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Abstract

In the high speed range for salient type synchronous reluctance motor, the effect of iron loss can not be
negligible. In this paper, under the assumption that stator iron loss is generated from the equivalent eddy
current in the stator, we derive the voltage equations including iron loss from the model that is added the
equivalent iron loss in the equivalent inductance in series. The variation of iron loss is dependent on the .
increase of the operating frequency change for the worse a performance of the vector control system As
there is cross coupling between the d and q axes, it is hard to apply the vector control to the proposed
model. Hence, we propose a decoupling current controller for including the effects of iron loss. And we show
that the proposed vector control scheme achieves the desired performances through simulation results.

717k @] ol8H: ey, e mE ¥y
B3Ae] HEAE R wdel A7 Ak 4% -

.M E

22 148 ¥ez S R Ild 7Y
R odrlo] REEE PR 24 - AYse a7
2e) A%7)e 1& 7F0] U@ 8T Byl ¥
oHAZkT YUtk olg} Be BAe] nE&HEI|E FE

* A4 FAYGE AVAABNFER 2AF
=+ A3 Fdditta A3 2y
Fd= 11998, 9. 18,

128 (536)

st nEHAA 2ol dES Ry &
JE FE7I2 5] €HE: EEH(SyIRME & &
e, BAAe] Fx7t dedt Ansts, AR
olxe] wgo] Hoke 5L JAn o], BAFHo
2 A5 EHE HJPsle] o]9] o] dis) 7
£ A7t olFeixa girth wHHo| F7|7]e} o]
3ael AREAMe] Q7] Wi dAAFE A

Journal of KIEE, Vol. 12, No.4, November 1998



A AHoz FFHFA =l P AF7E WaH
A1 9go] Hol= ¢Adg /K2 AL, 21 =W
ME, Y B eHH2 dEr) B4 a1
FEa o] R A7 o]F)R 1 ATHS, 4, 5.

AFHE7NIE AR HTAY] AME
auryoz WEAAE o3t 230 SynRM
of dsixx WEjAole] o]gell Wid JT7r} BEs
A APH T Ytk A& FHelA SynRMe] 2
&£ FAE Hu, 2453 99oMe T2 T3
Fo] Zull mEr AEE F7ke 7 SACl o
g 7XA Hug FAE & A dok metd 2
£ /9 Ao o o7 AR
e HEz AU 29 o8 HeAeye] A
£53 gics, 7, 8l £, ol uAAYY B7t
shAFel oJsiA gtk A sAG), R
JdeEize] HAZ AERFo] AjlE 2o i3}
o fe® AL o8¢ HE AofYP: dT
3 QrHIol o] AhwAAe A& ¥ A
§ 23} vlwste] ¥ ol it o]FoFE
&+ ArHill

e Aol & HEske 7] Aojol UM, &3
Zapgo] e AEAYY ¥EL WA A A
od%e gL, d F} ¢ Fo HaASl
A2 ] HEAole] H8-g oA ¥k et
A, A&Agte] 98 AAS WD EIA N}
7Fs3tEE d &3 g & uTA Aoidye] Al
Qb= x QItH12, 13, 14].

E =FdAe, 1% £33 SynRMel disld u
Az} d&o] 1Az vle] 7t Aol A F
AP 71 SlolM, BEAE AT AP
Ag #=39T, d 39 ¢ & v B 2
A8 P AAHNAM BIZM EZA7L 7
g HEAolY2 Agteion, AEHoAE E3l
olg Eaith B =RAME AF % &9 1
238, AIERFY, A dE B BRFIE
& 3eatA fsken, nAR 2 Frh dAfIRe
FAAAE goka 7SIt

g 2 Ak

v:Ag i AR R:AY L A A49d
& M:3E QYEs, A A&Hus, p PR

1E0F - MEERRRIG B128 B4Rk 1998F 1B

Bg7] - ZAA

Axal, g 2RZAL] g A F3 AR d F49
ZE(B A 94X, o, AR G55
w,=dl/dt, o ZHA 7] £ s IHA,
r: 34 a,b,c: 4% 1A a ¥, b,
¢, dg:3ARY dF ¢gF e TS

R
2. #&8 18 SynRMO 228

2dgo] AL SynRMe| T2, IR Y
2F ATV 2o AR o] e 59 3
AAE 2 B7) AE7)) RAME Fejolth

WA 2d3S s e dAdYE AR W
of EAlske 57t AR A By, A3}
el E¥sie JHFE FFIN2E HBE Y
AAE el FY T A R A A &
FQl JIg-AE 7HE 7 4dF dAe 7HEs)
A, FEaARdE 2R a9 12 57 o
FAME el A Ad 248 HAED

3 1, SynRM2l MM AHM o
Fig. 1. Three-phase winding model of SynRM

SynRMeIM A AW 2 57 SAFEAY
AdelAE $1XZ 9 o weh wshe, 1R AA
2 57} AF dMe) Ar|AYEA FE A~
26 o ¥4 vebd 4 ok w2bA A A
2o iy AP thes} go] B F 3tk

[Vase] = LRI danc) + Bl L as ) Wi o] 69)

fr

(537) 129



1% 37| EBiA HS719] U2t HERIO]

D, [Vaac] =[ vas 03 9500017,
[zabc]=[zas 2.lxic:siantzibeice]Tv
(Rl =diagl R,R,R,R.R.R.],
[Labc(e)]
Las Mabs Macs Masae Masbe Masce
My, Ly My Mpue Myse My,
= Mcas Mcbs Lcs Mmae Mmbe che
Maeas Maebs Maecs ae abe Mace
Mbeas Mbebs Mbea Mbae Lbe Mbce
Moeas Mcebs Moa: Moae Mcbe Loe
Ad A 229 (D 28 dgseR 2z W
7 6x6 Wl A=z AN¥Hez FalE ue
otk mekd (19 Ak WS AR FEx
w, 2 JWF= dp F BT YL AP
dg DY 2dE 7ok a9 2= PR g A
2dg BRAFED dg X Edd oig A4
3 A EeE et gk

Ouxin

7§

Gucs Qs Qe

18 2. SynRMO| dgAM m@t
Fig. 2. dg winding model of SynRM

Vas= Rsi¢,+pllds— (l),ﬂqs

Ugps= Rsias+p/1,,s+ (I),Ads (2)
0= Rig+ pAs— wrjae
0=Ri,t Ayt wdy

T ASHus A & oke gt
As=Lutat+ Mz
llqs= qulgs'*' Mqlq.e (3)
Age= Letaet My
Age= Lt oot My,

'&, Lds= 3/2(L),5+ LOs), qu: 3/2(th_ Los),'
Lde=3/2(L]w+ Loe), Lqe=3/2(Lhe_LOe))

130 (538)

M= 3/2(Lse+LOSe)r Ma=3/2(Lse_LOSe)
AR Qo ASH2T BS skl R
39§71 JARE Eohe AYPHAL 7Y £
Ut
v¢,=(R,+pL,¢)i¢,—w,quiqs+pMdide—-w,M,,z'“
vqs= (l)rLd,idg+ (Rs+ qus)las+ deide+ thliW
0=pMditis_a)rMaiqs+(Re+pLde)ide—eraeiqe
OzwrMa’ids'*'ﬁMaias'*' a)rLdeide+ (Re+que)iqe
(4)
$7h ShaRe) BB U oY) AR 7t
FAFATY FHE TVIEZ, rINE RS
o Wi EEsE APENE FE7) A8
@A F7F FRFHE AR 23y, AF @l
N 57} HAF iy, i & 2ANHY o B
T3 Ho| Huz F7) 2P FAR]E o) g3)
A HEAEie] AT AE FEFTh @A WA
lee B T3] 31 BH)X R, + pL,, +43)x(
0, L& AL 14 o tidt] H A ohgo
e ® T3] #3td  (3) X (w,L ) -4 x(
R, + pL )& AL 4, o tistd Aeldd o
&3 2o}
ia’e
~{(@2L g+ PRe+ 1°L )M iis— 0 R Myi )
REAR(PLuet DL + PP L gL ot 0L 4oL

loe
_ (L aet DR V'L s Min+ @, RM s}
R4 RPLaet PLo) + ' LoeL got+ 0L geL oo
(5

7t BE2ARrE Aol A8t AAYEHYL 3
& Y, 4 HFHe FAFHol Hi, vEQAt
k- p £ Qo] €0 wEkA, B)E v ol "ok
_ wz«ngﬂdids_erquia

lde™

g R§+ wELdeLqe 6)
;o OLaMint o, R My

e R+ oL ,L,,

¥ @ JAR 44x o, 2 A A
e AP Ho] Huz g3t o] ot

0= Ris= 0L gio— w Mo -
Vo™ WL adat Riost 0, Mgl

Journal of KIEE, Vol. 12, No.4, November 1998



©re Nl didstd, ndAZe AFE B
W ohg3} g
Vo] [ Rs+ R —w, L[ ¢
5 Aol | e B
o714, 2L 57t 2R ST 2ol A
BRI
A=1/(Ri+ werdeLqe)v Rm=waDReMdqu
L,=L4— w?DL M}, L,= L — &*DL M’
9)
@ Ly, L, 24% d 52 ¢ & 2] Ay

g R, : 7t A&AY

@A 57t BENY R,& A4 AdEizo]
Yetd AP AP, ARAFE BARRG 2
2e ¢ 4 AL WA BN AHANIFE
AFHE Ao sz, WEAels Hgol §ol
¥ T 5 Ak

oo, d 3 2 ¢ 3o B 2ANE 57 3
28449 Ly, L, ¥ R,°2 $Eoc 247
s HRANe) BE TARE] Ae) 0 A 2
Holakm 7PgsrE, Lo~L,~M ¢ BA7 498
o olg@ BAE ol8del, S H2ASY L,
L, 2 R,% 57t 4% 82443 R,, L,
Lg. 9 @A Jehia (10)34 o] @,

Ry _ 0y Rn_ 0ily
L, R, 'L, R,

(10)

mabd, (10l B7F ARz AIAR
L /R, 9 B4 f=3td AAF #A2 1D
Zo| =i, dutxog it ARz HIPEL
tE 22 Aol vsiA 43 222 U 94A
F29 NAFE 1 2o W FAdun AR F
Ak

L., R,

Re a)an

Ry
w%Ld

<1, -Ij—gi = <1 (11

B7F AAF B8 ) DS H 83t Helg)

Ry - BRIUBBBRGE B128 B4A%K 1998F 118

Ag7) - 42

W ok AXY B
fge=—A{ (&L g+ PR)M jige— @ RoM s}
iqe = { (wg‘l’de + pRe)Mqu + ereMdids} (12)

(129 (100& A 283k, v53 o] ¥tk

ide=—A(0)g~Lqudids— a)rReM(li‘IS) (13)
iqe= - A((I)zLdquiqs'*' w’”ReMdid‘)

TEHA, (13)& (49 A el didaid, 7, ,
e 8 A, AR HEE 1AW F=AH 9
AEAE 78+ Qo

Vags| = R$+Rm+pLd _erq+pRm/a)r
[ vqs] [ erd_pRm/a)r R3+Rm+qu ]
[ ’.d*] (14)
175
19E @ s ALY, dg & ASH4m
+8 78 + A

/1¢S=Ldl:ds+(Rm/a)r)?OS (15)
Aes= Lyios— (Rl 0,)ig

Wb, (1502 AAEIA tfdstd AxEI9)
SAEE 7 F Uk '

feon™ 5 3 (i = Ao (16

.. R, , . ;
= —%— g{ (Ly—Lpigdes+ E(ziﬁ- z?,s)]

A7, p 24

TR AGPAAelN, AxAgRze] A
$7b AeATe] Adz FUgL, $7b yeAYe
94 d 3% ¢ & ARASo] I
gol WEjRlole) Ago] Eakahl W& ¢ + Uk
ged, $7 BEMYe J%e FEZ &1, dg
Zg HTHIE AN HEAolE Ada] Ha,
AEZHE YRS 2 v AolE Fewd.

3. NEXYE AY™YEYE 2= H
Zid JOoi
(539) 131



1% )| E88HA TS0 HIZ2t HERO

SynRMell HE{Alo] o]&g H83dle, dg HEF
Z gdse &S 2 1Y Y 19 1%
Y A PY ez YehiE (17)3% 2ol "t

p[ ’}ﬁ]
3 gs.

= -1 ; (RS+R,,,)L,,—LdRm
Rm 5 . m
LdL"+(a)_) w,L,21+Q—ia—)m
(R,+R,)R,, .
_w"L‘zl__Zl)—,—_ [ Z'ds]
(R+R,)L,+LR, |t
R,
+*11ﬁ L, - ©, [ zds]
—-n gs,
L,;Lq+( o, ) ﬁ_,: L,
17

UDe SEehs WBAA iy % i, 2 EAS
W ok} ol

1 Lo _ &
. L L " oL .
i= N RsiR,,. vat . RS+R,: w,i, (18)
s L, s L,
1 L (R
. L L Wil .
Ip= Rsfi-R,,, Vp— — RS+R,: wig (19)
s+ T s+—'L—-
q q

d % AR ATH 184A, s+(R,+R,)/
L;& K & 88 303 (L/(LK))
0 ~ (SR, / (L)) Wi OV, ¢ F AF
A% (19914, s+(R,+R,)/ L, & K, & 8
A e {L/(LKNw,is— {sR/ (o)L,
K)w,ig oItk AElA e B 5
T, YL AEY WFE du Ao, ARE
A Ao FHo| JsdinE, ol Fa
BRI AAY Ade ke AY vy,
Vg £ T3} o) EEE

Vas= Va, ~ @,L g 20)
Vgs= Vg + @,L i

132 (540)

oldf (17L& 213+ 2o Yehd 4 ok
R+ R,

TR T
@ . _ RAR, |
Lq
L N
+|lz, O [”:i*] @1)
1 L Ve

(18)~@2D 93le HA=I9e RAAYPHL 2=
PI Ajo}7]1e] £ =& Feha 19 33 Zo] "tk

g 3. LIEEE 2MsiE = P Mo BRx

Fig. 3. The block diagram of the Pl controller
with the feedforward decoupling compe
nsation input

HIZHES oS (22)9 2 A W3S ™o
EA 94 5+ 3o

Ki - . .
Kiv,o . .
V= (K,+ —-s—)(z,,s— igs) — @, Laig

714, K, K0 Hl3st H2 o]5& Yehy
w, L;, L,, R,=2% L,;,L,, R, A%
& vepict

ol¥y e MS¥Y= R4S e bt
A Aole Bate AxEIY AL AFU|Y St
slo} WEjAo)7} 7Fs31Al |

4. Al2dI0l48 21 2 =

E5%Y SynRMe| H&E 32d #EAoA 2|

Journal of KIEE, vol. 12, No.4, November 1998



o B3AdE 2] A3k HFE AlEdHelAg
Fapsict. AA Al2¥L Matlab/ Simulinkg ©] 83}
o TN ¥ 4= H=EIYE HARIEE 7
T §E Ao} AAde FAzolth Algdelde A}
4% SynRMe| HerEe & 13} 2o

—*'Q—{P/"" vecuotng Msag] da / ebc

Idas

PWM

15807,

war | ape / oa >

8 4. AMAH 4T
Fig. 4. The system configuration

H 1. AIZHI0IMM A28 SynRMOl Hi2HIEH
Table t. The parameter of the SynRM used in
the simulation
A& 3.5[kW] A &9 A |0.328[H]
AFAG | 39 220[V] | 9& U9~ | 0.204[H]
AE4H4H 16 [Al F2F 95 | 400[Hz]
24 2 BHEAE ["I-gmzo‘%]
A2 A 8 1.8[Q] LERA 2.284
A&A g 488(Q] o5 5.070

a9 55 M2 2dd 93 7R SynRMel
et uZtd AE 3R gL QY &
Aoy Al=glolN, FR8 484 Fol B% HaE
AHEE Hel d F9 ¢ F AF, A AS=
2 EF 93¢ ¥sE ReFa 9oy $3) st
HAE W EIHF i, € ARAF iy o mis A
g8 2 WFEE /I YSE RYFY ¥ A
4 @, & B0 LS 104%:—4.

3% 62 HZH Alolg 1T £ Ao Al2¢
oM, 2% 59 <99} w2 TR 73R8 A
- Foll 6% H3IE WIS 19 4 3
¢ % A7, 3d Z4x 2 E3 53] WE B
o33 gtk a9 59 a9 69 Z+ g wiws)
By, ES7L QUHERE o WIzEY Alolg mEig
7397 vz AlNlE nEER] &L AS B E
4 dF 2 A2 AR FFH0l F2L2 ¢ F A

9 - BRREWBRIGE B128 FAK 1998F 1185

. 34 AEEE WY Zo] ¥eg

#57] - 447

2 4w,

EF Ed9 UEE 44 F3E U 5 Aok

oo [N w |

8" 5.

Fig. 5.

MK (ee)

(d)

HiZid RIOIE BIXI RS YO IR, &%
% £33 SEE5%FH. @ iy, ig

B) ig..ip (O @y, w, (d =3

Current, speed and torque responses of
the system without the decoupling PI

controlier (25(%) load). (@) iy, {4

b) iy, ix © ), w, (d torque

(541) 133



1% &)1 E=EA HSD19) Hi2H HERO

a8 18}

Speed adises)

eue [N m |

(d)

2 6. HIZHD RIOE Ol RSO HE, ax9 &
3 SHE5%PH. @ iy, ik {b)

g, i (O @y, w, (d) =3

Fig. 6. Current, speed and torque responses of
the system with the decoupling Pl

controller (25 (%) load). (@) iy, i
b) i, is (© @, ®, (d) torque

134 (542)

5.

=
—

P ow

£ =Rolde 14 £3Y SynRMel disld
B4 el 1R WY S7b shaRel Jald 2
HBHE PRI, A BES DT AY PR
4¢ fEsgt 1 23 57 BENYE oA 9
Yezo] HYz F/kEE, S BEAYL 5
o d &3 ¢ Fo] A AL A T & AN
o Al 7 AMAE d % g 39 H
Mol Atk ¥ ERode J=EAS 24
& 2t Pl ACPIE ol Hxyste FEsY
o

Agdold AHE Fake] MY AlE Fa
e YA Ny MSTPS Y e
TR B Ale] Aade] Hg dEHoz $2
o, $E R B3 g4l YIYS AIY & U
o

YFole £ =golA Ake uH HeiAoly
g A¥Ho2 W) Astd, nEAART} 7}
5% DSPE ol§% Alade F48m Zzay
Ade A% & ol £ DR EaAE
Astel HIZHY Aol R A Aol YN A
49 A7E ¢ ofelch

58 838 S)| E2HA M)

J8 7. 238 s)| HYHA HE)|0] HOE
Fig. 7. Cross section of a salient type SynRM

Journal of KIEE, Vol. 12, No.4, November 1398



& ngE s

(1) RE £ FX B BHKRE “HERIS72 280
WAL —THED—AK", BBRD, 107825, pp271~
278, 8862,

(2) Akira Chiba, Tadashi Fukao, "A  Closed-Loop
Operation of Super High-Speed Reluctance Motor for
Quick Torque Response”, IHE Transactions on Industry
Applications, Vol.28, No.3, May/June 1992.

{3} TongKi Paek, Selin Seong et. al, “A study on Variable
VA PWM Inverter for High-Speed Motor using DS,
IPEMCI7 CES, pp.1007-1011, Noverrber 3-6, 1997.

(4) Z2lEl, M4 MAMZ, ¥WSI|, “Sv-PWME 0|2
st D& SI| HYHA HSI| PE”, MK &
U3 =28, pp.204~207, 1998.7.

(5) @4, ZRIE|, MMZ, wWEI), “SI)| LY~ H
3019 QIdEi~ DA MHMA S=l3 =27,
pp.208~211, 1998.7.

{6) LXu, XXu, TA Lipo and D.WNowotny, "Vector Control
of a Synchronous Reluctance Motor Including Saturation
and lron Loss”, IHE Transactions on Industry
Applications, Vol.27, No.5, pp.977-985, May/june 1992.

(7 LXu, and ).Yao, "A Compensated Vector Control
Scheme of a Syndhronous Reluctance Motor Including
Saturation and lron Losses”, IEE Transactions on
Industry  Applications, Vol.28, No6, pp.1330-1338,
Noverrber/ Decerrber 1992,

(8] REBetz, "Aspects of the Control of Synchronous
Reluctance Machines Including Saturation and Iron
Losses”, Annual Meeting IHE-AS, Houston USA
pp.456-463, Octcber 1992.

(9) 18 #8 RE Lk "B ERL-HEEE)S o792
DRBOFMERE & TRIHENER", BRRD, 11086
5, pp.746~73, 2%,

A9 - BERERRIRIGE B128 $4% 1998F 118

257] - 447

{10) £2 BR T BE Kl 9% "*50215
A—SBEMELBTRN SR RE—RDRT b L
flE, BERRHRRH, RM-93-107, pp.67~76, 1993.

(1) L2 MR T4 B85 K0 7% "BEFRRs 8L
YS9 RE—ZDETIMLE NS A —REEF,
RRMD, 114895, pp.8s5~861, FRGE.

(12) BF%EF, MUEA, EHH=, ACH—HLRTLOE
m L ARETOMER, MABTHARA, pp.104~121, 1990

(13) KEF 217, BILE—, HERL 4, "BEFRRLERL
LENRBROETSHEE, RBRD, 10081,
pp.841~848, FRTTE.

(14] Jinhwan Jung, Surkyoung Lim, Kwanghee Nam, “P Type
Decoupling Control Scheme for High Speed Operation of
Induction Motors” PESCI7 IBE PELS, Vol.2. ppl082~
1085, June 22-27, 1997.

OHIIAMO

H s e

1957'19¥3U . 1984d A XdFd A7 T3 £4.
19928 Fdd sty Ar1Fdg 2 (MAh 19969
5 doduaany $8. 19849 ~1986d LGAA 2
F. 1986 ~1993d ¥RV AATY TF. 19939~
A Fus AN AATATRR 2us

o M X (st )

19481 79 15U, 1973d Mg FdU TYRSH
Z4. 19759 ¥ digtd E<A(44}). 19889 B 574
Fdd disted QA HA Fddgta A2y

% 2%,

(543) 135



