANE
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aussourlunisiaunfuazilummusuifinalnnsvihauedieadeiu egslsiniu dasua

o
Y =

Megesdianuunndeiu fe daaduaunszuanuuiuienlduuudiaondudiaiuauily

[

Indudedldmaiinnsaing eenndygraserdnnvesiimuauazdudygyiunisaing f

ndmuaunszianuuwendlusesdinsldmetanisaing Fans 2 dansuauagldaunis

(% [
VA o Y

malniuagyanavesemasuildlunszuiunsaunu smemaliideadaiuii drunum
2 yiafianuiiaulalunisuszendldauduszuuaivauuuunnne inegauluanuise

a a o‘dy
INYTUNUBTU

2.4 GRA

9

'3 v [y v

31NN1IANYIUINANITIUNTTULALNUITEMALITRIAUNITANAUITEUUAIVAN KUY
NNBINTBUA M UTUIN GO UNBINO3TILATUATTARILMAN 0195 NUTT TEUURIUANKUY
4 v ¥ & <
LNNEININTRN Usenaume qunisaiuny 2 gu fe quAIUANAMILTITOULALgUAIUANNTELE
I8 sy UUAIUANLUUNNNBINTaNMmEmAIUANiile Fxgninunldiune 2 gunisauay @l
MINRUITZUUAUALLUUNINME SN ou AT aussauznTY auidunsuszendldausiaiuny
Tuusiazgunisaiuan maiaunluguauauanusseu yeiduliiinanevausiniuiiseuved
& al = I o a ' a v | o ' v oA
WBMasNTINTY wilug waziinisundalniides dwnsiauilugualununseua daiduiioan
nsnseiienvesdygrunseuatazussdanngliiiveswetnosuazannisunislnivesdy ey

NITLAANNTNUDLADS NKANITANYIUSTATITSUNTSULAZATeMAETee 1HuUselevtd sy

mimLmemﬂ’]iﬁi"]Lﬁumusuw:ﬁ%’aﬁialﬂ
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UNN 3

WANNIINIIUUAZLUUINADINNADIAAER SV IUBLIND ST LA TasTaALUMAN012S

3.1 uNi

ns@nwmdnnsvuLasLuuIaemadamansveewesdlasiaviaudingn
D13 ﬁmmﬁwﬁﬁgLLazLﬁuﬁugmﬁﬁﬁmﬁm%’mswmwgmaLma% WUUTIRDIN NALAAIENS
fsnamazgnibluldluns@nwinginssunsihauseseines ufsnshlulfifiessnuuudh
ARy fadu uniidsiiausnanisinyindnnisinnu msaduuuiaemsadamans ua
NIATIADUANNYNABIVDLUUIINDY NTIATIEVNANTTUNTVINUTBBLRDTTIATHAYN
Wlinan133 AU TNIUNITTIaeEaUNTHIUNIUSLNSY MATLAB/SImulink N1531889
anunsalgninualivaaeuiianizeng 4 ilegwgAnssuvesueinesluusdazganisvinay
wumsinanagyilinisfinsmgAnssunisiaureseimefilnugndeauasdaiauanniy
uen9nil wuusaessadinmanifiadduannsainlfnuieduiuamisnisiaunssuy
AIUANYBINBLABTAIEITHI 9 1WU N1TAIVANLUUNITUTULTIAU (Voltage Control) N15AIUAY
LUUNMSUULSIAURaA21NA (V/F Control) N15AAUANLUUIINABSN198 M (Indirect Vector

Control) usu

3.2 AANNISYNUYRNBLnasRelasTarlaniAnNaNS

IAsaas9vesnewasTalasiauiiaunalindna1is (Permanent Magnet Synchronous Motor :
PMSM) Usenausie dwinas (Stator) hazlsimas (Rotor) Tudiuveanmasaziiunalnauina

Wuoguusosvaamnesingniyuiusenitanaminu 120° Feludiuvedlsnes ag

a |

Usznaume wilianasesdannagiulnumanuadsmaswingy liinsiunainilsnes 1ae

Y

dnuwazneuenveanesTlasiardawivinansausawandld AU 3.1(n) waglaseasng

ca Y a 1 [ Y o d'
5U’EN3J’EJLmaiﬁﬂiﬂiuasﬁUQLLNLM@ﬂQW’JiﬁWN’ﬁQLLﬁ@QI@ @QE‘U‘V] 3.1(%)
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- Stator
.\ Windings

(n) (@)

JUN 3.1 woweosdelastiarlauivingns

n1sviuresemesdslasiasdaiiinanans asuieladn Wedelwiinszlaaauay
waaugariivnanawmmes azviliinaunudivanmyuiy Inaduwssuivantugeseinie o
AUNRULAN 9 azinInszaremldivinduy Wesendediwiuaulldauiinsvesdosainie vinli

5

Wawsssulndrdrundululswesidnwuzidusuraulel yaimasiAnn1snuUNAIUL5IAIN

Y 9

Seni1 Aasadalasida (Synchronous speed)

=

= s & & = see L a X °o g v ¢ a &

Hesanlswesidunimanands msagdslulsmesdshifintu viliuemesviintiasd
A1PIUTENBUNIAY (Power factor) kavA1UszdnSninaindnueinesivilenivilndy (Ransand
fifamduvii) Sl vwiadn Tusedessn uwalidedes Aa s1Auwng Aaautfnig

wilmanagasunlasmueamll wagsresiailunislday

N13ANYT N385 1UUUTIA0MNNANAAIERTLAZNITEDNUUUTEUUATUANYDINBLADS
Falmsiaydaudinina1is Indudesdngluuvaunisvesmewmaslussuuaiung abe iaguu
uy dg iflesainmisaiianuuiiasmnandamansiaznisee UL UUAIUAN LT UM
abc fanugaenn Fudeu Tnsdunaunisinsuuuuaumsvesawmeslussuuanua abc Woguu

WY dg USENoUAIENTEUIUNITUUAILAYL 2 WUU AB nasulasiuumaansn (Clarke’s
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Transformation) Ldun1sudasuny abe Tt uunu op vagnisudasiuuunsa (Park’s

Transformation) tJunisudasunu of Tuiduwnu dg

3.3 A1swUadwuUAansn (Clarke’s Transformation)

nswdaskuuaarsnidunisuuasunuainunu abe TWiuwnu of na1mfe seuvavgn
wlasandsuaaumaluiludinaaeunaiioguuunuvgnil (stationary frame) laga1unsn

LansanwENISLUBILNULUUAAISNLE FaguRt 3.2

JUN 3.2 nswdasUSunuaua abe luaguuunu of

daRsanangui 3.2 agldaunisnisuuasuny abe Tiduuwnu op Aaunisn (3-1)

WALANNISA (3-2)

£ —f, —f, sin30° —f_sin30° =, —%fb —%fc (3-1)
fg =0+, c0s30° —f; cos30° = ;fb —?fc (3-2)

ANANNITN (3-1) wazaun1si (3-2) ﬁ?iJ’]iﬂL%EJULﬁuLSJW%ﬂGﬂﬁ FRENATY (3-3)

I:f(xﬁJ - [T(XBJ[fabc] (3-3)
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11 f,
« fo 2 2.
B [l [l g | el
2 2 ¢

v a - s X v 2 = .
Tng9uideinednusid Toan K=3 Faluguuuunisuvatunuiuuaieen (peak
conversion) @alunitanduiudnazulasainuny of Miduusunuanuma abe aunsavitla f

41NN (3-4)

[fabc] = [T(IB :|_1 [fqﬁ] (3-4)
1 0
Bp) [Tas ]_1 =K —% ?
1.\
L 2 ]

3.4 ArsuUaswuulsa (Park’s Transformation)

niten 3.3 lanantiaguuuunisulatnuuuunansn Faduguuuuniswlanuann

whu abe T uunu of vieazulasndvainunu op Tuiluunu abe Feluiideliaznanienis

wUaswnudnguuuunds de nsudatwnuainuny abe lluunu dg nanfie szuvasgnuuas

MnUFunaaulaluilulsunuaeanaioguuunumyy (rotating frame) laeldsunuunisudas
s s g.; ¥ o (3 b4 s

wnuuwuuria Taglunisudasinuuuuisaiulddnenssdainusnisuuasunuiuuaaisna

Wawse ievzwlasnnUiuaaesanaiioguuwnunenis ldulsinuaswnaieguuunungu

Inganunsawanidnuaznsulamnuwuuiiiala Aagun 3.3



5UM 3.3 nsudasUSunanuny of Weguuwnu dg

cos® sin®
o [qu } - {—sin 0 cos 6} [fo‘ﬁ]

WNELNNST (3-3) asluaunisd (3-5) avld

1 11 f

fa] [ cos6 sin® " 2 2 fa

fq| |-sin®@ coso 3 B b

0o X2 X2,

2 2
Fnguaumsi (3-6) lylléu

f cos0 —lcose+£sine —Ecose—ﬁsine fa
d|_k 2 2 2 2 f,
fq V3 1 V3 f
C

—-sin® lsin6+—cose —sin@—-——cos0
2 2 2 2

Na@UN1A (3-7) aunsaeulundle fsaun1si (3-8)
fa

fa] _[Ku Ko Kis
~K f,
fq Ko Ko Ky

fe

(3-5)

(3-6)

(3-7)

(3-8)
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e K11 =cos0

Kio =—%cose+§sine = C059C052—3ﬂ:+5in (9sin%7E =cos(e—ﬁj

3
K13:—lcose—ﬁsinezcosecos@—sinesinﬁ=cos 6+E
2 2 3 3 3
K21 =sin0
Koo =lsine+£cosez>—sinecosz—n+cosesinﬁz—sin 9—2—“
2 2 3 3 3

Koz =lsin9—£cose:> —sin ecosz—n—cosesinﬁ =—sin(9+2—nj
2 2 3 3 3

naun13n (3-8) anunsadowduaminddmiuguuuunisudaswuuiisale dsaunisn (3-9)

[qu ] = [qu ] [Fanc] (3-9)

cos0 cos(e - 2_71) cos(e + 2—“}
3 3

—sin® —sin(e—z—nj —sin(e+2—nj
3 3

Falumenduiuiazulasanunu dg lduuSinaauwa abe Aanansavinle feaunis

i (3-10)

le [qu J =K wag K :g

[fabc] = [qu ]_l [qu } (3-10)

cos0 —sin®

< -1 .
Lo [quJ = cos[e—z—;j —sm(e—z—;j

cos(6+ﬁj —sin(e+ﬁ)
- 3 3 -
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3.5  WUUINADIWNNAfInAansuasuamasaalasTavlaniinannns

nnsinelassadisiiugiuasnann1sinnuvesamesdalasdardnutdmananas v

Tianunsadeunansauyavesewmasdlasiasiawivinansuussuuauma lafsgun 3.4

MINUUUTIREIMNALAAIEnSToeLmasTlATTardaulving 193 Buannsdeu
AUNTTUTIAUVDINBADTUUTEUUAINE FI9INATANYAVDINwmeITlATavlaudndnais
vuszvuaalugun 3.4 ilaunsalsuaunisusaduvesawmasuussuvatuald d

4157 (3-11)

Va

Magnetic
coupling

Stator Rotor

sUfl 3.4 2asanyavemainestalasaviautivinansuussuvauia
: d .
[Vanel= Rs['abc]+a(|—s['abc]+7‘pm(9)) (3-11)

4 d - o d o A
1aef akpm(e) Ao uwsuadoulniwnied veAn Back em.f. uag A

A s a [y al'
L‘?I@@JIEN?J@Q&I@LW@? a']ﬂJ'ﬁﬂLSUEJUﬁNﬂW{L@ ANAUNTIN (3-12)

d sin(6,)

5 pm @) =—0rpn | sin(0 —21/3) (3-12)
sin(0, +2n/3)

WAUALNTA (3-12) asluaunsn (3-11) 9 lAAUNITLTIAUVDIUDLADSUUTLUUANLLN A

Keaunsi (3-13)
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) d. .
Va =Rgig + L ala — @Apm sin(6y)

Vi :Rsib+Ls%ib—mrkpmsin(6r—2n/3) (3-13)

Ve =Rgic +Lg %ic = Ohpm sin(6y +2n/3)

91nUsasanyavesnomesdlasdaviauiminaisvussuvanualugui 3.4
A0SR UUT IR NAdnmansTtewesBlasariawindnansiuisudieu
nUSunaaua abe lUSanu dg Anguaiemusudey (o) Asundadsy (8,) 33013

AATEvLUUTIReUSUBUINUSINaEUWE abe TUSunu dg anunsaunandlanaguil 3.5

JUN 3.5 wuudnaesiiUTeudiisuainusinaaua abe ludunu dg

IINMTATIILUUTIRRINWTB UL U N USInaasia abe Tudawnu dg Tugui 3.5

ienunsalguaunsussiurasanasivieglusuvaaunsussuuuunu dg ba Al
. d
[Vape] = Rsliapc] + a[labc] (3-14)

[Tago] " [Vaqo] = Rs[Taqo] Tiggol + %([quo]_l[ldqo]) (3-15)

iaAnie [Tyqo] MaRATAALNTN (3-15) aglddn
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[Taqo T ] ™ Vaqo] = R lTago I Taqo] o] + el 5 (el "Digq0)
[Vaqo] = Relicqo] + [Taqo) 1 ([Tao] Do) (3-16)

31nENNT5T] (3-16) AgLAUIN WAL [quo]%([quo]‘l[kdqo]) NG RRFENRIGNRRE

USanauanala abe lUSaunu dq laamysel Tnsannsadasold fil
T 01 o T D) < [T, . 7190 rsen] LT 0]
[ dqo]a([ dqo] Trdgo]) =[Taqol| [Taqol a[ dgol +[ dqo]a[ dqol

[Taao]~ (Tago] Drgq0]) = < Draqo] Do N Tago] < Tl 317

A o L3 d — o ! Y o dy
NAUNTIN (3-17) @NITOUINIU [quO]a[quO] Landuansield il

coso cos(e —Ej cos(e + Ej
3 3

d 1 2| . . 21 . 21
T, —[T, =—|-sin®@ -sin|®@——| -sin| 0+ —
[ qu]dt[ dgo] 3 ( 3) ( 3) .
1 1 1
— 2 2 -
cos0 —-sin® 1

d cos(e—z—n) —sin(e—z—nj 1
dt 3 3

cos(e+2—nj —sin(9+2—nj 1
L 3 3 —




28

cos0 cos(e —Ej cos(e + E)
3 3

d 1 2] . . 2n . 2n
T, —[T, =—|-sin® -sin|®——| -sin| 6+—
[qu]dt[qu] 3 ( 3j ( +3j°

N |~
N |~
N |-

e
<
|
(28
5
VR
>y
|
N
‘*’|;1
N—
|
Q
o
()
7~ N\
@
|
||\>
B
N——
o

0 -3 ¢
d 2 |3 i 10
[quo]a[quo]_l=§0)r 5 0 Ol=wy|1 0 O (3-18)
0 0 0 0

Slounuaunsi (3-18) asluaunsi (3-17) azlén

0 -10
d - d
(Taqol 5, ((Taqo] ™ rago]) = [raqol + | 1 0 0|{[Agqo] (3-19)
0 0 0

v A ci o = 1Y) s
AIUU PINAUNTITN (3-16) Wagdun1TN (3-19) @UTOUIUIVYUANNITHIINUVDINDLAD T

Teoglugunesaumsussfuuunnu dg Tvslld feaunisit (3-20) wazannsil (3-21)
Vg = Rsid —(Dr7\. +£7\‘d (3-20)
4 dt
. d
Vg =Rsig +orkg +a7»q (3-21)

Tneft ag = Lgig +hpm AT Ag = Lyig wasluannisfl (3-20) waraunsi (3-21) agld

NeaunST (3-22) uavaunsi (3-23)

. d. . d
Vg = RSId + Ld &Id —(DquIq +a7\,pm (3-22)
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Vg =Rsig +Lg %iq +oyLglg +ordgm (3-23)
Tnefl R Ao mAnudumuvesnaInaaines

Ly Ao Aanumdeniuuunu d

Ly Fi® Aauwmeatuulnu g

Ag D AD AMANGweuleaTaIamaTULLNY d

¢

Lq D AB AMNSNGLAUlYIIBINBLADIULLAL |

q

NAUNTUIIAUTBBIETULLNY dg NinauudIlTe aunsadeuduisasauya

fa Y a ' @ A LY Y d'
YpaaLnasTelastasdalillnana SN uiuLAY dg VL@ WQE‘U‘VI 3.6

Rs Ld Rs Lq
—MA —MW\

Vd (l) orkq Vg Qo

@ ®
(n) 1RsauyaiieuiuLnu d (¥) WA aMAsUiuLNU g

JUN 3.6 19sauyavetawesdilasiaviawivinansiiisuiuwnu dg

YINAIINANNITHIIWUVDIBMTTIlATTarIaLANDN7S FallaunishsesOamaliiives
yatnesNnulATIZR USRI UL AR NAdnAIan SRS Rl AsTaTla LI RaNa1S

Tngaunskssaneininvesuamasausawansle feaun1sn (3-24)

T :[%)(gj(xdiq ~qiq) (3-24)

dlounue Ag = Lyig +hpm W8T Aq = Lgig adluaunsf (3-24) agld Fraunsit (3-25)

e :(gj(gj(xpmiq +(La ~Lg 52
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AUN13AMUENITUSITNINTITA AT ATIY wATFIUMULTYUVBIBLADS @150

Landld Seaunnsh (3-26) feaunish (3-29)

Te =T +Bop, +J%a)m

T.—-Ty —Bow

P d
=| — :—e
Oy (ijm gt "

2
o -o.(7]

laedl T, Ao ussdanslvihwewaines
T, A9 usednveslvan
I < a [
Om AD AT ATUNNNATDIWBLADT
A < a 1
o A9 AMUTATRNeLTvewanes
O A YUTIAUSUTIYUNNNAVWOINDS
0, fio uufirUSATuvslniweenes
B A9 AmuLdennIuedlanes
a l 4 = s
J Ap AlLUAAIURRE YRS

P A9 TUIUTMIMANYBINDLNDS

(3-26)

(3-27)

(3-28)

(3-29)
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3.6 AITESIGLUUIIARIMINAInAEnsYvaINBnaTRlasETiawMANa1sULTUS LAY
MATLAB/Simulink
Tuhdeilazesuisnisadrauuiasmisadnaaniveweimosdlasiavdaudman
ansunlusunsy MATLAB/Simulink 9naunismsadinenansiilinanluwailuitedn 3.5 e
TdAnwIngAnssun1sinuresuemes3slasiardaudinana1isniunisdiassaaiunisaluy

ABNTIADS lnBdIuT0as19YAUaaNveILUUTIaINNAdinA1ansT0LeInosTIlaTTaYin
! [ =i
waliwdnanasle fsil

NAUNTN (3-22) FUNTOAIUIUNTLHAALALRDTUULAY d b9 #9auN159 (3-30)

. 1 . . d
ig =L—j(vd —Rgig +orLgiq —akpm jdt (3-30)

o

NENNIN (3-30) aasaunasgauaenveInIzRaamaTULLNY d I fegun 3.7

>
in_Vd
>I Rs"u(1) >-
in_Id
—bl—b u(1)*1Ld » 1
,,,_,q > (Lau)uit) |+ out_id
in_wr Qom >
flux linkage —

JUN 3.7 YAUABNUBINTTUARAMDTULUNY d

q

PNAUNIFT (3-23) ANUITORIUINITLARAADSULLNL g la Faaun1sfl (3-31)
1 . .
iq =L—j(vq —Rgig — o Lgig —orkpm Kt (3-31)
q
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Parameters of Permanent Magnet Synchronous Motor
Symbol Description Value
R Stator resistance 5.10Q
Ly d-axis inductance 25.50 mH
Lq g-axis inductance 25.50 mH
Apm Permanent magnet flux 0.4095 V.s
J Rotor inertia 5.98x104 kg.m2
P Number of pole 8
Ps Rated power 750 W
Ng Rated speed 1,500 rpm
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Stator voltage Frequency Load torque Aitinl
Type model (Vs(abc) - \Vrms) (fs: Hz) (T_: N.m) Speed Torque
(Ny:rpm) | (T N.m)
dg-model 1 750 .
Benchmark 750 1
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Benchmark 750 3
dg-model . 750 .
Benchmark 750 -
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ANTiSmler
Stator voltage | Frequency | Load torque
Type model (Vs(abc)i vims) | (f,: Hz) (T_: N.m) Speed Torque
(Nm: rpm) (To :N.m)
dg-model 750 5
220 50
Benchmark 750 5
dg-model 675 5
200 45 5
Benchmark 675 5
dg-model 600 5
180 40
Benchmark 600 5
PMSM torque
(ze): N.m

dg-model
¢ 220V/50Hz ¢ 200V/45Hz ¢ 180V/40Hz —
------ benchmark model

800 L

W%\Wmthnnml.....A
PMSM speed 700 f
(Mm): TP
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n1seenkuumAtuANiilens 2 ¥a azimualeulenldlunisesnuuulvidduviieudy faty

! a s v Il v v o i.lg."/
AIsiwesvesiintuAuilefliainnisesnuuuazgninluldvsluguaiuaunssuauuiny d

LL@SQUﬂ’]UQNﬂiZLLaUuLLﬂu q

mM3oBnLUUmMAIUANTLElUgUATUANNTELE ISUAUIINNTAINTUAUNTUTIAY

YDIUDMBITUULNY dg AIENNIST (4-10) wazaun1s? (4-11)

. d. . d

Vq = RSId + Ld ald —OJquIq +a7\,pm (4‘10)
. d. .

Vg =Rsig +Lg gt +oyLgig +orkpm (4-11)

& IS LY s a r-:{l
NUU LVYUAUNITLIINUVBIUDLADIUULNY dg Tuaunsi (4-10) agaun1sv

(4-11) WeglugUvadlamueanisnisiuasaivas @ eaunsT (4-12) wavaunisi (4-13)

feedforward compensation
Vd (s) = RSId (s) +SLd Id (s)— (O Lq |q (s) + S?me (s)

(4-12)
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feedforward compensation

Vg (8) = Rl (8) +5Lg I () + @ Lglg (5) + 0 2opm (5) 013

NAUNTA (4-12) BAZAUNITN (4-13) WU NDUVDIALSITUBALTELUULUNLN
(feedforward compensation) gnasungld iailiieriuaussauglunismupuuewesiauiiseu
1 0819l5An10 TusAdeinetnusiluladiunNansan Al dun1TLSIPUYILBLMDSUULNY

dq anunsaleulvally fsaunsit (6-14) wazaunisi (4-15)
Vy(s) = Rl (s) +5Lylq (s) (4-14)
Vg (8) =Rglg(8) +5Lglq (5) (4-15)

INAUNTTN (4-14) Uagaun1sh (4-15) WU NeaeeaEunIsiULuuYesaunIsn

wilouiu Aty Handuaielouvesuainasiieniseanwuuiiniuauiitaluguaiununsswa
aasouansle AsaunsN (4-16)

lq(s)  1q(8)  1/R

= = (4-16)
V4 (s) Vq(s) STgq +1

LfIEJ qu = R_
S

& i A .
Tgq AB AIAINLIANYBITEUU (Time Constant)

31NN15HTUNNATIATIVBITEUUAIVANLUUINADIND0 TugUT 4.2 uag

a fu 1 I3 =i o § v =
nsiasanileidudnglouveswainesaunisi (4-16) vinliawnsadeunnunmlaezunsuves
seuulugumuaunseuanisfiimuauiilensuuiny d wazunu g lasgui 4.3 Wesanilendu
d1eleudmiunisesnuuuiiniuauiileluguaiuaunssuaniassunuilanyagmilauiu 39

annsanansnunmlaeznsuvesszutlugumuaunsuamemmuauilellusuisieiu
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PI controller Machine
s Skp+ki Vgorvg [ 1/R ig oriq R

JUN 4.3 ununmilpesunsuvesszuuluguaurunssuamedinuauiile

91n3U7 4.3 awnsadundeuduilsiduaielounuuissauladniunis

ganuuummuauileluguniuaunsewa lanaunisn (4-17)

sKpi +Kii \[ 1/Rg |/ >
'ag () :( s J(Squ +1J(qu )~ ldg (S))

g ®) =] P15 ) 1gg(5))
dg®) =] ——5———|{ldq(®) — g
| Rsrdqsz+Rss | |
RytgqS? + Rgs+5Ky; + Kij - .
s'dqg 52 pi ii qu(S)z pi ; i qu(S)
Rstgqs™ + Rss Rstdqs™ + RS
lgs) 1q(®)  (Kpi+Kij)/ Rtgq e
Ig(s) I(s R+ Ky ) -
d®) g8 2 [Rs+Bpi | [ Ki
Rsqu Rsqu

HanFuaglounnsgIuduAUaDIvaITTUUAIUALLULITUAAIUSaLARILA G

Auns (a-18) fal

oh

G(s) = (4-18)

2+ 20mpS + ooﬁ

el @, A0 AIANASITUYIRVDITLUY
£ AD AIDRNTINITUUN

aetiu Tunisesnwuumauauiileluguauaunseua vildlagnswseuiiiey

[

AUUSEANTNNUINAIMNTIENINEUNNTA (4-17) wazaunITN (4-18) Aadl
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R¢ + Ky
= P 2ty (4-19)
= i Oni
sTdg
& = (D%i (4-20)
Rsqu

1NEUN57 (4-19) wazauni1si (4-20) arursadaguuuvaunisiniiiondny

agmndenIsmAITEwesvewinIuANiile (Kyi, Kii) Tugumuaunssua uansldnsaunis

pi
i (4-21) LATALNNST (4-22)

Kpi = ZCiRSquwni — RS (4-21)
Kii = Rsquﬂ)ﬁi (4-22)

A1BRIINMIVIITeINseenLuumAIuaNileluguaturunssia (¢;) Tuauide

[
[ 3

Inednusilagnimualinyiniu 0.8 kagANRsITNVIReITEUULAMUUALIN o, =100%
a | a a oA va a a o a a ¢ H

WSLAEUADIUNT LHB99n RATUNIINAMUDVRITEUUINAN AT U AB 50 B9 A1nUuwnu

ANMISIAMDSAINAITI9N 3.1 adluaun1si (4-21) wazaunish (4-22) azlaanisimesvaas

munuitleluguaiugunszua fie Ky =7.7177 uas Kj; =2,516.7491
4.3.2  N1599NLUURIAIUANTLEIUGUAIUANAANTITOU

INUENNITAIVANAMNSITEUTB BN B ST lAsHATTARINEND15A8 5T UL
AIUANLUUNNABINIEDL NUT1 N15AIVANAINIEITOUITAIUANDLULLNY g ity F4
AonAdDIiUNIAIUANUSITNTDIBLAB S TIgNATUALMIBNTLLARALADSULLAL g LHUATHNIINA
vosuamestslastiaviausiivanansfieduisnuduiusussnimiiiseunasussinuansls o

sUil 4.4

| /| J. B i

Te o

JUN 4.4 ununmnanavesueineidalasiayiauidnananas
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nseenuuufmAmUANiilalugUAIuANANEITOU BuALIINNITRANTANENNTT

ANUFURUSTZNINAUEITOULALLTIDN F9aunTh (4-23)

Te—-TL =J%mm +Bopy, (4-23)

Nt WeuanN1sANLFURLSsEINeANLSITa LAY LSOl UALN1SA (4-23)
IeglugUvedawueamenisuiamivate lansaunisi (4-24)

Ta(5) — T (8) =SJ®p (S) + By (S) (4-24)

Ql' =~ s 1 ¢ A o
INFUNIIN (4-24) a’llﬂ‘mLmﬂuﬂﬂﬂ%umﬂiau%@maLG]E)iLWEJm‘JE)@ﬂLL‘U‘UG]’J

AuAuiileluguaIuANAsITaU wanlanaunisn (4-25)

on® 1 (a-25)
To(s)-T_ (s) Js+B

INMTNITAN IATeETvessEUUmUANKUULININETNINeanlusUR 4.2 faidu
anglouaunisi (4-25) wazann1sussinvesomeasmuauniIsi (4-9) YiliaunsalluulaunIn

lpazunsuvesszuulugumuauanuiiseumesiimuauiite 1adsgud 4.5

PI controller TL  Machine
> Skp + ki 1 Om
]| e N s Js+B "

UM 4.5 ununmilpezunsuvesszuuluguauaumnusIseumefinIuAuile

s A

9N3UT 4.5 szfmualidivesausednlnan (T,) Sandugud esnilu

N15RONLULMIAIUAY t an1IePlaifin1ssuniu sulamvualvieia s ifinanusedeaniu

I
LYY

veeuamad (B) dAosuin Felutnuniiansunluniseanuuudiniuay A9ty WHuAIw

lpazunsudmsunisesnuuudimuauileluglaiuaunnuisnseuvesuiseing 1 dnusil

wanslanasuil 4.6
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P1 controller Machine

. sk, +k: | g T. [1] ©m
O - >|le S —>
+ S Js

JUN 4.6 wnunmlpezunsudmsuniseenuuuiimuauiiteluguaiuauausiseu

mﬂgﬂﬁ 4.6 anuisaurudeuduiladduatelounuulreseudadiniunisg

sanwuusimuanilelugurmunuauiiseu ladsaunsn (4-26)

o (5) = {M](k_'rj(@?n (8)—om (S))

S Js

SkTKpm + kTKico

mm(s){ > J(w?n(s)—wm@))

3s? +sk1K b, +KrKig skKpo +k7Kip | =
2 om ()= 72 om(s)

Om (s) _ (SkTKpm + kTKioo) 13

om(S) 32+£kTKp®]S+[kTKi(o)
J J

(4-26)

nseenuuummuaNiileluguaivauAEITeu aunsadtdunsuseaiv
nseenuuufimuauilelugumuaunzua tufo msthdudseanswuuimsvesileidy
delounuuseuliadmiunisesnuuusmunuiileluguamuauainusiseuluaunisil (4-26)
uFsuisufudulssaninmuaimsvesiladdudrelounnsgusudiuasswess suuaiuay

wuvealuaunisi (4-18) agld

k+K
TJ P2 = 26,000 (4-27)
kTKijp, 2

T = (Dnm (4—28)
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NANNITN (4-27) wazaunisi (4-28) awnsadagluuuaunsividiiionny
azaindenIImAmITTwmesvesiimuaNiile (Ky,, Ki,) luguaiuauainuiiseu wansld

Keanns (4-29) LAYALNNST (4-30)

2C,d
Kpo = Cc?(_T‘”nw (4-29)
2
i, =2t (4-30)
.

1w 1

AN8RIINISMUITBINITORNKUUMAIUANTlalugUAtuANASITEU (§,) Tu

[
[ o

NuITEIMeinusilagnivualyiwingu 0.8 WinAuguAIUANNTELE LAZAIINASTTUYIAVES

Y
szuumvualidiandesndtgualuaunssia 5-10 wh (AnA adafueil, 2556) aewwnil Isimue
139 g, =207 1SLABUADILT LazlilaunuAInIsIdwesaIna191e9 3.1 adluaunisn (4-29)

Lazaun1si (4-30) agldrmisiiiwmesvesdiniunuitteluguaiuauadiuiiiseu fe

K =0.0244 uay K;, =0.9587

4.3.3  weallan1saiaduuvsagianaduniteiad (Pulse Width Modulation)

1%
¥ [ 14 v s

NITEAInentnusarlinannisueganaunineiad (Pulse Width Modulation
: PWM) Liloa3 198y qy 14 AU ANNITaIngu339958uIesmasatuwla (s;,s,,53,54,55,5¢)
nmsueganauniniadilunismuaudady vdenlaezunsuveanaiinnisainduuunegian

auniaiaduandld dagun 4.7 asmiudn ndnnsueaanaunineiad fie nsiksiueneds

|
[ = [ Y]

* G a 1 ¥ o % ol =
(Vape) ¥38838n31 dyayrauanunu laannisauinesdinivau lSeuiisuivdyayiugy

[ [

A10MANY (vy) Weai1ed ey 1uAIUANNITATINTY0939958 ULIBS MR Ta UL A
(51,32,53,34,55,56)

2 v

wann1sueganAUnIRaduanals daguil 4.8 az1iudl AusIueneds

L2 6 a1

(Vape) FAnnindeyaiauguanumaey (vy,) dyaanivaunisaindaziiandu 1 uddiusaiu

Ch

1% a * P % 1w a [ a S [d
91989 (Ve ) HAdoenindeyarauguaiumden (v, ) dyaamuaunisaindazdandy o lag
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ANUNTEING (fg, ) vounaiall szllmasiuazinduanudvesdyaugavae (vy) 39

MUAINETNUST Auald fy, SAwvindu 10 Aladsnd

Pulse Width Modulation

* * |

*
* Vg Or v

* abc |Vabc 1
i i Controller 9, T_E:::
Ig Or g ; dq n 0 | S

igoriq

5UN 4.8 ndnmsuegianmuninavad

4.4  WAN1INABIANIUAITAITTUUAIUANLUULINIADINNSUE M TUTULARDUNDINDS

a o/ a ] < 14 Y =
Falasuaviau LWﬁﬂﬂ’]’Jiﬂ')EJGl')ﬂ'JUQNW‘lEJ

N1391894801UNTAUTEUUAIUANKUUNINN BTN NN MTUTUR Fa UL N O 5TILATTA
a 1 [ 4 v = 7 < .
ylaudnann1isatedinlvauiile enduynudan Sim Power System UulUSWLNTY

MATLAB/Simulink AMM1513LA183U8IUDITEUUAMUA MIUA51T 3.1 IASeasenIsiiousayn
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UADNNN391883801UNTAITZUUAIUANLUUNNNESNSSaNd muTuInAs LB sTlasiayiln

1 [ 4 £ = Y Q‘I
LL@JLMﬁﬂﬂTA?ﬂ’JSWEﬂ?U@@JW‘L@ ﬁ?ﬂ?iﬂLLﬁﬂﬁiﬂﬂﬂEU‘V] 4.9

Discrete
2.5¢-05s.

Lo ) |-od
L

al
a 2
N ” Rot d wm (rad/s)>]
'H <Rofor speed wrm (rad/s
b B s
S
¢ c
Inverter Permanent Magnet
Synchronous Machine
vd Vaf—M A
6puise IpulsesGEN]
Vg wol—»{B
¥ theta Vel —p ¢ g
DQ0 ABC PWN technique
™ Ll Lo 4«47
1B. [
B e M
@ thotale ‘
(Bt DO ABCloLB
wr_elec=wm"P
1
I 4
Theta

JUN 4.9 M31899@0IUNNTAITEUUAIUANKUULINMD TN IaNd M UTUIARR UL BB STl AT

gilawlranansmedimunuiile

1139180980 1UNTAITEUUAIVANLUUINAD TN aNd ST UIA R uN B o STelAT T

gilawlnanansmedimueuiile szuiinsdiassaniunisaloanidu 2 nad lown
aa o L4 r-:l' a
NN 1 n1sInaesanunIsainsilasullaseslssinlnan
NN 2 ﬂ'ﬁﬂo’]a@Qﬁﬂ?ﬁﬂ?ﬁﬂjﬂWiLUﬁEJuLL‘UaQ"Ua\‘iﬂ’]’]ﬂJL%’Ji@Uéj’Nax‘i‘U@ﬂM@Lmag

FI9aLBYANANITINADIENIUNITAITEUUAIUANKUULINAB TN 19 Ud T UTULAR DY

[

wawesalasiaviaudmanansmesinmuauilens 2 nsdleAusels fsil

aa [ L4 ‘:l' a
NN 1 p1s3naesaanun1sainisiasullasastssinlvan :

(%

nsdilazimualiuewmesnyuianusisou 1,000 saudeulil aa1usi59uv09

v

wawesidanraindvinsusuiiuusslalvanwindu 2.5 Tidiu-luns wag 5 Tadiu-uns o

[

181 0.4 U waz 0.8 U7 MUAIAU TRUNANITINABIENIUNNSAIEINNSDLARILS AaT
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913U 4.10 wansiis naneUALINTIILTBINBIMES INN1TTIaRsaaUNNTRinTdl
MaAsunlasesusidaluan HUI STUUAILANLUNINNE S sTuMEBfmuAuTleaLTn
muANANTITeUTBsaIeslAmIFaInT nanfe WevhnsuTuiiinusseluan anusiseu
vosawesedinmaunidlnilutisssznamils ndussuumuauuuunnneiBeudes

muauiiteazauaulinusiseuvemawesnaudngan1ieAnuAN5I5a U198 98NASY

%
s a0 a =<

LaZNTELAALNLADIVDIUBINDTITANNLTULUIHUANVUIAVOILTITA Inaniiudy Tasadnud
¢ s a1 a1 A S Ay v a
YaanseuadnnesvesameiIzlAaliiUfsuwdas viall ladinsiiansanaussaugnisniuay
Ya3smIvANitle 1neiiansanaInAIALAAIANABUYBIAIUEITEUTBIBWBSLAZLIITAUDY
UoLM9% (Egpeed » Etorque) A199NA19NAIMAI8TTIINAGe@RLRAURANAA (Root Mean
Square Error: RMSE) @u@in1s9 (4-31) wagduni1sa (4-32) @1Ua10u SIUVY ATUIUAN
Weiliudnuuiug1189n111L3250 U0 BLN 0 TUazLTATAYDBNBT (Ageed  Atorque) 1V

AUNTTN (4-33) LAZAUNITN (4-34) HANITAIUIULEAILS FIRN5197 4.1

N/ 2
_Z(nmj —I’]mj)
=1
Espeed = N (4-31)

N/, 2
E(TLJ' _TLj)

1
Etorque = || F——— (4-32)
torque N
E x100%
Aspeed =100% — —speed T * (4-33)
Nm
E x100%
Atorque =100% — —torqu-er* (4-34)
L

el ny, AB AINUSITOUDN9DY
A < s v v
Ny A9 ANLSITOUVDILBLMR SN IRl
* A a 1Y a
T, A9 ussUnlnano19ds
& a s v v
T, Ao ussdavousmasniala

N fo d1uIugadeyalunismuiu
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A19197 4.1 A1AMUABIALAADULALIUBSITUAAINLLLUEIUDIAINLSITOUVDILDLMDSLAZLTITA

299UBLM03 NSNSUAsULUAIRILSITA LA

Changing the Tracking error Tracking accuracy
load torque Espeed Etorque Aspeed Atorque
(N.m) (rpm) (N.m) (%) (%)
2.5 1.2362 0.5694 99.87 17.22
5 1.2686 0.5569 99.87 88.86

NAITNA 4.1 AU AUTIOULNITAIUANAIINSITOUMEMIAIUANTILEN1ENEIR1N
nsuFuiuusedalvan windu 2.5 93u-was wag 5 9u-wes Ty felaussauenisaniuay
Ao A = ¢ & s 1 o < § 1w Y =
18 11999 NAW o5 FUAAINLINEIVBIAIUSEITOUVRIBINBSYINGU 99.87 % wifiAIUALLE

LY

Wtaunnsedlumsmuauusiinvewmewmes dygrnussdanislniveweimesiinisnssiiven
Aaud19ge lnefiansanandiaunalaAisuresidnueemes ety 0.5694
TIFU-LUAT 1AL 0.5569 TIFU-LUAT AINETU danaliidasidudmnuudugnsidnvauainas

WINAU 77.22 % LAy 88.86 % MIUAIAU

1000 rpm

W 982 rpm L? 982 rpm
T T T T

--------------------------- 1000 rpm

‘I500I
PMSM speed
(nm): rpm 1000

500 L | | | | |

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
10 \ \ \ T \
T
PMSM torque WWWM
(ze): N.om 0 N
5L ! ! | | | J
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

iy
(isa): A 2

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time (s)

UM 4.10 nanauausinsinnweweneinstinsisuwlaawsidnlan

1N3UN 4.11 wansdedygrunsewavuiny dg nsiiniswdsuulasvesussinlvan

J o a LYY a

WU dygransshavunny g azdinualdufeidudvdygruessdanigliidiveenes @

]
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JulunumguinisniuaukuunneesMeeuinIsAIuANLsITn 10BN sITAIUANULLNL g

Wity ddudgyranseuavuwnu d 9xla1asn Jaduldaungufnisaivauuuunniaes

Y v
1 A v

sgeuiinsmuANauLLlmanveweInasazyinIsAIUANlAEAIA Halla1nguil 4.11 wui

o a

fyaaunseuauunny dg In1snseiieuAsutauduiediudygiausidanilnihewamnes

A

2
4L i
Stator current .
on d-axis (isq): A
A= —

2 | | | | | | | |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

3

Stator current °
on g-axis (isq): A1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time (s)

sUN 4.11 dygunsziavunnu dg nsainmsildvullasuesissdnlnan

N3 2 A591809EnIUNSRINTSANLLUAIUBIAINAIEITOUSIDIUBIABLADS

=

ﬂsmﬁazﬁmumiﬁuama%muﬁmmﬁaiau 1,000 soURDUNT LipALIEIS0UVES
uawmesitngannizasil 3whnisuuussdelanyindu 5 Sadu-was o a1 0.2 Junit dsen
Tuazvinsusuanugaseresemesiintudy 1,500 seudeund i tan 0.4 Fundl wazudu
AMuIseuvetNamasanatlu 1,000 sausaul?l i 11a1 0.8 3uNTl lnenan 133180y

anun1salanunsauansla Aagunl 4.12 uagguin 4.13

mﬂgﬂﬁ 4.12 uanIde NaROUAUDINITYINIUTDILBLADTIINNITINADIANIUNITINTEL
nsasunlaesnuiiiseusidavemomes nud vazviinisiuansseuTesames
windudu 1,500 seusioundt ai vaan 0.4 Jund FuaanusIseuveewmesiianisaiuly
1NAINIEITOUSNIBS Winfy 195 seURBUIT ABuAIMIITEUTBWBIBSILITIdanIEAs
wazvusviinIsusuauiisevrswemesanatdu 1,000 seusouli a 11a1 0.8 Aunfl
FuaramnuiiseuvesewmesiianisandiniiAininudiseusieds wiadu 284 seuseund

feuANSITOUTRMWBNBSITITIFaN1Iz AN Feanlesidudaraiukasiiandidaniizasd
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] I~

Y8IAMULFITOUVDWBLABS MIUAI59T 4.2 uandliiiiudl Aruauiiledslitounnses fe
dyaannnuiiseurewamesiianisaiuaeudegs lnefiansannesidudanaiuges

ANNILEITOUVDINBLNDS TIANYINAU 28.4 % LAz 13.0 % ANUEIAU

warluaaeiivhnsusuanuiseurewewes dyarausedansiliivewenesuas
Ty unszuaanoivesamesaziinisunislmlutissreznamil neuaziihganinzasiivhe
Wy wenani %Lﬁud'}mimu@mﬂﬂiLUﬁauLLﬂaqmaqaaﬂmL%’giamamama% Ao N13AIUAY
ANLAYBINTTLAAIMDSYRIBIReY WadeinsuTuauEIseuTeLamesNTY avyinlH

AUDVDINTLUAALALADIVDINBLAD LN LLﬁ%Lﬁ@ﬁ@ﬂﬂﬁiﬂ’ﬁﬂ%@ﬂ’nmL%’Ji@‘U%Bx‘iiﬂ@Wl@%ﬁﬂaﬂ

[
a

vall lefinnsiansanaussaugn1smuauvediinuaniiladisAnuAaInmAeuLaE Wasdud

ﬂ’J’WﬂJLLQJUEjWGU@\‘iﬂ'NiJL%’Ji@‘UGUENlIEJL@@%LL@%LLNGWUENSJEJL@@%LL&@QI&]} FIR3197 4.3

A13797 4.2 Wesidudamauiukasiadngdan1zaivesnusIseuTesewmes

Changing the command speed Percent overshoot : P.O. Settling time
(rpm) (%) (ms)
1,000 28.4 9
1,500 13.0 a0

A19197 4.3 AANUAAIALAADULALIUBSITUAAINLLLUEIUDIAINLSITOUVDILDLMDSLAZLTITA

VDIUDNBS ﬂiﬂjmﬁmﬁammawaqmmL%faiaué’wﬁasuawama%

Changing the Tracking error Tracking accuracy
command speed Espeed Etorque Aspeed Avorque
(rpm) (rpm) (N.m) (%) (%)
1,000 1.3355 0.5614 99.87 88.77
1,500 1.3859 0.5405 99.90 89.90

NANTNIN 4.3 LTAUTT JUTTAULNITAIVANAMNTITOUMERIAIUANTT e TANvue

A L% =)

Wuldeatuiunsdinisdsuivaweusidaluan nanfe Mauauiileliaussaugnisniugy

o

AUSITOUNA win15AILANLSITATDNBIWeslitaunnses dyqiausidanialniives
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walnaIfinsiin1snsziiiondoutnage lgiianTnINAIANUAIIALATOUYDILTIUAYDINBINDT

FANAVAU 0.5614 TFU-LUAT WAz 0.5405 TIFu-lUAT aua1su dalilosidudning

LU TAVBINDLIBSIWINAU 88.77 % LAz 89.90 % AuAIRU

M N 1695 rpm N\
i \
\ /ﬂ Ve
|

\ /
716 rppm

/

965 rpm ¥ o
T EN 1500 rpm ‘ A
1500 - : E Al 7
PMSM speed ST j lf 1000
(Nm): rpm L )
500 e | | | o |
0.1 0.2 03 0.4 0.5 06 0.7 0.8 0.9 1
8 £, %
6
4
PMSM torque 2
. 0
(z):Nm
0.
4 ey
2
Stator current J
(A 2 /| J
4 | | "i’ . L
0. 0.5 0.6 0.7 0.8 0.9 1
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Changing the Tracking error Tracking accuracy
Controller load torque Espeed Etorque Aspeed Atorque
(N.m) (rpm) (N.m) (%) (%)
2.5 1.2362 0.5694 99.87 17.22
PI Controller
5 1.2686 0.5569 99.87 88.86
Predictive Current 2.5 1.2135 0.5324 99.87 78.70
Controller 5 1.2432 0.5564 99.87 88.87
—— Pl controller

—— PC controller

------ reference
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(ze): N.m 0

Stator current
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Changing the Percent overshoot : P.O. Settling time
Controller command speed
(rpm) (%) (ms)
1,000 28.4 9
PI Controller
1,500 13.0 a0
Predictive Current 1,000 16.1 6
Controller 1,500 8 0

o
Y o

weil Tuvassiivhnisusunnuidseuvesomes duarausidamslnihvesemoduas
Ty anszuaaninesvaaamesaziinisunidlnitesnitdniuguiiledntes wonani ¢
MRNIANANTIOULNITATUANYDIIMUALNTELALUUYIUNEMEBAANIAALAT Y (Espeed »
Etorque) HAZLUBSITUARNLLAILET (Agpeed . Atorque) V09ANLTITBUVRMBIABILAZLTITAYDY

1DLADSHANILA FIRNS19N 5.4

91nA1509% 5.4 931U FAuAunTERaLUUTIUIediaiiaIAuAaInAd D uLAY

- o < ] v = 2 S0 v 2 1w
WosiudauLiNgIv8IAI5ITeUTBINBN s InaLABsTufIAuALile Felniuii /7
AuAUNIERARUUYNWIERlFLUUTaesliauwiug lunAIUANAINS TR UTIR LA ITUAY
) o & ] i 4' s 2 & 1o a I3
muauiile il ludiuvesriianunaianioutayilosiduinnuuiugiveusinvaanes

fAuALNIzRakuUYusdiadialndidssiuiaiunuiile Jarliiudn drniuaunszLaLUY
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[

wedaiveunnseslunisaiuauusedavesmawmasivilouiudinuauiile naife dyeyin
wsstanslnivesweamesdinsiinisnsziiiouseutdiags
A15797 5.4 AAUAAIRLARD UL HUAALWINEIURIAINSITO UMD TLaLSITn

s = a & Y a s
YDIUBLFDT NTUNTUALULURIUBIAIULIITBUD1IDIUDINDLADT

Changing the Tracking error Tracking accuracy
Controller command speed Espeed E torque Aspeed Avtorque
(rpm) (rpm) (N.m) (%) (%)
1,000 1.3355 0.5614 99.87 88.77
P1 Controller
1,500 1.3859 0.5405 99.90 89.90
Predictive Current 1,000 1.3145 0.5467 99.87 89.07
Controller 1,500 1.3751 0.5672 99.91 88.66
—— Pl controller 1542 rpm i
—— PC controller
------ reference 965 pm . 716 pm 839 rpm
1500 ‘ I WL : 1500 rpm J ]
PMSM speed o0 J 1000 ] i’ 1000
(n): TP 50% “'1""' ! \ ! A\ !
PMSM torque
(ze): N.m

Wb 262N.m |8

; M 07 0.8 / 1
& o
S BB -44.9 N.m

05 06 07 08 09 1
time (s) '

Stator current
(isa): A

JUN 5.9 nareuausin1sviuvetamasinsdn1sUisuulanenusiseusiBiveteines

9In3U7 5.10 wanadla dyeyrnnszuauuuny dg nsdnisiudsundawesninusisey
9198990918LMBS WUTT TEUUAIUANKUUNNRBSNISaUMIEMATUANNSELakuuiue 1y

HANDUAUDIVBIFYYIUNTERAULENY dg INALABIAUTZUUAIUANLUUNINAB NS OUAIEA?
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I U

AIUANTILE Nadfe dyianssuauunny q ssivulduferduiudygyiuusedanislniives

1 o J A

NOLMOT dudygrunszuauuLNy d Azl LazdyIanTzlavulny dg n1snsziiew

T o

LY v v =

AoutvaaNvERgumAIUANiile WifiAuANNTERAKUUYINWILAINNTaANITUNTIELNIYeY
dyarunssuauunny dq luvasivinisysuanuisiseuvesuawmeslanniifamniuauile

[ ¥
baNUaY

—— Pl controller
—— PC controller

2

Stator current
on d-axis (isg): A °

Stator current 2
on g-axis (isg): A1~

| A} | |
0.1 0.2 03 0.4, 05 06 0.7
time (s)

=129 A

=D

JUN 5.10 dyyraunseuauunny dg nsdinsasunlaineInnnuiiseusdwetenes

5.4 Gl

9

domluunl 5 Tfhauensimunssuumuauuuunneindenluguamununzua
TnsfnuiszuuamunuuUuNnes N eNmBfAUANNSELALUUYIIUY GeiimununTua
wuuhwediden Ao aanansznuaInNn1sUIEINIAITBINITAIVANKULATNEE YINlHA1SI5aY
yosamesiinmsnaaindeuluinanusiseuisdaliosas nénmsiauresnamugunsIa
WUUYIUIETAITAUIAINAUNITUTIAUVDINBLADIUULAY dg LAZNITVIIUIENTEUAD 9B

'
(YY)

i’éqp (k+1) 2ldaun15909a1nIUINSUAUNLY Lazgareladiauenan1591aeIdnIun1snl
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sTUUAMUANLUUNNIRe I sTandmiuTuedeuLanesTdlasTardaulivinonsfe fnuau
NITUALUUYIUY LTlDNTIIA0UANTIOUENTYINILTBITLUUATUANLUUNNLAD T NS LA e 12
AIVANNTERALUUYIIUIY Tnerani1sInaesan unisalasiluwWSeuiisuiussuunluaukuy
LINRIBSNIDBUAILAIAIVANNLD NANITINAOIADIUNITAL WUTT TEUUATUANKUULINADS
NGBUMLAIAIUANNTERARUUYINWIETANTIOULNITYIUANIfIAIUANte nadfe a1uisn
aANSHAALTEIANNSITOUYRINENBSIUIINAMINEITOUS1NBY BasinsUTuAuEITe UV
WeasauaInITEUUAIUANLUUNNABINIgaNMEfIAIUANTLe widildaunnses A

é’igagﬂzumqﬁm/mlvmwawama%é‘hﬁmiﬂimﬁauqa Feandounniesding1n enadmalit
ueesiinnsduaziiieunaziinanuiougs Jaenesiinnindomeld aannisdneanisg
DONLUUIFUUAILALLULNNME TS auiefanuaunssuauuuriueluuni Sailgns

WAIUFIATUANNTELALUUYINUNY LNDAANBUTOUNNTBIAINGTT UAILANTIAULNITAIUAY

A5 U AN UTZUUAIUALLUULINAB VTN
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FTUUAIUANWUULINIADINNNSBUAILAIAIUANNTEUELUUYINUNEN IduUUTIa09

6.1  UNu

MINAILTEUUAIUANKUULNINEINIIToud MUt undounawmasTilasiaviinuiman

0173 Nmiaweliluuni 5 wuln MAuANNsTLALUUYINUIgASANANTIAUEN1SINUTA

[
vl Y [

FZUUMIUANKUULINADIN1BoUARTY FIAIUANMAING1IEINIT0AANISHAALYDIAIULEITOU
YosuBlADsvALIANNTUABLLUAINAIIIEITEUSBY sansaiuaunsEuaLUUYIuNY
a111308AN15U5 398 lUNTZUIUNIAIUANKUUATAEA 0819l5NANL TEUUAIUANKUULINARS
MsdousefmuRunszLaLUUYue Saiinsnsziilenvesdyaausdansliiihesueinesd

(%

3 UNHARL AU NTANRIUNTEUUAIUANLULLINNE TN DN lugUATUANNTELAAIEFIAIUAY

e

nszuaLuUIuefildluudians fhauaudsnanidedninfimuaunszuawuuyiug nande
fruaunszLaLuUefilduuusiassainsaannisuszianailunszuiunsnIugNLUY
fanea uazlinsAunilsitusunuauinguszasdvesssuunuay Welrlddygyransaindi
Wz au g U‘mﬁfﬁ]zlé’ﬁwmuawé’ﬂmsﬁwmsumé’f’smuamizLLaLLUUﬁwuwaﬁisﬁLLuuﬁwaaq
sufnfnauenanissaesanunsalszUUAmUANLUURNINe ST eudmIuTuIndouNaIne

Falastarlaudnanansmeimuaunszuawuurinuneilduuudiaes

6.2  MENNISVINUVBIINIVANNTEURALUUIIUIBN T TUUUIIRDY

n1sAUANNIERARUUYIIUIeNldLUUTIa8s (Model Predictive Current Control) Wu
wATANIIAIUANNAINNITEaAN1TUTEIIANlUNTEUIUNTATUANKUUATABA kadn1TAIIN
Handudunueuingussasavasssuuniuny wWeliladygyinunisaininvangauiganviilve

@1ANAYRITEUUAIUANINALALAUATNBWINTIEA 1ATIATHVBINITAIUANNTERALUUVITUIET

Y a

TFuvusnantwandls d95UN 6.1 929U wuUINaadldiNeviuIenTzLaluauIAn 1agNansaln

Y

nAtusfnkardagiu uaznisanliunismivnuiellaaivuizauiian azAnfadaflandu
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AUNY (A1500191NAURANAI I UNITAARINNSELElUaUIAR) MABAIUTBINNAAIT 9
(E.F. Camacho and C. Bordons, 2000) 4%8nn15¥1914Y0961AIUANNTELALUUYIMUIENTY

wuuTaamansla Aagui 6.2

31n3U7 6.2 a1u130esueladn dyyraerdnalusuianaglisunisviuigain

=

wuudnaesvatssuumuAy lnglddyaraerdnalaainnisinuasdygrndunalusinves
sEuuAIUAY kagdinismAfmagauiaedmsudymiaeidnalusuias welvdadlndifes

T U

v v 1%

nIaWAUdy 181989 wanaINT WeNATUITYYIUDIANAIINAITAIVAY WU N3
NITUIYIIAINTAUAIBE (sampling time) TUANAATY 19U 1387 K wae K+n Azaiasie
nshuedygrasetanaluuiag na1IRe N1IRTUIYINIAINTAURIDE WNATNTY F8vINIHA

[ v

frnuuiuglunmsvinedygiaednalusuanlilinlnafswseuindudygyiuedauin

e

U wAvzAudugouluNITAUIMIALTUAIY FaN15HINTUITINAINITANFAIDE19AITHAIY

2,

WMHNaNAUTEUUAIUANTNITUN (11ATe Uiy, 2564) dmsuaniseInentnusi azlenns

NWENTERARIVIN 2 FIIAINNTENTIBE

Reference
Past Inputs ; Trajectory
and Outputs Predicted N

—> Outputs
Model
Future
Inputs
Optimizer |«
Future Errors
Cos_t Constraints
Function

5UM 6.1 lassaiavesnismivaunseakuuihweildiuuingaes



A

past

future/prediction

v

78

reference trajectory
measured output
predicted output

| optimal input trajectory
I

closed-loop input

prediction horizon (n)

A
A

k k+1 k+2 k+3 k+n
<«—>
sampling
time

JUN 6.2 nanmsvinnuvesinuANnsERakuuynueildLuudngaes

a

NuUITeIneinusil Jadunazfnyidiniuaunsewakuuviungilduuuinges e
LN sEUUAUANLUURNWMEIN1sanluguAIUANNTEIE LASIETIIVBITEUUAIUANKUUNNAES
ndoudmiuiuimdounawmesdalasiavdauwindnanisdsainuaunseuanuuyinuenly

wuuinasakansld daguil 6.3

NANNIININUTDITIAIVANNTELARUUYWIEATULULTIA09 15Ha1NN1TIRAIMI b
A9 9 MAedeedunszuIunIsAIuAY Aufladtausuwalluuniaunt nasniy
NFTUIUNTVINUWLANTERAUULNY dg waznTzUINMTMITlsnduiumuanIgnasiunig weldly

nsidenan uNIsaIndlIraNgadmiuNIsAIUANINRT BUNETIMETAINE STUUAIUAY

Ao o

LUULINABSNNNAIEAIAIUANNSEILaRUUYIUETITuUUTIaeslidiulsenaunddgy 3 diu

TAuA duusn A NSTUIENTLLEDN9DUOUIAR dIUTNEDT AD NISATUIUATELEULLAY dg Tu

'
¥ A o

BUIAM LazdIUgATIY Ao NSALIMTHATUAUNUAITAA 2INTU LBIANAYBIFIATUAL AB

9 9

Y] a e A ¢ & ! a Y oo &
dyqyransaindiuvanzauiian aadusznaun 3 duaunsaesuald desialuil
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@Va
oL L [ PmsMm .
®vc T 1 \ o L
— AA AL AL
[+ —e ———— . N TITH
| on - m . Model Predictive I
i ~ Current Controller
I Id=O A A A A I
I Vaﬁsw:jéE%; I
I i i I
| /e
, i I
I Ar op e b abc [* = I
iq I
I ig |
,
| Lo — i
I I

JUN 6.3 InT9ai90esssuUmuANKUUINRaINIRaNdmutuInfaulewmesTlaslavin

willdnansmefiimUuANnsERawUUINeRlduuuTIaes
6.2.1 nsviuenszuaansdeluauinn

nsviuienszuasndslusuian @unsamuinlaannsldannisreaInsul
Faaunsd (6-1) Feazvinisvinenseuasied iq TuewAnsaudl k+2 wewwinnszuiuns
AMunuuuRinoanelfinnisusyisamisaunisdusiogne fedu elinssuiunmsaiuau
TiiAanansznuaInn15Useiniamieiinea suinsiuiensewadiadelusoudl k+2
(igq(k+2)) dlofinnsanaunsdl (6-1) wun aunissenaniasuysedulssansvesainsug
(ag,ay,...a,) BeduUsEANTv0IA NI WT T Auana1fuaududuaunisvesainsiud Tne

AN0150LaRILA F9RAN5199 6.1

igq (K+2) =agigq(K) +aigg(k 1) +...+a, igq(k—n) (6-1)
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dl U U a CO; |3 ! U U = o dl
A15197 6.1 AduUsEandvesanTudLsazeusulunsaiviiugluseun k+2

AnduUssans
Y do a a a3 ay a5 ag
n=1 3 -2 0 0 0 0 0
n=2 6 -8 3 0 0 0 0
n=>3 10 -20 15 -4 0 0 0
n=4 15 -40 45 -24 5 0 0
n=>5 21 -70 105 -84 35 -6 0

1%

Tnglusuddeineinusil axldaunisvesainsiudnousuriariitu Weosind
NSNAABUNISTITANNITVDIAINTIUINOUAUAS & LALANANIITNAFDUNLUUANAISAULIN AITU

d U U d!

WANUALAINLAZANAINUTULDY 98N TdUN1TVBIANNTIUINOUAUNTIY
6.2.2 MsAIUATELEULLAY dg Tusuian

NsAWINNTZUATLLAY dg luauIAn 1519INN1TRIITUINITANYAVRIUBLADS
Falpstavdauwivanansiiisuiuuny dg mugui 5.2 waga1nnIsIAsIEiIRsauyanIng s
Tadaualuuni 5 @1usallguaunisusiuvesuolnasuuwny dq ba Asaun1si (6-2) wag

aunsi (6-3)
. d. .
Vd = Rsld + qu ald —(Drl_dqlq (6—2)
. d. .
Vg =Rsig +Lgq Tl +orLggig + Orhpm (6-3)

1NAUNI5T (6-2) wagauni1sh (6-3) dunaladn aunisdanaasdsingmey

o v v

auusIuAUNIBINTEIa Fan1susvanaAaeyiusluaunsanasrldnisussannen

ayusiuulUdant (forward difference approximation)

o [ —i ig(k+1)—ig(k
Taeh i|d :M Lay E'q :M
dt Ts dt T,

k Ao ranmsiwinseulagiu
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K+1 A9 97397a1n15euusaudaly 1 50U

T, A9 Lantunsgusiiegs

fauu @UN1SN (6-2) waraun1sn (6-3) aza1unsaleuaunsivale feaun1si

(6-4) wazaNnST (6-5)
_ qu . . . .
vg(K) _T—[ld(k +1) ~ig (k)] + Rsig (K) — Lgqor (K)ig (k) (6-4)
S

L
vg(K) = Tisq[iq (k+1) i (k)] +Rgiq (K) + Lgqor (Kig () + Apmoy (k) (6-5)

INAUNITN (6-4) WagaunIsi (6-5) HBINMINNITATUANNTLUALUUYINUETN

lduuudrasdeaiansanldnszuavuuny dg luewian Jevilvdaguaunisindle deaunisy

(6-6) Lazaunsi (6-7)

(6-6)

ig(k+1) = [1— RsTs ]id (K) + Tsor (K)ig (k) + Lvd (k)
Lq Lq

.
Pm s o (k)+—TS ve(K) (67
r q
Laq Laq

. RT, ). .
|q(k+1)=[1— quleq(k)—Tsoar(k)ld(k)—

1N TR UTEaAnIIAeNIsUsEINIaImMIRIneaLasiTuIunseualuowIAg
AuN1T7N (6-6) wazaunIN (6-7) JsgnivansaunliiAuinnserauuiny dg lueuansaun k+2

(igg(k+2)) Fadudnwaznmsvingludrmihdnuilsgrwainisqudiegns awnsauansls s
qun159 (6-8) wazaun1s (6-9)

(6-8)

i (ke 2) = 1- 28T id(k+1)+Tscor(k+1)iq(k+1)+Lvd(k+1)
Laq Lyq

Aom T,
P S o (K+1) + qu (k+1)  (6-9)
dq qu

dg
AIAN igq(K+2) Tuaunisi (6-8) uazaunisn (6-9) dunalddn aunns

iq (k+2) = [1— RLSTS Jiq (k+1) — Toooy (K+ Dig (K+1) —

aenanfneglumenvasdinnuiiseunidbiirveswewmesluowinnseunl k+1 (op(k+1))
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LAZAILIIAUUULAY dg Tuou1AnsouTl k+1 (vdq(k+1))1m81umamm or(k+1) 3y
Avualidanvinduanusiseunsliiveweomesseutagiu (o (k+1) = o (k) ieean
nszvaumsAuralunistiaainisduiiedns manufiseunidlifitvemomefiianis
WasuwUatesun 39mnunan o, (k+1) = o, (k) 1d waglumanves Vg (K+1) @315
fsanliannussiuednsvesiasBunesnesaaluwsazaniuznisaindvesleITiuans
1§ feaunisdi (6-10) wazaunsii (6-11) neanuznisaindvedleddandululsdmsuaces

Sunedwesaulawansld fwnsed 6.2
Vg (k+1) =v, (k)cos6, (K) + VB(k)sin 6, (K) (6-10)
Vq (k+1) =—v, (K)sin 8, (k) + vg (k) cos 0, (k) (6-11)
Tnefl v (k) fo LIIAULBIANATDIIITIUIB RO TANUNAVLLNY «
vp (k) AD useiuednnuenRIBuesImasaumauuLny B
0, (k) Ao agmﬁm'mL%'Jiaumﬂw%wmuama%

] a & aNaa o W a ¢ ¢
M1919N 6.2 aﬂquzﬂ"liajG]SUSUaﬂla'ﬂumaqﬂinﬂﬂﬁaun@iLmaifﬁllLwa

. LA IAN
an1urn15ainY (j) S S S
a b C Vv
Vg B
0 0 0 0 0 0
1 1 0 0 2Vae 0
3
Vd Vdc
2 1 1 0 % —=
3 3
\Y/ Vi
3 0 1 0 _—de —=
3 3
3
\Y/ Vi
5 0 0 1 - ——=
3 3
Y, vV
6 1 O 1 dc _i
3 3
7 1 1 1 0 0
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6.23 MsAuINHeitudunuaNgn
o ‘v v 6 - .. - - < A
Al duRunueIian (minimization of cost function) LuNTEUIUNTN

o w U o Y @ Y

ddyrasimusunssauuuelfiuudans ilesannssuiunmsiasgnldidutoyaluns
Fonanugnsainduedledditdmiuinsdunedinefauma elnsemuauiaussousiian
ailerdudun Tnonsdmnadlaiduduyuamnsauansls fsauntsd (6-12) msfaileddu
Funy (guee) lunilagranainisduiesns szgnauiumuduiuanugmsaindmdululy
dmiurasdunesnesaa anduaglda fasduduyuiiianduadredduninden

aa

A0NUEN5aIRTYe9beTRE NS U1ATBUIBS IMaSANLLNE
e =i (k+2) —ig (k+ 2)‘ + ‘i; (k+2) —iq (k+2) (6-12)

LHUAINNTEUIUNTINOUTRMIAIUANNTELEL LY eNWUUTa0e @135

wandalel AsFUN 6.4 NTFUIUNTINNUTBIIAIUANAINANIIEIAUNITINU fiail

it (k)l g0 | ert] ert) l

Calculate the predictive current on dq axis : (k+2)
Predictive reference current on dq axis
with Lagrange equation

g ReT: )j i T,
|é(k+2):[1—%}&(1@1)+Ts(o#(k+1)|é(k+1)+L—Své(k+1)
dg dq

=
idq(k+2) . RT.): o romTs T
i) (k+2) =| 1- 252 [i] (k+1) - Tyl (k+ D)iJ, (k+ 1) - 205 0 (k+2) + — v (k+1)
Define the switching states of Inverter alk+2) q g (ke -Tsor (e Digke D Ldg or(keD) Lg gkt
Switching States (j) S, Sp Se
\ /4
0 0 0 0 Calculate the cost function
1 1 0 0
P T : 5 lec :‘ig(m 2) il e+ 2)‘+‘i;(k+2)—ié(k+ 2)
3 0 1 0
q 0 1 1
5 0 0 1
6 1 0 1
T 1 1 1
> j=0

Calculate the predicted data : (k+1)

r R.T. ). ] T. Select i with the minimum value
i (k+D) =] 1= === ig (k) + Teo (Kig (K) + —=vg (k) of cost function
qu qu

|

Ganerate the gate drive signal

i ReT, |- ) Xom T T
|Jq(k+1):[kﬁ}q(k)7T5mr(k)|d(k)f%m,(k)+L—qu(k)
dg dg dq

v (k1) = v, (K) c0s0(k) + v (K)sin 0(k)

A

Vi (k+1) = v}, (K)sin 6(k) + vg;(k) cos0(k)

o) (k+1) = oy (k) Sll Szl Ssl 541 Ssl Sel

JUT 6.4 UHUNNNTTUIUNTTINNWTBIMIAIUANNTELALUUYINENTTLUUTIaeT




84

(% ]
v A

Uil 1 JnAnaliiiilusevtagu Gsusenauluing Anseua ig (k) A1AUEITEY
maliiveswewes o, (k) wazyuiinnusiseunslniiveswames o, (k) nduviinissu

ANTZUAS19DY gy (K) TmeAnszuagnsdeuuuny g (iy (k) lanaaniseuinvesiniuauly

3

guAIUANAISITOU waziuarnIELas B UL d (ig(k) ) whiugue

S A ° | Y a .* % ¢ @ ~
YUN 2 VNUIYANNTLLAD 1B |dq(k+2) Tan5IENNI5Y89aINIIUY AIEUNISA (6-1)

W a £ ¢ P Ay a )N =1
LAZLNUAIFNUSZANTUBIAINT U (ao,al,...,an) HIUNITIN 6.1 I@USLUQWH'JQEJ?V]EJWUWUﬁu Q1

'
v v

THaunsvesaInsIuINusunia

' '
a a 4 . |

Q" a ca [ :’/ [ o !
N 3 1SUNITUIEUNITAUEINGT | 1IIAU 0 91nHUYINASALIAIMISl TR

2ee

A0UzNITEIRG | UU 9 IA8ITUINATUIMAINTELE iéq(k +1) AWANNTTN (6-6) LATANNITHN
(6-7) MNUUAIUIVALLTIAU véq (k+1) muaun1sy (6-10) wagaunisn (6-11) nasannuuingd
Ag 9 NLAAINNTTATUIUT A UNIATUIUAINTL UE iéq(k+2) AIUENNISN (6-8) WaraNnIITN

(6-9) wvelddniuinluaunmilsndusunuludusoly
& A ° ] sy v € a ea . j a
Tui 4 AuuATendunuUANEnIUNSEINDN j (g)ype ) AMNANNITH (6-12)

YU 5 WTBUNTAUIUMUTUN 3 ey 4 UATUIIWIUEDUASIEINGT j Lindu 7

& 2 ¢ a ¢ . da s v o o A Y a o o v
YUN 6 LABNFNTIUNITUAINY | V]Nﬂ']‘mﬂﬂ%umumu@]']wq@ Lwaimuﬂqﬁa’]ﬂaﬂﬁqﬁaniqﬂ

q

aaa a

Fouy10un13&3aT (s1,5,53,54,55,5¢) dnsuAIUANleITNv0NIIsBUNESWasANE aldlu
mstuirdoutawesddastiariinuivanads anudnisainddmsuimniuaunsziawuurinng
duuudnaes selidanudnisadndlined lnedaranudnisaindasanlidiiudininuinisgy

§nee4 (sampling frequency)

6.3  HAN13IIAVIANIUNITAITIUUAIVANULUULINABIN I audnTuTULARaUNDIADS

Falasiavlauwimananisalefiiniuaunssuawuurinunelduuudnass

N1531894A01UNTUTTUUAIVALLULLINWBINIBaNdmSuTuR ol oo 3TlasHa
giaudindnansieiiaiuaunssianuuinueitduuudiasluiided endegauden Sim

Power System ULlUSLASH MATLAB/Simulink FSlamuualtminns iimesvedseuuainasen
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Changing the Tracking error Tracking accuracy
Controller load torque Espeed Etorque Aspeed Avorque

(N.m) (rpm) (N.m) (%) (%)
2.5 1.2362 0.5694 99.87 77.22

Pl Controller

5 1.2686 0.5569 99.87 88.86
Predictive Current 2.5 1.2135 0.5324 99.87 78.70
Controller 5 1.2432 0.5564 99.87 88.87
Model Predictive 2.5 1.2513 0.3215 99.87 87.14
Current Controller 5 1.2485 0.3345 99.87 93.31
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o [ | a f 6 1 )
LUUIIRDIAIEAIAIIUABIAAADY (Egpeed , Etorque) WaZLUBTIUAAIIULNUET (Agpeed ,

Avorque ) 1091550V BIM I LAz TI DA weImeLAndls Aan1397 6.5

M1399 6.4 WS HuAANLAULAZIANTNGAN1IEAINTBIANIEITOUTDINDINDS

Changing the Percent overshoot : P.O. Settling time
Controller command speed
(%) (ms)
(rpm)
1,000 28.4 9
Pl Controller
1,500 13.0 40
Predictive Current 1,000 16.1 6
Controller 1,500 28 10
Model Predictive 1,000 14.0 6
Current Controller 1,500 o8 10

A135199 6.5 ﬁ’]ﬂ’l’mﬂa’]mﬂaauuﬁzLU@%L%UﬁﬂQWQJLLiLiUET’]“U@Qﬂ’J']QJL%’Jia‘UsUax‘iiJaLG]@%LL&%LLN‘IQJQ

Yeeanes nsdmsUdsuuUameinnusiseus dweseLnes

Changing the Tracking error Tracking accuracy
command

Controller speed Espeed Etorque Aspeed Atorque

(rpm) (rpm) (N.m) (%) (%)
1,000 1.3355 0.5614 99.87 88.77

PI Controller

1,500 1.3859 0.5405 99.90 89.90

Predictive Current 1,000 1.3145 0.5467 99.87 89.07
Controller 1,500 1.3751 0.5672 99.91 88.66
Model Predictive 1,000 1.3154 0.3367 99.87 93.27
Current Controller 1,500 1.3639 0.3465 99.91 93.07

911015199 6.5 93U FIAIUANNTERARUUYUIETldLUUTIaedialiA1ny

pantAdeuLasiUBs UM uLLg1vBInISITaUTRBmas AR ufnIuAuTTlouas /)
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—— PC controller
—— MPC controller
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N13AIVANAIINSITOUKUUYIUNY (Predictive Speed Control) Lﬂumﬂﬁﬂﬂ’l’iﬂﬁU@mﬁ
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G Predict g ML
I rgp;(;ve > Model Predictive I
“| Controller Current Controller I
I A A vaﬁSW: I
| ig=0 |
| dq /s op /a2 |
I Jox O i i i
| . of L2 /apc[* |
| ' |
ig
| lom = 4 |
I T I
Indirect Vector Control ]
e — —— —— — — — — — — — — — — — — — — — —

JUN 7.1 Inseainavesssuumuankuunneinsdendmsussuutuinfoulemasadlasia

YALLANANITAIEFIAIUANAIIISITOULUUYIWY

VANNITVINUTBIFIAIVANAIILLTITOULUUVIIUILLTUAUIINNITIATIZAAUN TR
AuduiuSsEnieasseuLaskssdaauaunisi (7-1) waraunisusidnvowewmeas T, 7

1AM HATILALUUNA 4 uaun1SA (7-2)
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Te=T|_+B(Dm+J%0)m (7-1)

T, =krig (7-2)

Tl kr =(§J(gjxpm

NAUNTTN (7-1) aZEUNIN (7-2) @UTAUIENNIST (7-2) wWNuAIaIbuaun1sh (7-1)

T@EunSh (7-3)

. d
ktig =T; +Boy +J— (7-3)
Tlg= 'L T BOy dt@m

'
[y =1

naun1si (7-3) dunaladn aunisiing12asUsingmensyiuseudunileuenIms,

(% s

59U FansUszaammeNayiusluaunisienanazldnisussuareyiusiuuludami

9

(forward difference approximation)

i Gg - OmK+D-on®
dt T,

k Ao Pranmsiuinseulagiu
k+1 g Faa1n1sAnuseudaly 1 seu
T, P Lanlunsgueiegng

NUY FNBUAUNT A MUAIAUNITA (7-4)

. J T (k) , Boy(k)
|q(k)=ﬁ[mm(k+1)—mm(k)]+ LkT + (DkT (7-4)

FaudoNarsanaunisi (7-4) wui aun1snenand Usingaiauiiiseuiisewinue o
LAWY K+1 (on(k+1)) A58 oy (k+1) szgnianldiiorwimnszuadadiuy
LAY q(i;(k) ) AT ANANSITOU o (K+1) FIQNUNUAIBAIAINNSITOUD1NEY om (K +1)

Feausaeuaunsivdle asaunisa (7-5)

S _ J * TL(k) me(k) _
|q(k)_ﬁ[mm(k+l)—com(k)J+ e (7-5)
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Ao A Omy (k+1) F998UTLUNUAIAILANUNTITVIAINTIUD AIANNISN (7-6) WazAn Omy (k+1)

a1 a

UszanauiiazdoalrlndlAes WSawindue oy (k+1) AUl 7.2 99naunisi (7-6) wuin wied
ANNTINN1TUITIAIARAILUTANFNUT2@N510981N51UY (ag,ag,....a,) TIFNUTEANTVOS
A1NIIUIALAAWANANAUAUSUAUFNNITVBIAINTIUD LagdrunsaauInle fegun1si (7-7)

NANNSANUIUANTUU TS ANTVDIAINTIUILARAILA AIR15199 7.1

mfnp(k+1)=a0m}*n(k)+a1mfn(k—1)+...+anco’r;(k—n) (7-6)
* e (L F e | P ]
comp(k+1)—i§O( 1) —i!(n+1_i)!mm(k+| n) (7-7)

=] o a £ s v o A o A
M1919N 7.1 ﬂ’]auﬂisﬂwﬁﬂa\‘imﬂﬁuﬁ]LLmazauﬂﬂummVI’]mEJIui’eJU‘VI k+1

AduUsEans
Y do a a as ay a5 dg
n=1 2 -1 0 0 0 0 0
n=2 3 3 1 0 0 0 0
n=3 4 -6 4 -1 0 0 0
n=4 5 -10 10 5 1 0 0
n=>5 6 -15 20 -15 6 -1 0
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TuuATeine1tnust ael9aun15v99a1NSIUANTUAUNTIYINLY LTHDINTNTNAEDU

[y |
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A191991 7.2 AAUAaIALARRULAEIUDSITUAAINULLILEIUBIAINLSITaUTR BN LAz ILSaUn

299UBLM03 NSNSUAsULUAIRILSITA LA

Changing the Tracking error Tracking accuracy
Controller load torque Espeed Etorque Aspeed Atorque
(N.m) (rpm) (N.m) (%) (%)
25 1.2362 0.5694 99.87 77.22
PI Controller
5 1.2686 0.5569 99.87 88.86
Predictive Current 25 1.2135 0.5324 99.87 78.70
Controller 5 1.2432 0.5564 99.87 88.87
RV S 2.5 1.2513 0.3215 99.87 87.14
Sl i1 5 1.2485 0.3345 99.87 93.31
Predictive Speed
Controller 2.5 0.6182 0.3227 99.94 87.09
and
Model Predictive 5 0.4028 0.3315 99.96 93.37
Current Controller

- & 1 A = v o < o
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—— Pl controller

—— PC controller
—— MPC controller
——PS+MPC controller
""" reference 982 rpm 982 rpm

1000 rpm

1500 | A \ \

PMSM speed o — e T — 1000 rpm

(Nm): rppm e —— i

PMSM torque
(7e): N.m

Stator current

(isa): A

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time (s)
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—— Pl controller
—— PC controller
—— MPC controller
——PS+MPC controller

2

Stator current

A i

-2
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

3~

Stator current 2

on g-axis (isq): A1

|
0.1 02 03 0.4 05 0.6 07 08 0.9 1
time (s)
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Changing the Percent overshoot : P.O. Settling time
Controller command speed
(%) (ms)
(rpm)
1,000 28.4 9
PI Controller
1,500 13.0 40
Predictive Current 1,000 161 6
Controller 1,500 28 a0
Model Predictive Current 1,000 L o
Controller 1,500 2.8 a0
Predictive Spegd Controller 1,000 98 4.7
an
Model Predictive Current 1500 0.47 q
Controller ’

A19197 7.4 ANAMUABIALARDULAL DS ITUAAINLLLIUE1UDIAINLSITOUVDILDLMDILAZLSITA

VDIUDNBS ﬂiﬂjﬂﬂﬁLﬂa‘&JuLLUﬁQ%aﬂﬂ’J’]ﬁJL%’JiaUél’]\‘iaﬂsUaﬂiJ@Lmag

Tracking error

Tracking accuracy

Changing the

Controller command speed Espeed Etorque Aspeed Atorque

(rpm) (rpm) (N.m) (%) (%)
1,000 13355 | 05614 | 99.87 88.77

P1 Controller
1,500 13859 | 0.5405 | 99.90 89.90
Predictive Current 1,000 13145 | 05467 | 99.87 89.07
Controller 1,500 1.3751 0.5672 99.91 88.66
Model Predictive Current 1,000 13154 | 03367 | 99.87 93.27
Controller 1,500 1.3639 0.3465 | 99.91 93.07
Predictive Spegd Controller 1,000 03947 | 03279 | 99.96 93.44
an
Model Predictive Current 1,500 0.5821 0.3425 | 99.96 93.15
Controller




—— Pl controller

—— PC controller
—— MPC controller
——PS+MPC controller
------ reference

rpm
860 rpm
839 rpm
716 rpm
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PMSM speed
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PMSM torque °
(ze): N.m

o

Stator current
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—— Pl controller
—— PC controller
—— MPC controller
——PS+MPC controller . -364 A

370 A 2.30 A

2

1
Stator current o
on d-axis (isg): A

2
Stator current
on g-axis (isg): A1-

0.1 02 03 04 05 06

time (s) '
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—— Pl controller

—— PC controller
—— MPC controller
——PS+MPC controller
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Considered Power System
Host: Computer (MATLAB/Simulink)

T Rectifier  Inverter _:
[ ®¥ a |
: oL L [ PMsM b |
[ @VC T _ \ Om :
| = (YR YWY |

Wx |
g Predictive | 'q Tnn

l Speed - Model Predictive I
l "| Controller Current Controller I
: A 4 4 |
= Voo I

| Ig = 0 |
| i o |
| dq op iy I
| Jor O iB i I |
| “ af le abc [* |
I 'q ] |
I ig |

o ]

| oOm <r| |
| I
l I

Control strategy for indirect vector control
Target: ezdsp™ F28335 board
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A 4

SudeyadunnAimmiEI5oU o (K), op (K), o (k)
ﬂmiqumaﬂmamn(k),mmma iabc (K)
wazALNfin13258 U 0, (k) 370 Simulink

A\ 4

° ' v a WX
ATUIUAINTLLEADINDIUULNY (|q(k))
Tngldihnuaueudiseuluuriue

o ' v a o o '
MuneAINTEuasneds (igg (k +2)) wagdumnseua
(igq (k + 2 IneldmuaunssuaLuuinunelduuuiigaes

A 4

AuuAiladui U g mec
YoIMInIUANNTEUALIUThIelduuU a0

i=j+1

wWenanumsalaind j Nderilaidudunudman

wazas19dEy 1N 158309 (S1,52,53:54:55,56)

dvdayeyreunnsadng (S1,52,53,54,55,56)
anvesalulasreulnsames ezdsp ™ F28335
lUda Simulink

a 3 ¢ Y v ¢ s v ad
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8.2.2 vasalulasmaulnsaass eZdsp ™ F28335
vosalulasreulnsaiaes ezdsp™ F28335 1 JunanAmuaivosusEyn Texas
Instruments LLamﬁquﬁ 8.3 Usznausie nialulpsaeulnsaass ezdsp™ F28335 fildmine
Uszuianadey1ufdnea (Digital Signal Controller: DSC) 1ua$ TMS320F28335 g1y
WARFTU0IUTE Texas Instruments LluAea/ LAY UDSA Docking station uanafsgul 8.4 3

i USB JTAG Emulation dwiultousianuaaufiainesdiuunnas sIuninesaiiousons 9

YY)

s a ¢ s o 2 aa A
Wa’immauwml,azml,a’mwm (GP10) y WaimiuammﬂmﬂﬂiLLﬂaﬂﬁlﬁﬂLLauzaaﬂL‘LJum]GlEJa N

aunsolusknsuldnunsamuuantnile

Uil 8.4 minlulasaeulnsaians ezdsp™ F28335 (41e) uwavuosa Docking station (¥27)

AnaNURndAyvavaialulasnaulnsalaas eZdsp ™ F28335

1. mheUszananadygyiundnea 32 Ua 5095Un15UTTANaNaYINUY floating

point unit Laz fixed point unit

2. dyy1auuni¥n18uns (On-chip oscillator) 30 MHz. Aanuislunisuszunana

150 MHz. (150 MIPS) %38 6.67 ns. devilsoudayaamiiing
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3. MANNTIUTENOUAIY

- iieANUTIUSELAN RAM 68 Alalud (68K bytes on-chip RAM)

- ydeAuIIUTELAT Flash 512 Alalus (512K bytes on-chip Flash memory)

- 7U28AINT1UTELN T SRAM 256 Alalud (256K bytes on-chip SRAM
memory)

4. wesmieuse XDS100 JTAG Emulator uaznasaiiause RS232 wuuwen
(isolated RS232) @5ULUSLASULUULIAN34 (real-time in system programming)

5. wasn Analog to Digital converter wuu 12 Om Anslunsguingaan 12.5
MSPS (80 ns Conversion Rate) 9113 16 %84

6. ePWM 12 channel (6la) TiflnrwaziBengedmiunisaiisdaygias PWM

7. rdunsazodnadmsuaanluswnsuldauduam 100 0

8. Jumper dwsudentnuatunisysvinnuvediilasreulnsaaes

Twuan1sinauvaanisalulasaeulnsaaes eZdsp™ F28335

msalulasmeulnsaaes ezdsp™ F28335 fluuanisviaudiunnssfuianun
16 Tuuauandls mns1eit 8.1 msidenluuanisvheuiaunsavildaensusuaing sSw2 veq
ﬁam%mﬁumﬂugﬂﬁ 8.4 dleudouselides (Power supply) lulasmoulnsaaesazisuymuny
Tuansyauident lunuine dnusilddenldluunnisyiemu fe Tuua Jump to SARAM
Fadulnuanisiauiiauisadidmiasanudildlnensantelund sy yrauiing
(single-access RAM) Famsnzdmiuldaudiunisdnassaniunisel n1sussuianatayaiuy
81339 wselUswaweslugy (Processor in the loop) Tnensaarnaing SWI wag SW2 uunie

lulnsmoulnsataes ezdsp™ F28335 dwsulumn Jump to SARAM uanslél fsguil 8.5

(I)',I“ (I)'ll\II'II'II'I
el
1 1 2 3 4
A 0o od

JUT 8.5 nseaAnaing SW1 waz SW2 vunisalulasaeulnsaiaes eZdsp™ F28335 d1wsu

1viun Jump to SARAM
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A15199 8.1 Inuan1svinuresnisalulasaeulnsaiass ezdsp™ F28335

Funadl 4 | dumdedl 3 | sl 2 | dumdadi 1
mp(l:e Boot-3 Boot-2 Boot-1 Boot-0 IMUANITTN9TY
(GP1087) (GP1086) (GP1085) (GP1084)
1111 ON ON ON ON Jump to Flash
1110 ON ON ON OFF SCI-A boot
1101 ON ON OFF ON SPI-A boot (default mode)
1100 ON ON OFF OFF 12C-A boot
1011 ON OFF ON ON eCAN-A boot
1010 ON OFF ON OFF McBSP-A boot
1001 ON OFF OFF ON Jump to XINTX x16
1000 ON OFF OFF OFF Jump to XINTX x32
0111 OFF ON ON ON Jump to OTP
0110 OFF ON ON OFF Parallel GPIO 1/0 boot
0101 OFF ON OFF ON Parallel XINTF boot
0100 OFF ON OFF OFF Jump to SARAM
0011 OFF OFF ON ON Branch to check boot mode
0010 OFF OFF ON OFE grAaIr_\ch to Flash, skip ADC
0001 OFF OFF OFF ON iggcg ;‘I)_SARAM' skip
0000 OFF OFF OFF OFF gfﬂcr‘ to SCI, skip ADC

v ad

8.3  WAN1IIIARIENIUNTAITEUUAIUANLUULINIADININBUAIEBINALISUUUHIADT

TWsiwawaslugy

N1591889801UNITNTTUUAIUANLUULINADIN1O8UA8 YD NALITUUUH9A2TT
lWswawesluguluiivell agantunisuulusunsy MATLAB/SImulink lagtdana3iiuves

FEUUAIUALLUULINADIN S9N TIIAIAIUANAIULTITOULUUMUIESIAURIAIUANN ST LA
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wuuyueilduuusiassiinausluuni 7 Wewinvuvesnlulasaoulnsaines
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Faruaniile #AUANNTELALUUMLNY wazfaluaunsuaLuuyueldLuudiansd
dnaueluunil 4 unil 5 uagunil 6 Ay w1 1aesaniunisaifesedL LU UiaEas
Wawawosluguse ilelTouiilsuaussaus N5 NuLAA TIA0UANNYNFBIYB TEUY

6 v Y & ndl Y o 1 v
mvauwuuNnaidenilulumunlmiausluunnaunii
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u GENZ]

g

Manual
Switchd  gingiezdoudles

= I spoed_rof2)
[

single

single -

single

vvlvv

|

single

|

single

[

Vdc2 single

:

o [
TEEE 6 C
g =

PIL B-puise|

> um
Ly e

PIL_FOC_PMSM
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—— Pl controller
—— PC controller
—— MPC controller
——PS+MPC controller
------ reference

1000 rpm

982 rpm 982 rpm|

1500

PMSM speed1000

1000 rpm

(nm): rpm

500
0

PMSM torque

5
(ze): N.m 0
-5

0

Stator current

2
- 0
isa): A

(is2) H

0

0.3 0.4 0.5 0.6 0.7 0.8 0.9
time (s)

JUN 8.8 namauauaINsviTesamesniinsAsuLUawveLslnlvan

—— PI controller

—— PC controller
—— MPC controller
——PS+MPC controller

860 1om
pm
------ reference 839 rpm
S 965 rpm 5 716 rpm
1500 f ‘ TL 1500 rprh ;
PMSM speed 1000 rpm ’ I i 1000 rpm
(Nm): rppm 1000 Nl : ' 7
500 L ! I ! ! MY !
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
10 -~
PMSM torque °
(ze): N.m 0
_5 ‘«A":
0. )
4 :,‘\“
Stator current 2 1§
(isa): A 0
2
4 | | il | | Y '," 1
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
H 1 [
o time (s) 1510 A
790 A

JUT 8.9 namauauasnsThnuvesawmeinsdnsiUasuLUameriiiseusdveueines
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Parameters of Permanent Magnet Synchronous Motor
Symbol Description Value
J Rotor inertia 598x107 kg.m2
P Number of pole 8
Ps Rated power 750 W
Ng Rated speed 1,500 rpm
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Parameters of Permanent Magnet Synchronous Motor

Symbol Description Value
Rq Stator resistance 5.10Q
Ly d-axis inductance 25.50 mH
Lq g-axis inductance 25.50 mH
Apm Permanent magnet flux 0.4095 Vs
J Rotor inertia 5.98x10~4 kg.m2
P Number of pole 8
Ps Rated power 750 W
Ng Rated speed 1,500 rpm
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Mathematical Model of Permanent Magnet Synchronous Motor

Natthawut Kongchoo'! Phonsit Santiprapan’' Nattha Jindapetch'

Abstract: The mathematical model of a p

magnet sy

motor (PMSM) is necessary to design the control of

PMSM. The mathematical model on three-phase system is not commaonly used for the control design. This appraach is the Bme-
varying model. Therefore. the control strategy design becomes even more difficult. Owing to this problem, this paper presents the

dynamic model of the PMSM using the DQ model

bhod. In addition. the

i model has been validated with the exact

g

topology model in MATLAB/Simulink program.

Keywords: p

magnet sy

1. Introduction

Nowadays, the PMSM is widely used for many applications,
especially for electric vehicle (EV). In order to achieve a high
performance PMSM drives, the control of the PMSM drives
should be suitably designed. From literature reviews, there are
many control techniques (ficld-oriented control, predictive DTC
scheme, nonlincar torque coatrol scheme, etc.) and many
estimation techniques (flux vector, speed) [1-3]. The control
design of PMSM drives is based on the mathematical model of
PMSM. Therefore, the aim of this work is to derive the
mathematical model of PMSM. The DQ modeling approach is
selected to derive the mathematical model of the studied PMSM.

This paper is structured as follows. The principle of the
PMSM is briefly explained in Section 2. The math -al model
of the PMSM are presented in Section 3. The model validation is
expressed in Section 4. Finally, Section 5 concludes the purpose

of this paper.
2. The Principle of the PMSM

The operation of a PMSM is similar to a three-phase
induction motor. The three-phase voltage source connected with
the stator winding produces a ic field (RMF). The
RMF cause the rotor to turn. The power losses in the rotor side
do not occur because the rotor of PMSM is a permanent magnet.
Morcover, this machine can provide a constant torque. The
structure and equivalent circuit of the PMSM are shown in Fig. 1.

va Magnetic
@ o ‘
Ll
Rotor
Ve

Fig. 1 The structure and cqmvalcm circuit of the PMSM

3. Mathematical Model of the PMSM

The DQ modeling method is applied to derive a
mathematical model of the system as depicted in Fig. 2. The DQ-
axis in Fig. 3 is rotated with the angular speed (@ ) by phase
shift (9 ). The stator voltages ( Vghc ) can be written for three-
phase system as follows:

’ d . .
vabe = Rslabe "’E(Ls lahc + ’-pm(e)) (I

sin(B; )
(9)--u)rhpm sin(B; -2n/3) | (2)
sin(Bp + 2/ 3)

11 Dep of Edectrical E 2. Faculty of Exg;
Soagkla University. Hat Yai, Songhhla 90110, Thailind

g. Prince of

(€1 2021 Information Processing Society of Japan

motor (PMSM). DQ

prop!

il £y fel valid

Fig. 3 The vector diagram for DQ transformation
va =Rgig +Lg ':Tia —@chpm sm(Br)
vp =Rgip +Lg %ib —ophpm sin(@r —2x/3)r (3)
ve =Rgic +Lg di:i" ~Ophpm sin(Bp + 25/ 3)

where the %Apm(a) in (2) is the back EMF. Then, the

mathematical model on three-phase system in (3) can be
transformed into the DQ-axis. The dynamic equation of the
PMSM on DQ-axis can be written in (4) - (5).

d
Shom @)

: d . d. E
vd =Rsid—exiq +=3d =Rsid +Ld rid -exlgiq+

d d
=Rgiq+exid +;i.q= Rsig +Lq’;'q +oxLdid +oxlpm (5)

As a result, the equivalent circuit of the PMSM in DQ-axis
derived by using DQ modeling method is shown in Fig. 4.

Rs Ls Rs Lg
—AAN———
+ +
Ve Ay vy Qe

Fig. 4 The PMSM equivalent circuit in the DQ-axis

From the (4)-(5), the developed torque ( T, ) and the angular
motor speed ( iy, ) can be calculated in (6)-(7).
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4. Maodel Validation

The simulation for model validation uses the exact topology
model in SimPowerSystiem of MATLABSimulink called the
benchmark model. The parameters of the PMSM in Fig. 1 are
given in Table 1. The proposed model implemented by
MATLAB/Simulink is illustrated in Fig 5.

Tahle. | Parameeters of the PMSM

Symibal Description Value
Bs Sislor resisiance 0550
L, Deaxis inductance 16 6l mH
| (eaxis inductance 16 22 mH
hpm Permanent magnet flux 0121 Vs
1 Rotor inertia 7 Ml |_c|'-.I kg m:
F Pale pair 4
Ps Rated power T50W
Mg Rated speed 3008 rpm
=
o

:gz]@u .4* =

e =

Fig. & The simulation mode] used to validate the PRMSM model

Fig. 6 shows the response comparison of stator current, load
torque, and motor speed between the DO model and the
benchmark model.

(u) Stator current at phase A

i N ———

(b} Changing torque and speed
Fig. & Model werifscation

(€) 2021 Information Processing Society of Japan

The testing condition for model validation consists of the
load torque changing and frequency changing which are detailed
as presented in Table 2 and 3, respectively.

Tahle. 2 The model validation results for load torque changing

Lo Measured value

torgue Muodel Vo (V) labe (A} Spead Torque
(M.mp {rpm) M m)

[ ¥] Xg9? 15 El T30 1
! Benchmark | 21997 36 82 750 1039

[ ¥] 2997 36 80 750 3
: Benchmark | 21997 36 80 750 3039

[ ¥] 220000 36 80 750 5
: Benchmark | 220000 36 80 750 5039

Tahle. 3 The model validation results for frequency changmg

i Messured value
|n'ql:::“ Maodel Vibe Libe Speed | Torque
V) 1A irpm} N m)
. D) 00 | I6&RD 750 5
= Benchmark | 22000 | 1680 750 5039
" D) 199493 | 3717 673
Benchmark | 19993 | 31717 a75 5035
" D) 179 80 | 3759 G0
Benchmark | 17980 | 3760 G0 3031
L] 15977 | 3816 525
= Benchmark | 15977 | 3816 525 527
W0 L] 13983 | 3891 450
Benchmark | 13983 | 38921 450 5023

5. Conclusion

This paper presents how to derive the DO model of the
PMEM by using the DO modeling method. The results confirm
that the mathematical model of the PMSM from DO modeling
method provides a good accuracy compared with the simulation
resulis from the exact wopology model. In the future work, the
authors will use the proposed model of the PMSM on DC-axis o
design the field oriented control (FOC) for PMSM drives.
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ABSTRACT
A mathematical model of a permanent magnet synchronous motor
[PMEM] & necessary to design the control of PMSM drives. The math-
ematical model of a three-phase system s not commonly used for contml
design since this approach is a time-varying model. As a esult, confmol
strategy design becomes even more difficult. Due tothis problem, this pa-
perpresents a dynamic model of the PMSA using the dg modeling method.
The dynamic model derived in this work has been validated with the ex-
act topology model in the MATLAB, Simulink program. In addition, this
maodel is applied to designing the indirect vector control for a PAMSM drive.
The speed and the current control loops based on the Pl controller are con-
sidered. The simplified design approach for the PAMSM drives is prosented
in this paper. The simulation results show that the proposed controller de-
sign can accurately mgulate the actual speed obeying the command speed.
The speed accuracy is up to 99974 in the load torque changes and 99.93%
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1. INTRODUCTION

Nowadays, permanent magnet synehmonous motors
[PMEM | are widely used for many industrial appli-
cations such as electric equipment, conveyor belts,
robot arms, and especially for electric vehicles [EV).
A PMBSM has more efficiency, higher torque fo iner-
tia ratio, lower nolse, and more mobusiness than an
induction motor (IM] [1]. To operate a PMSM, the
speed and torgue of the PAM SA must be sultably con-
trolled under desired conditions. The development of
a PMSM drive system is themefore a critical issue [3].
In a traditional drive system, scalar contml meth-
ods [such as V/F control, fux control, ete.] have
been applied to motor deves [2]. This method is sim-
ple. It can be implemented wsing analogue circuits.
Based on a review of relevant literature [3-10], the
scalar control method s not recommended becawse
the tracking error of the control system from this
method &5 considered an AC signal [both the mag-
nitude and frequency |, Consequently, the contmller
Iras become more difficult to implement for regulating
the PAMSA speed and tompue.

A wvector control method [3—4] has been applied

to motor drives in order to achieve high performance
PMSM drives. This approach can be divided into fwao
categories: direet vector [4] and indirect veetor con-
trals [3]. Direct vector control requires rotor Hux mea-
surement to calewlate the contml signal. It has im-
portant limitations, including installation costs and
complexity., The indirect vector control is the focus
of this work., This is typically called field-oriented
contral [FOC)|. This control does not require otor
flux measurement. The installation of a sensor and
control design is less complicated compared with di-
rect vector control. The control signal s generated
by the motor parameter caleulation. In this control
operation, the synchronous frame [dg-axis] s wsed
as a reference axls, The d and g-axis curmnts am
the instantaneous stator curmrent vectors. It can be
decomposed into Hux and torque-producing currents.
There are two contml loops: fHux and torque control
loops. For this control strategy, the tracking error of
the control loop is considered a DCsignal. This signal
Is easy to compensate for using a controller, especially
a proportional-integral (P1] contraller. Theoretically,
a I’ controller can mduce the steady state error of
the DC components [the fundamental value| to zerm.

L33 rhe anthors are with Department of Electrical Engineering, Faculty of Engineedng, Prince of Songkla University (P50,

Songhk bla, T ha

land, E-mail: gotgotl ihotmal com, phonsit s fpse acth and nattha sfpsoac th
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As mentioned, the mathematical model of PMSM on
the dg-axis is neeessary for the control design. Due to
the benefit of fundamental study, this paper presents
hew to derive the mathematical model of PMSM us-
ing the dg modeling approach.

The objective of this work is to control the PAMSM
speed to be egual to the command speed. Previous
related works have focused on several controllers such
as proportional-integral-derivative control (PID] [5].
fuzey logic control (FLC) [3], iterative learning con-
trod (ILC) [6], sliding mode contral (SMC) 7], predie-
tive eurrent control (PCC) [8], and model predictive
current control (MPCC) [9]. However, the operation
of those controllers is more difficult and complicated.
A large computational eapability is required for those
digital controls. For this work, a simple controller is
an interesting approach to develop. As mentioned
earlier, the PI controller [10] is suitable for indirect
vector control.  This controller can provide a small
steady state error. It is enough to acenrately control
the PMSM speed. In order to avoid a large compu-
tational burden, control design complexity, and Jdif-
fieulty in real implementation, a simplified controller
design is proposed in this paper.

This paper is structured as follows. The princple
and mathematical model of the PMSM are briefly ex-
plained in Section 2. The PMSM model validation is
expressed in Section 3. Section 4 presents the PI pa-
rameters design of indirect vector control. The sim-
lation results of the PMSM speed control are shown
in Section 5. Finally, Section 6 concludes this paper.

2. PRINCIPLE AND MATHEMATICAL
MODEL OF PMSM

The operation of a PMSM is similar to that of a
three-phase induetion motor. The three-phase volt-
age source connected Lo the stator winding produces
a rotating magnetic field (RMF). The RMF causes
the rotor to turn. Power losses on the rotor side do
not oceur becanse the rotor of a PMSM is a perma-
nent magnet. Moreover, this machine can provide
constant torque. The structure and equivalent cir-
cuit of the PMSM are shown in Fig. 1. The system
parameters are deseribed in Table 1.

The dy modeling method s applied to derive a
mathematical model of the system as depicted in Fig.
I. The dg-axis in Fig. 2 is rotated with the angu-
lar speed (uw,). The stator voltages (vaape) can be
written for a three-phase system as (1).

. o .

Usfabe) = Rsigabe) + ry (Lsistabey + dpm(@)) (1)
d . .

Where the Eth,m{rfil] in (1) is the back EMF as

shown in (2). Then, the mathematical model of the
three-phase system in (3) can be transformed into
the dyg-axis. The dynamic equation of the PMSM on

Fig.1: Structure and eguivalent cireuil of PMSM.

di-axis can be written as shown in (4)-(5).

sin(#, )
sin(f, — 2a/3) (2)

o
E'hpm{ﬂ] = "'-ﬂr'\pm
sin(f + 27/3)

Table I: List of symbols.

Symbaol Meaning
o T
tlsr“*“:' ke thres-phase stator voltage
'S
Uy Vg, g} stator voltage on dog-axis
Vi Vg reference stator voltage on do-axis
i5(abe) i5a: T e ig.  three-phase stator current
iga, I5a stator current on d-axis

reference stator current on d-axis
stator eurrent on q-axia

reference stator current on g-axis
stator inductance

imductance on dyg-axis

stator resistance

permanent magnet fhax
permanent magnet fux on dyg-axia
electrical angular position and
electrical angular speed

angular position and angular speed
developed torgue, load torgque
viseous friction coefficient

g rotor inertia
P number of poles
Tag time constant (L, /R
3 P
k t ' stant - -] A
, e constant ((3) (2)

natural frequency for the current loop
and natural frequency for the speed
loap

damping ratio for the current loop

[ S -

Gl and damping ratio for the speed loop
Kpe g Kpw proportional gain
e g Kre integral gain
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Fig.2: Vector diagram of the dy-ons.

. o .
Usy = Asigg+ L:EISE _l"'rJ"pm -"'“”[ar]

. d . .
vy = Hsisn+ L,Eisn —wr Apm sin(fy —2x/3) ¢ (3)

. d .
trg. = Hsis, +LJEISE _wrj‘pm H'n{'ﬂr + 2“'1"'3]

. o
vga=Rgigg—wrdg—2Ag
o (4)
T-'Sq =R_c_,'f5'q +|’.|.I',-Jid'm.:'iq
Substituting the Ay = Lgigg+ Apm and Ay = Laig,
into (4) yvields (5).

) d . . d
vsd=HRgigd + Li—igd — wrLyisg + —Apm
dt ot (5)
) d )
vgg=Hgig, + Ldmlsq — wylgigg + weApm
As a result, the equivalent eircuit of PMSM in
dyg-axis derived by using the dg modeling method is
shown in Fig. 3.

Ly

E]

Fig.8: Eguivalent cireuit i the dg-aris.

From the PMSM model, the developed torgue
equation of the PMSM is given in (6).

o= (315 Uty — Agisa) = (2] (Apemisig + (La — Lylisaing) (6)

Due to the relationship between torgue (), the
angular speed (w, ), and the angular position (#y,) of
the PMSM as shown in Fig. 4, the 7., w, and &,
can be caleulated as shown in (7)-(9).

d
Te = 7 + Buny, + Jmum (7)

Ty

By )

Tty

Fig.4: Mechanical motion of PMSM.

wWm = f[{n = TL = Bh.'m},li-f:ld! {8]

P o 2
by = (E)“’“ = Zh, = b= (;) 6, (9)

3. PMSM MODEL VALIDATION

In the previous section. in order to design the con-
trol scheme and the PLeontroller parameters, the dif-
ferential equations of the PMSM torgue and speed are
verified. The simulation for model validation uses the
exact topology model in SimPowerSystem of MAT-
LAB/Simulink called the benchmark masdel.  The
PMSM parameters in Fig. 1 are given in Table 2.
These parameters are cited from the real PMSM (4
pole pairs, 750 W, 3000 rpmy). These PMSM param-
eters in Table 2 ave been tested [11]. The proposed
mode] implemented by MATLAB/Simulink is illus-
trated in Fig. 5.

Table 2: Parameters of PMSM.

Symbol Diescription Value
Rs Stator resistance 0.5560
Ly, L, Inductance on dy-axis 16,61 mH, 16.22 mH
Ao Permanent magnet Hux 0121 Vs
J Rotor inertia T246x= 1073 kgm”
Po Pole palr 1
FPg Ng Rated power, speed Ta0 W, 3000 rpm

Fig.5: Simulation model nsed lo validate the math-
emationl model of the PMSM.

The testing conditions for model validation eon-
sist of the load torgue and the voltage per frequency
changing. Fig. 6 shows the response comparison of
the PMSM torgue and speed between the dy model
and the benchmark model, which are detailed as pre-
sented in Tables 3 and 4, respectively. The simula-
tion results confirm that the dynamic model derived
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AN=_ AW SNm A
PMSM torque | g e
(r) Nm X g \ i/
* 1. 2 2 ) 15 o | dyg-model
benchmark moded
T s 14 ] 19 a
time (s}
14 \ T4 T
TR A
(a) Load torque change
SN Al N AIALA
po 1L\ (1111
w
PMSM torque SNm
(7)) Nm
" i : o ) ) « —— dg-model
OOV v NOVASH: s ISOVMOHX o+
~~~~~~ berchmsark model
L
PMSM speed ™ . LN
ra)orpm | 0 pm
P : . : J
1 s 4 A ) " 4
nme (s}
Aﬁﬁi; ‘r“.'l\'/‘\'f;' GS ';“; A‘.',"\‘.'A‘x','t"

(b) Voltage per frequency control change
Fig.6: PMSM torque and PMSM speed responses.

Table 3: Model validation for changing the load torque.

" Stator voltage | Frequency Load torque Measured values

Approsc (¥, eyt Vi) (f.:Hz) (r,:N.m) Speed (n,:rpm) | Torque (7,: N.m)
dy-model 1 750 1
benchmark 750 1.04
dg-model 750 3
benchmark =y » 3 750 304
dg-model 5 750 5
benchmark 750 5.04

Table §: Model validation for changing the voltage per frequency control.

A h Stator voltage | Frequency Load torque Measured values

pproac (¥ a0y - Vi) (f, :Hz) (r,:N.m) Speed (n_:rpm) | Torque (r.: N.m)
dyg-model 750 5
benchmark i 7 750 504
dyg-model 675 5
benchmark 0 i 2 675 504
dg-model 600 S
benchmark - bl 600 5.03
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by the dy modeling method represents the same be-
haviour as the benchmark model. From validation
results, this model can be applied for indirect vector
control design.

4. DESIGN OF INDIRECT VECTOR CON-
TROL

From (5) to (6), the stator voltage (v,4) and
torgue (7.} on the dg-axis are considered for the indi-
rect vector control design. The dg-ads is rotated at
the synchronous speed of the PMSM. The d-axis is
aligned along with the Hux control. Here, the PMSM
speed and torgue can be controlled on the g-axis. The
indirect vector control scheme of the PMSM drive is
shown in Fig. 7. For this control strategy, the dux
vector must be kept synchronized with the rotor mag-
netic poles [7]. Therefore, the reference current on the
d-nxis (if) is set to gero. The indirect vector control
consists of the current and speed control loops.

fectifics Iovertar

Fig.7:

drive.

Indirect vector conlrol scheme of PMSM

4.1 Design of the Current Control Loop

The differential equation from (5) is transformed
to the frequency domain by taking the Laplace trans-
formation. The block diagram of the current control
based on PI controllers is depicted in Fig. 8.

Pl " o Mdachi
.. Ko+ B | TR, | sy
[ 0¥ ".'»'\- + 5 ) +1 "

Fig.8: Block diagram of the currend conirol loop.

From Fig. 8, the clesedloop transfer fune-
tion of the current control can be  derived
from (10).  The parameters of Pl controllers

(ﬂ'pc:'_d, ch_d.ﬂ'm,q:ff:c_q} can be caleulated h}'
comparing them with the denominator of the stan-
dard second order characteristic equation as shown
in (11).

Isa(s) Isq(s)  (8Kpc,jag + Kic, g/ FBsTay)
I5als) I5,(3) o +(RS + & Pf—'-[d'q])h_ +(Am_[d,,])

Remyg H_g'.l'd,q{ 0
_ i
Tc(s) (11}

T Eaar.. a1 %
82 o D8 A

where:
Wy % equal to 1007 rad/s
Ci is equal to 0.8

4.2 Design of the Speed Control Loop

From (6) to (7). the block diagram of the speed
control based on the PI controller is illustrated in
Fig. 9 The closed loop transfer funetion for speed
control can be derived from (12). The denominator
comparison between (12) and (13} is used to caleulate
the PI controller parameters (K po, Kio).

PI comtraller Machime
. K oy + K
Ty + -

Fig.#8: Block diagram of the speed control loop.

iy {8) _ k(8K py, + K )/J (12)
was) kKp, kK,
42 4 ( 54 ( )
J J
42
Tu(s) = ! (13)

-‘52 + E{uwnu?-" + \'-ﬂ?.,__.

where:
W 18 equal to 207 rad /s
(. is equal to 0.8

The P1 controller parameters for the indirect vector
control are given in Table 5. The root loeus of the
closed loop control system in the s-domain is shown
in Fig. 10. The desired dominant poles of the closed
loop systems are located in the stable region (the left-
hand side of the s-plane). This means that the control
system remains the operating point stable.

Table §: Pl controller parameters of the indirect
vector control for PMSM drive.
Control loop Proportional gain Integral gain
Current control KPE_,:E.; 7.30 KI-::'.m'F 16G30.34
Spesed] comtrol Kp. =010 Kp.=3W
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P Lews Md Camerd Lasg
- o " 5.1 Speed control performance of changing

KO 4 e e s % 0 oM e W
Tt A wacanan |

{a) Current control loop

Rt s foe Bpred Comrnd
o o " =

(b} Speed control loop
Fig.10: Root locus of the closed loop control system.

5. SIMULATION RESULTS AND DISCUS-
SION

The speed control performance of PMSM under in-
direct vector control was verified by the MATLAB/
Simulink model in Fig. 11. For the PMSM utiliza-
tion, the torque capability and the speed control ac-
curacy are therefore considered. The performance of
the PI controller parameters designed in Section 4
was tested in two cases, when load torque and speed
are changing. The simulation results are shown in
Figs. 12 to 13.

A — (1] ST

‘?}' b5 gRtE
¥s S S}
iy (Y
12! S

Fig.11: Simulation model used to verify the perfor-

mance.

the load torque

According to Fig. 12, the PMSM speed is con-
trolled to maintain a constant speed of 1000 rpm.

1000 rpen 1000 (e

1
PMSM speed
Onek pm

0l i
al LT 1) I T T TR ]

»

PMSM sorque 4
Ly Nm |
£ . . d

E T T T T .
N

0

'-l '
L |
Statoe current | \\
Uk A ALCALCERULE
" Y 1
a

1 @ d T oy 1

Statos current

: uw
om daxis () A

' {

.

Sutor cusrest
o geaxis gk A o {
N {

B R T T TR T TR U TR T
feme ()

Fig.12: Response lo a step change of load torque.

Then, the load torque (71) is increased from no-load
to 2.5 Nom at t = 0.4 s. It is obvious that when
the load torque is increased, the PMSM speed (n,,)
initially decreases. However, the speed control can
regulate the n,, at the desired speed (n;, = 1000
rpm). The PMSM torque (7,.) and the stator currents
(is(ate)) will increase according to the increase of load
torque. At t = 0.8, the load torque is increased from
2.5 to 5 Nom. It can be seen that the PMSM drive
system can maintain the n,, at the nj, . The root
mean square error between the desired values (n),.
1) and actual values (n,,, 7 ) is used as the tracking
errors (Egpeed. Erorque) in (14) and (15), respectively.
The N value is the data number. Tracking accuracy
(Aypecd: Atorque ) can be defined by (16). The tracking
performance is presented in Table 6. As a result, the
speed control based on the PI controller can provide
good accuracy.

/ ny = npy,l?
/ T - 7|2
Brorgue = E_’LN_"’ (15)
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I 1) e
E 100% ==
x 100
i e speed
Agpeca = 100% (—;"_
" ( 16) PAMSM W«\i
(npm

Atorque = 100% — (E"""“‘_Xloo%)

i

Table 6: The tracking ervor and tracking accuracy
performance indices under load torgue change.

Changing the | Tracking error | Tracking accuracy
load torque | Egpeed | Erorgue | Aspesd | Abargue
(N-m) (rpm) | (N-m) | (%) (%)
No-load 0.3101 | 0.1979 | 99.97 8021
2.5 0.2802 | 0.1823 | 99.97 92.71
5 0.3118 | 0.1679 | 99.97 96.64

For the responses of the stator current on dg-axis,
the flux vector is controlled on d-axis. The igy is
nearly zero. It confirms that the PNSM can generate
the developed torque. The isg represents the speed
and torque controls of PMSM. The igy will increase
the amplitude when the 7 is increased.

5.2 Speed control performance of changing
the command speed

For this case, the 7z is kept constant at 5 N-m.
From Fig. 13, the 7, is controlled to be constant
with the 7. The n}, is varied in three steps. First,
the PMSM speed is controlled at 1000 rpm. Then
the n;, is set to 1500 rpm at t = 0.4 s. At t=0.38
s. the n), is adjusted to decrease the PMSM speed
to 1000 rpm. The responses are shown in Fig. 13.
The tracking error and tracking accuracy under speed
change are shown in Table 7. These results confirm
that the speed control based on the PI controller can
still control the n,, following the ), even though the
n}, is suddenly varied.

Table 7: The tracking ervor and tracking accuracy
performance indices under speed change.

Changing the | Tracking error | Tracking accuracy
commmand [ E g | Eiorgue | Aupeedt | Abargue
speed(rpm) | (rpm) | (Nem) | (%) E%

1000 0.2713 | 0.1604 | 9997 | 96.61
500 02622 | 0.1200 | 9008 | 97.46 |

The amplitude of i) is constant since 7 is
constant. The frequency of the igiu is adjusted
to correspond to the PMSM speed change. Accord-
ing to the waveform of the ig,. the frequency of the
is, will increase when the PMSM speed is increased.
The current control loop on the dg-axis is sufficient
to control the flux vector. torque, and speed. The
isq response is constant due to the constant 7. In
order to test the transient performance of the PMSM
drive system, the response to a step change of nj, is
investigated. It can be seen that the 7. and is(us.) are

'
PMSAM omgue +
(e Nm

-l mwwmww il

r 1
ooy sz
on deam (i A 'eﬁ
N N G
- —f— i — :
' |
Stator sument :'
O pean (X A l

Fig.13:
speeds.

Response to a step change of command

highly oscillating waveforms in the short-term. This
term produces the speed fluctuation and the motor vi-
bration. These problems can cause equipment failure
and will increase the power loss of the PMSM. The
development of the PMSM drive system will continue
to be studied in future work.

6. CONCLUSION

This paper presents how to derive a mathemati-
cal model of PMSM. The PMSM model is validated
with the benchmark model from MATLAB /Simulink.
The model verification confirms that the responses
of PMSM speed and torque represent the same be-
haviour as the benchmark model. Therefore. the val-
idated PMSM model can be used to design an indirect
vector control. In addition, a simplified PI controller
design based on indirect vector control is proposed in
this paper. The current and the speed control loops
on the dg-axis are designed to control the flux vector.
torque, and speed. The simulation results ensure that
the proposed PI parameter design is sufficient to pro-
vide the required PMSM speed. However, the prob-
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lems with high oscillating torque and stator currents
must be solved. For these issues. in order to obtain a
decent transient response. the controllers in the cur-
rent and the speed control loops should be modified.
In the future work, an additional derivative term and
a predictive mechanism must be developed.
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