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Flux-Weakening Control of Interior Permanent Magnet Synchronous Motor
by Voltage Feedback with Sliding Mode Control

NE OMET AR, BB R, ER B
Kazushige KOGURE (Stu.Mem.), Yoshinori ANDO, Toshiaki SHIOYA

This paper is written about the drive of an interior permanent magnet synchronous motor (IPMSM). An IPMSM
is conventionally driven by maximum torque control at low speed. However, flux-weakening control is required in
order to realize high-speed rotation. The value of iy needs to be decided by number of rotations and load torque, and it
is necessary to calculate it beforehand using a motor parameter. However, if there is parameter error and parameter
change, control may become impossible, without calculating the right value of i, Therefore, you have to carry out
parameter adjustment using a load examination machine.Then, the author constituted the control system using slide
mode control (SMC), and performed verification by experiment so that parameter adjustment which used the load
examination machine might be made unnecessary, and always optimal i; could be controlled, and induced voltage of a
surface permanent magnet synchronous motor (SMPSM) might be fed back and it might become the optimal induced
voltage[14]. However, although a SPMSM has an equal d-q axis inductance, since q axis inductance of an IPMSM is
as large as two to three times of d axis inductance, in a high rotation region, the change of voltage to change of current
becomes large. Therefore, in this paper, in order to make robustness of current control high, it proposes applying SMC

also to current control.

Keywords:
control, voltage limit

interior permanent magnet synchronous motor, voltage feedback, sliding mode control, flux-weakening

1 #8

BE, avFLryPE—4F, $—FRE—%, A
7Yy Kb —5Z 5 < BV STV A HARLCA [F1#A
F—# (LAF IPMSM) [11,12]i%, &< TEHHEAT
HHZ XL BAA, BlEL - ML 7IZBIT 5 EER
#HWHADOEKSLEERIND, LA, BEFREEMN
—EDOHE, MM IEFLIETHE, BEXEE
BRTRY, EEEEZEESLLI ETIHEEK
RV RKRELTERVWEVWSTZRIERH D, Zh
ERRRT B0, SHOBEEIE W o FiENE
TR TE72[1-510], IPMSM T, X7 h/L#IEH
THEE, UV W3 HRRETNEEELH
XY deqEEBICERL, BRETALETDHEN
£\, ZOLE, q WiIo—FOBEBLERL, d
#iIo— BB ML, d BERT, EEECA
FrhAZICL D EYRMECHBENS, 20 dEhE
Wi o — ¥ HEBEfTHbETHRICHE T Z & T, #H
BN BEERES L, BEEEZ T IToNnd I &35
LRTWD,

LAY, dWMEREFEREEOEMRIE, T—F

WL NE FnE, T376-0052 fALE T RAHET 1-5-1,
BB RERERLEFIH,

e-mail: dIm206@me.gunma-u.ac.jp

REE K

7 R T S

DEIRGEHRRA VH I B R, A NR—EDTF v’
A DI ESEDNT A= \ZREBIN, FRZ,
ERECIRET D Z EIXEEETH D (6, 7], d #EWHD
INEFTENITHIETRAEIC Y, B d BER 0
T2 &L, DROEIIBOTHE LRV, RER
dEEREZ RO D ITITATRBREEZANT, &d-q
EER, AEE, BEOBMRERETLEL2LT,
RIA—=FERELURTER 50 ([8,9], EED
PRAAE & ERBEOBRENA X —F DT v NF A A
WCERLTWS 70, EBEICE—F%2E L CHIET
HAZLEMUBLERDEDTHD, £, d #EROE
Bid, PHROBREEZEA TR GIEESA 100us
LW, UTNAEZA LTHEILL - TRD B Z
LT L, DO ULOHE L TRODIEEERL
TR, L, d MERIIAEEL q
EEROBEKTH D0 T2 KThd E AVl
BHT, BLOAFYERMLELTE,

T, BERANABREE AW AT A—ZH
BARELL, FICREZR JHEREZHIBETE 5 X
I, EHMARHE—FOFRELEL 7 4 — KX
v L, RBRBEEEERDLIC, ATFA4T 4
v 7 E— REIE (LT SMC) % W 72 HilE5R % 1K
L, EBRIZLDZMIEEIT-2[14],

UL, EEBEARYE—F Tldd-qlil( > %7
B U ATELVD, HABAREE— ¥ Tid q v
VEIBEANAEA BT Z L AD2I~3EE KX
WOT, BHIZEBRERIBICBWTEROEIIZXT S

65

NI | -El ectronic Library Service



The Japan Society Applied El ectronmagnetics and Mechanics

HAAEM #2538

Vol. 18, No. 1 (2005)

BEEOEANKEL 85, FHOBESEEHAND X
) 7 E AR CIIEERIR B> T DT, &
JEZ7 4 —F Xy 7HIENC LY qEEEZHIE L L
LThH, qEERS > F<HEENT dHEBENK
EL o TLE ) LHIERRRIZRDAIREERH D,
FOHBREEIR T q BERORHLEE L 25
DT, AFHIL T q WHERGIEO 2 IR MEEZE <
TH1-0, BEREEICH SMC 28HT23Z L %2R
£33,

EoiL, BRETHHEFETIT 2 KRS 2 ED
WD AT Y OFEHEEY KIBICHIRTE 5,

ML T, IPMSM D5 DREFRTIE A EE 7 1 —

Ry 7 FRTITW, BEZ 4 — KXy, i, B
I SMC 2BHATAZ &1Lk, RTA—FE

BL-BATLEECH#ETERZEE2 Y Ialb—
a itk VTRT, HHET, EROFHOBIEHIE
L OHEB LTV, TOHFEMMETRT,

2 HifEE

2.1 SMC @ q EhEFEml -~ /A

IPMSM OEARIIUTO LS A TH D,
v, =Ri, +Lqiq +pa)(¢+Ldid) 1)

v, =Ri, +L;i, - poL i, @)

Jo=T-T
=pp+L-L)y,-T.  ©
=T, +T, -T,

V=,/v3 +v; <V 4

I=\Jii +ij <1, (5)

=L, p B, o BEBAEE, J:r—FA
F—%, T:EF—FMVY, T,: 7 Fy sV
2, T, VI I7F AT, T BRIV, R:
BTN, Ly L, d-qBEBRT A F IR
¢ BURHEFREL, vy vy d-qBWEE, ijcip:dq
BB, Vi : RNEE, Ly : BKXKEBRTH D,
(ORI LV, IPMSM (FAFRENRRESRD &,
EUEIENRKEL LY, HEAEE TEHOXRDOEE
BIFRIZE Y, ThULEOAFEE CIIEFEEI TR
Bo FIT, AD i, T LI LV BIEEHFE % L
KTARZENTED, TNEFHOBMEREE VD,
B L ERTIEICEY, v 2R THILERTE
B8, MABARYT—F OHE, L2 LD 2~3
2L REVWOTHEBEE TIZR)XOFEIEHREL
2B, LMo T, iy O TRL, i OFIHE
kD vy OKRZXEEZMETOREMZTHLERD
5, BIERIRZBXIZHE, i, DEBRELZ T 5
BafmL, TOHEZEIGBHIEDLIZENEET

66 (66)

BB, TIT, AT A—SEBLIHEE i, Of
MR FERT B 720, i, ORI SMC 2 BAT 5.,

2.1.1 q BhE R Y — R REERK

FFWL SN BEF BN D q HEROF—&
REBRTDE,

alelo -k

(6)
EEL, ML, 0REETHY,
Z, _I( )-i, (r)dz )
Thd, O)REHHHT, ROXIITEKT,
i=Ax+Bv, +Ei (8)
2.1.2 GIARRERE
UBEAKELUTOL O IZEERT Do
Zy
o, =Sx=[S, QL} S.Zy i,  ©
q

AFGAT A4V TE—REELTVDLEE 0,4=0 XY

=8,2,+i,=0 (10)

iq™iq
ThHd, 1IOXREFDHRD 1 THIZRATS L

Z =S,Z, +l (1)

qq

ERBOT, S i BERVALTHZLITEVAD
RTREND VAT LREEL LD,

2.1.3 ANOFE
0,70 &3 5i10id6,0, <0 LBNETLNDT,
G, =-k,0, (12)

LB, HELESO T B, B)O1DRELY

S, =Sx:S(Ax+Bvq+Ei ) —k, 0, (13)
v IED VTR & AN,
v, ==, L (i, ~i, )+ Ri, ~k,L,o,  (14)
LB,

NI | -El ectronic Library Service



The Japan Society Applied El ectronmagnetics and Mechanics

HAAEM ¥ 53

Vol. 18, No. 1 (2005)

22 BET7 4 — KRy 7 fil#[14]

BSEETE ML 2B 50RO ADE
CHEPRELRDTED v b REL 2D, L L, &
JERIFRPICIN D 2 72 v, DK & S ZHIE L2 T g
MBIV, EIT, v EEIETEILEEXS,

‘R, (DXNOADE 1, 2 HiTHLE 3 EIiZ
/NSO TERT R L

vq =pm(¢+l‘did)

(1s)
L2, MDEEER TS TS L
v, = polp+L,i,)+ poL,i, 16
LB, 2, @U6)REY
Vy = pd)(¢+Ldid)+pa)(vd —Ri, +prqiq) (17)
L78%, ZTZT
1 i+ p@Li i
v, = [v’d—p¢ ot PO qd}+Rid——a)Liq
pw J
(18)
S R
v, =V, (19)

ERY, vIIv Itk EIETE B LN B,
(19X E WV EEV—FRREBERL, 2.1 & EHIZ SMC
PEATAEANZ

v,=-S, (v; -V, )— kvqc)'vq (20)

Maximum torque control

LB, 12150, SidB, kyE, v*dv,0RE
&,

0, =S8,Z,,+V, Q1)

Z, = L (v;(r)—vq(r))dr 22)
THD,
23 HiEu Yy

2.3.1 7 a—

Fig 1 iICHlf 7 m v JRERT, 70 v 7 KILEE
N—", qEER/N— 7, dBERL—F, BB
JEMIRAAER, FETFHHIEEE» BRI TS,
EEERRFIZ BT d BERAL—~TREBET7 4 — F
Ny I N—TIEb> T3, {KEEEIEK ML
JHIEERND, FEORELZHETHIZ LICLY
Mo BHTH D i, 0 BAEE i, &RD, Thi il
‘7;‘6:&%::]: D V’q%j){abéo V’d%) Id*gf*@fg‘j‘é:
LIZEORDD, TnEFh, FETHHEEEL2 LT
Vg VaT R, T—F~ANT D, EEERRL v, %
WETD LI v, 2RD B,

2.3.2 EBIRHIR

i DBEKER 0 DB ER->TEY, TE—F DK
ARXDOLHETAZ ENTE S, F2, HIETEIC
RHDEBEST-DIZEE~Y MVBNEEHIRA %8
AT12%E, BATZESWICLY i ORXEXHIFRT
%, Fig2 1l iy DB RME igmex &7, HEREIZ LD

(at low speed) 1
honinteractive @
control
ot + 53 x Y-
speed 1S is L] current R
_ Eontrol lerf limit + ontrol erl lq w
@
o TIPMSM——=
- - CE_E current ~
+ ontroler
i
a
v, control \’(
(at high speed) honinteract iveS—%
control
o+ PEa ] iny- % /:%V)v:
speed L Nl currenl v .
. '((u) 7 bontrolled imit ~ onlrolle + Lol o [l RS ,
v‘l v‘l w + il \ @
Y <l L IPMSM
ep . . a ‘
(if iy*>igmar) VE %— volvE Y- vz t g /
. contral ler ~ i
vy =V ow Vi * *
[P . {yvz+ V3
(if iy *<igmax) [z
Fig. 1  Block diagram of speed control system.
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Table 1 Motor constant.
R 1.015[Q2] Vax 100[V]
L, 5.63 [mH] Ina 10[A]
Ly 2.25[mH] J 8.89[kg * m%]
I 0.0225[wb] p 4

Table 2 Control constant.

control cycle time constant
current control 100([ps} 1[ms]
voltage control 400[us] 4{ms]
speed control 400[ps] 4[ms]
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Fig. 4  Step response by i, control.
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Fig. 5  Step response by v, control with SMC.

HEZHLTWD EWVWZ D, Figs IZBWT o,
FHREILTWAEHIICEZDN, TICLDANIE
TI[VIBE LD, BEFETORB LNV DS,

32 R A—FEEHDHY DFE

Fig.6-9 12 i, il 18 & v, %l (P HI#) & v, 48 (SMC)
EAEHRE L7z v, B G, HI4E v, S48 & 612 SMC)
TOHREDRT v FISE % RT(L=1.2L), iy filH T
RS A—FEECHIETET, BEEBRE bICEEK
LTLELTWD, ZHFA »F 7% ABEL
T WXV EER i BEELTWDDIZH 200
LTRINCEHELTH-7- MAP IZL Y i, BiEE
BFHRDTWNBD, vy BWKE L 20 T THIEARE
IZRo T LESTEZEZXLND, v, Ml (P Hili#)
TiE v, B v RESHERTLE - T D, Zhix
RS A—=FEEZLY v, BNELLTZDDFRDL vy
BEONRDTEDTHD, ZhbiZxtl, v,
| (SMC) TREERS MBREKEEZEZTL
OV, v, BEEECHB SN TRV RNLOD, K
FILHIEE N TWDORbN S, EEFIREH DT
D 0, FEICHE SN TIWRWA, ZOFERFEA
B AT LOREHICKESTERKLTWD, L
L, i, S8 PTHIEZ VT 2 7 il 238 <
A== a— b EFEOTND, v, FIE (G, B v,
B & BT SMC) Tk i, NRLFIBHEN TR,

(69)

200 W[
Pt - T
1800 — = & 5 i
3! =1 §
b4 : i - -
<100 ] {: [ - i
r o 2 WA g n T
¢ w0l } y 0 \v\, {[ |
b i R r‘. ;
N gt W
0 002 004 006 0 002 004 006
Time[s] Timels)
TR AR y
i 3 h '. . mnasx
g goﬁl L7 ‘
1; Y
Z 9
D
> i | -,
S l
S BN R :
L = ol S > Lotad _— -
4] 002 004 006 0 002 004 006
Time(s] Time(s]
Fig. 6 Step response by i, control (L=1.2L) .
2000 1075+ - ;
w* Y
1500 — = sl ;
Q = ‘
3 2 i
é 1000 % o ' ”"_»‘j;}‘]m l}‘
<. w )
H S L ) Mh
® LI ikl
' |
% 002 004 s % 002 004 006
Timels] Time(s]
15— —
T 0 |
z ”}* l“ T *‘
Ll ‘ i
=05 T;\‘n 1
. /‘, - \ }
£ ')\ e 1
o Loy
s N&M
0 002 004
Time(s}
Fig. 7  Step response by v, control with P control
(L=1.2L).

EEDSE LR o T WD, v iXBEEICELT
WAL, BENYZ MNEKRBEMITHE S
TWADOTRBEIIWEBbns, EERIREINT
WBERT 0, 04 & BICETRERMELLSTVD
25, b OUBREEIC LA AN DOEIZIT 15[V]
BETHY, THERETIELTWSOTREZD
ERBPhD,

4 8

AL TIL, IPMSM OEE 7 « — Ky JHli#F
RAZ K B OBHEEEICRT L, i, FE L v, HIE O
HIZ SMC #AAWVAEH LWHIBEFEZRE L, #
Seo i, B FRIC L B FHOBRKIEHTIENNT A4
TE) LB EICHIETRRE L oo, BEFIEICE
HROMEHIEILE L-mEREGRE ER LT,

LS%DBREL LT, ERTORIENZET OND,

69

NI | -El ectronic Library Service



The Japan Society Applied El ectronmagnetics and Mechanics

HAXRAEM#4£3E Vol 18, No. 1 (2005)

0 ] ot AMEEZBIRITHIZ>T (BK) I VKD &
R e I TEEREHRHELENZ LICHLT, T
2 o0 » PO R — WEERLET,

o § e SEXM
e ety N LN | (1] AT, LHEE, REER, SAREHS PM T
Timels) Time[s) — Z OREEHE AT EERIH, EFR/ D, Vol114, No.6,
“”T‘""”’ T RS Pp.668-673, 1994.

7 4l [2] ZekiEE, BPEA, B REEKR THEEE,

s n, PM & — % D55 OBER I 2 A\ o IR EEER AT A8 E s,

Eosj L E¥3 D, Vol.112, No.3, pp.292-298, 1992.

£ 3] BAHE, SHIE, REER THLEE, PM T—

L Z O¥ERTER & W AHE, B D, Vol110, No.11,
pp.1171-1176, 1990.

150 [4] E&, HAME, HFARHE RBER FYLES,

o - 77 Y VR DCE—F DETINF —BREGE,

i S EH#3 D, Vol.112, No.3, pp.285-291, 1992.

g % | [5] FHEi—, =R KABLRET—F OLiEEEHE
off 1 EEED - DL B & U R OB EERIE S,
L E¥% D, Vol.123, No.11, pp.1359-1370, 2003.
g o oo om [6] WAEER, HEBK, PWM A L 5— & ERE) AC % —
el RE—FDF v KEA LB EE URINEL HNE
[ERZEME, B3R D, Vol.116, No.9, pp.924-933, 1996.
(71 KBE&, /NIEH, §HRERE Ko a—4
Fig. 8  Step response by v, control with SMC for LHEAS T — A HE L PM T— ¥ O—FHEHIE
vg control (L=1.2L).. ¥, W2 D, Vol.122, No.3, pp.209-216, 2002.
[8] FRAEHE, MATEE, KHEFER, PM £E—F VAT A
OEILFFZRIT 585 A—FRE, BE¥H#H D, Vol.123,

2000 " 10-#7% No.9, pp.1081-1082, 2003.

ol 2 ok [9] FATEHE, RAEK, FHEES, PME—F D dq%
3 : 2 [T i [ 3% EH O R E W, E¥# D, Voll13, No.ll,
5 1000 w A I — pp.1330-1331, 1993.

2 s ;5_" L da [10] REER, RIFETT, BAKHE, RKAEXR, HiIABE
=l ARME—F ORET L HIE, A—24k, 2001
% o0z 0ok oo %0 0 004 006 [11] RIEAE, KTEE, F:- 779224, RE
" et o ™ BT HIMAL, 2000,

_r F T Vonax [12] BAFKE, MUEA, EHH=, ACY—RI AT A

o > oo DB L REOER, RABTF LR, 199.

LS R e [13] B, BEH, 251747 F— NI, =

S A aF 4, 1996.

ey ] e [14) NEFIE, REEQ, BAEB, XI7AT4TF

e i s ] — Rl % A REMERME— 5 OBET 1 —
Timels] Timels) PRy 7L 2BOBERGH, BA AM ¥
80}[ A 15 £ Vol.12,No.3,pp.203-207,2004.
60 I
Lo/ | oA
g 20‘ } ; 5 ol ‘! a\
oi\ E— / \U’ D
-zooL T 02 004 06 () 002 004 006
Time[s] Time[s]
Fig. 9  Step response by v, control with SMC for v,
and i, control (L=1.2L) .
70 (70)

NI | -El ectronic Library Service



