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A Robust MRAC-based Speed Estimation Method to Improve the Performance of
Sensorless Induction Motor Drive System in Low Speed

BT T
(Chul-Woo Park - Woo-Hyen Kwon)

Abhstract - A novel rotor speed estimation method using model reference adaptive controlMMRAC) is proposed to
improve the performance of a sensorless vector controller. In the proposed method, the stator current is used as the
model variable for estimating the speed. In conventional MRAC methods, the relation between the two model errors and
thi: speed estimation error is unclear. In the proposed method, the stator current error is represented as a function of the
fi-st degree for the error value in the speed estimation. Therefore, the proposed method can produce a fast speed
ec'imation. The robustness of the rotor flux-based MRAC, back EMF-based MRAC, and proposed MRAC is compared
bused on a sensitivity function about each error of stator resistance, rotor time constant, mutual inductance.
Cinsequently, the proposed method is much more robust than the conventional methods as regards errors in the mutual
intluctance, stator resistance. Therefore, the proposed method offers a considerable improvement in the performance of a
se 1sorless vector controller at a low speed. In addition, the superiority of the proposed method and the validity of

seasitivity functions were verified by simulation and experiment
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Table 2 Sensitivity functions about stator resistance
Estimation Speed
method 500[rpm] 50[rpm]
Flux-based| _ 5,55+ 1285+ 966 87s%+ 20155+ 15200
MRAC | s*+22s2+317s+1086| s+ 29s%+430s+ 2590
EMF-based| _ 7 4s%+ 1735+ 1308 s*+ 265+ 198
MRAC | s°+23s+302s+1471] s*+23s2+179s+34
Proposed 3s+27 145+ 175
MRAC s+ 11s+55 s>+ 115+55

T 3 3| MX} AlE S0 sk ZEEs( J40,/4T,)
Table 3 Sensitivity functions about rotor time constant

Estimation Speed
method 500[rpm] 50[rpm]
Flux-based —17430 —17430
MRAC 2+ 185+ 236 s*+18s+ 236
EMF-based —13160 —11440
MRAC s2+ 155+ 178 4235+ 174
Proposed — 4063 —4063
MRAC s2+11s+55 %+ 11s+55

x 4 AT QoA ot Az e do,/dL,,)
Table 4 Sensitivity functions about mutual inductance

Estimation Speed

method 500(rpm] 50[rpm]
Flux-based 41030 41030
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MRAC 8 +23s2+ 3025+ 1471 $*+23s°+179s+ 34

Proposed — 205 —~205
MRAC 2+ 11s+55 s*+11s+55

50lpm]Y W AN BEFFE AR ALFoR A
A%E ¥ 2~49 et

29 3~50% E 2~49 BEF4E olgdd de w)
HEE UEJt 19 3& 2R A% dste] Q@ 7
S84 2e dsolth 1Y 3@elA AL® Whel A&
o PP oSl W Fe Aoz Adw Whel nAA
Aol watel alA s1Ed PEnc ALY SHL AAG
£ e ¢4 U EW, 29 301 2HA Asel ¥
2 AFE wAE ALGGlM AT Yol sEe
PHuc 3AF AL B 4 Aok ¢ 1Y 3228 A
¥ MRAC B2 A&sgdoln Ade)s WeAol7]e) 4
¢ $AZ & dohs Ae ¢ F Atk 3Y 4& FAA
NAF st @ BEFF Be Asold J1EY 3
A AL Yol AR AR5 Wste] HHAE B
o 3 £E0 RaA v FESHLS MY 4E Q
Head v fE FEFFY wd 45E a9 59 2
. 3 5M ABVY B EEe BAYl AN
MRAC o] 7129 MRACE 0|88 F¥rT ZEgse)
o|So] 20BAE #& A B 4 ok metA AL
&A%Y B £Eo RusA 45 dYY29 W3l
A e AAP SHL AAY.

. ABT/ARS , 500{rpm]
s : R RS T I T IR I e ean bl
a ----- Flux based MRAC
@ 4| =-= Back EMF based MRAC
3 —— Proposed MRAC
E 4

™
3. ‘
) \
.';n* 10" 10
Frequency (rad/sec)
(@)
20 ABr/ARs , 50[rpm]
~ ~
=] L7
3 10 T =q
$ )
'
2" ~3
] N,
2 ok Fiux based MRAC g
= =-= Back EMF based MRAC Sy
—— Proposed MRAC e
20 O T
10° 10" e
Frequency (rad/sec)

(b}
I8 3 DX XMEge Watol st HEZES2 Bode M
Fig. 3 The bode plot of sensitivity function about stator
resistance variation, (a) 500[rpm}, (b) 50{rpm)



- ABT/ATr , 500{rpm]
= e,

&\ ) h\\ \.‘.:.
3 %,
& ¥
T %
: £V ‘:.
£ |
Eo | e Flux based MRAC N\
£ 10r| == Back EMF based MRAC 3
e — Proposed MRAC )

Y IO S 1 Y S

10° 10" 1’ 1o’

Frequency (rad/sec)
(a)

- &Hr/ATr , 50[rpm
s R .
& N, T
T R
- \‘ (3
T 5
£ 2 b
13 ™
[+ 300 I oo Flux based MRAC N\
1 190 _.. Back EMF based MRAC N

== Proposed MRAC
‘f‘o-z 10! 10° 1’
Frequency (rad/sec)

(b)

I8 4 ™A AEFe HEof s T2 Bode M
Fi3. 4 The bode plot of sensitivity function about rotor time
constant variation, (a) 500[rom], (b) 50[rpm]

. A&r/ALm, 500[rpm]

g% RS S %y
1{( "Dv
M e Flux based MRAC
'g‘\ 20k == Back EMF based MRAC
= — Proposed MRAC
th1s
:r; 10
[ R
e 19" 10’
Frequency (rad/sec)
(a)
- AQr/ALm, 50[rpm]
~ o
& se s S,
g gl Moo,
I iy~ S
E N,
= 10 S S
g | [e Flux based MRAC s, )
= Of-{ =.= Back EMF based MRAC Py
— Proposed MRAC ]
0% 10" 10°
Frequency (rad/sec)

(b)
O 5 A% olggAae #Halol ojst 2T Ee Bode M
FiJ. 5 The bode plot of sensitivity function about mutual
inductance variation, (a) 500[rpm), (b} 50(rpm]

4. RojAE

Hzwuse) Wl ue AY4e wdted o848 A=
Gel BRAE 2ANAAN E 2~49 e FEFF
A8E 7 MATLABS SIMULINKE AH-88 MAzi2 e
Aol 2 Aol NZAUSE 100% TR W e

Trans. KIEE. Vol. 53B, No. 1, JAN. 2004

sRaRT 2odYe ¥ 2~49 REF
59% 24 £59% 5000pm], FIE
F2 032AWb]l AelolA AR, A

X,
> od

ro M H
% o
b B 3
OE_\Q.NlN

[Nm], A&
Jejol e FE2RFE 100% E7HAZAE 9 338 JAA
&xeot AA Az FEAlo|o] XE Fitd YEHATH
a8y A= Adsd d¥ede szHsy FAUES
e, B2 100% 9 W] doz HEHH
I% 6~8dlx Fzuige] Wl o AALE TAE

or W 4 b

>
7

9 4% 34 oA B9 deilth 19 6~804 BEG
S9 modde Bao] A4S ol FEHAME
Ao $A8A GERIRE H2us dsd 9 FEYS
toeete Ae ¢ & AT £ ALH e 934
AR se) wael daAME J1E WER W2 FERAL
AARDY, 2AR AGH 45 Qe wsel WANE
94 ¢ 2Ase AE ¢ & A

, irpm)
:
'§ 8
-
2.
3 [ 1 15 a5 35 45
rpm} Thue[sec
é P
%
-
&
E 5 [ 15 25 35 as
rpm] Time{sec
é s
3 s
§ o
£
05 3 25 35 45
Time[sec]
(@
5,_ [rpm]
s s Pt
b1
I
2.
= [0} [ 73 ) [T k)
U 4 Jreml Time [sec]
] L —
3 s
3
2
1)
= 4
= 55 [ [ 75 35 ) [ [
1o rpm} Time {sec]
Q
g,
/.
s
[
s [ s 55 75 [ a5 .5 3
Time {sec}

{b)
a8 6 DHXA HES 100% HE AlZie i 5= &Y 2%
@) 4%,/4R.2| AHct2g (b) RolAE Ty
Fig. 6 Speed estimation error when the stator resistance is
increased by 100%, (a) step response of 4@,/4R,,
(b) simulation waveform

A sgdoolM MAMElx HEHO RTHEIS M58 THATFI7] #18 MRAC 7|tte| ittt £S5 53 JiY 41



VAP WARNEE 53BE 18] 2004% 1A

L]
9]
§ °
=10
g 20 \
2L\
; ~ N
S (3 15 2 26 3 i s
. [rpm) Time[sec]
:
T\
2 oL\
=%
E “ 05 1 15 26 38 4 a5
[pm] Time[sec]
é o
T oo\
AN
Ea
(] 05 15 28 38 ] as [
Time[sec]
(a)
frpm}
(S
§ ¢ AN
. .
_; s
R
) [} s ] 7.8 .5 0 [ 1.
U . lrem} Time [sec]
g,
s =
o
;?’ 0 .
o™
=
= 53 [T 7.5 0 .3 X )
[rpm} Time [sec]
o
S
= RSOSSN SUSOSOPUS: N SO S i
T \
g o
gy
33 [ 75 ]

L E] 9
Time {sec]

(b)
ad 7 S™X AMESFTE 100% Bt AZE i S FH 2

it (@) 4@,/4T,2] A () 24 oy
Fig. 7 Speed estimation error when the rotor time constant is

increased by 100%, (a) step response of 4®,/4T,,
(b) simulation waveform
olPal
3 -
S ol
%ol
-
-3
5 .
= o 3] 15 2 25 35 4 45 5
rpm) Time[sec]
5
= ol
Em /.
2
=
E"“‘o [3 15 2 26 35 4 45 [
L] Time([sec])
:
%
H
g o
5:-10
[+] 05 16 2 25 35 45
Time{sec]

5 s frPm]
=
-1
S
2 7
E .
By [r} .3 7.3 5 [ [
E o lrpml 'l:nme [sec]
=
h-
2w yd
-1
I
2 10 i
& 33 s [X) 7 73 O [ D 2] ; 1].
ime [sec|
g wlreml .
Zn
-
8 ET ¥
2
2 :
& 10 i
[} X} 73 [

.5 1"
Time [sec]
(b)

08 8 A5 QYEAE 100% HE AHEe o &5 FH 2
Xt (@) 4@,/4L,2| HcSE (b) LMY oy

Fig. 8 Speed estimation error when the mutual inductance is
increased by 100%, (a) step response of d4w,/4L,,,

(b) simulation waveform

i
n
oo

A W] Bede U] sty 19 99 2
FE=HE7 HEA  Azdg  FARAG. A="Ee
TMS320C32E& o] &% DSPRE, £% AEE $1¢ 1024PPR
o d=d, @A A4 JFY HEe AT 124 AD |
71, fri=dEI% ol FFEY] A% QWH, 223 ¥
2 MM ARdE] o2 TAHH Ut

I

[ ]
\
—
L&
PC

Ik
7

o |}

a3 9 MBI el AlARHe EEXT
Fig. 9 Block diagram of induction motor vector control system

¥ 10~1201e 71&9) i AT WA d2¥s
o dste] dig AATE APAHoZ wHHATH RJLEY
ASs Fd9E 270U £=9F 5000rpm], FHEZ 2[Nm)],
A& WH A 032[Wble] Aol HAMelx HEAE 5
FAa, Az A F £x71 ZAAEHA =S
o HE R o]} £EFA o] &HE HEZWFE 100% T7HA
Aot 283, &= AXE ol8st] FAT dA HPA §=
& FAe A 9 LAE VAT A71M 2A
ste 24 o9 RE I2Wse RAE ;g oE3A
AxE 2 WERe] Z2aPL dPdte ¢ Fol uet

FEWS HIANAE, AS FANY HEA 2
BE SnYFEL TYE Z2aFES o] & U

F

do s £ o
o



a2 1000E 2R 4GS AstAze W 4% 24 0%
£ vehigith 29 10@9% 104 71£) 2§ e slrpm]
A2 £% 34 A7 24T, 3F 1009 AL P
& % Shom] A £5 34 oAzt wARAL. WA
AR AR Astel AL AL wyo) FEe Wiw
oo 4% 54 UshiE 2¢ ¢ £ Aok 29 Lde
547 A35E 100% 27 AAE W £% 24 eXE o
Bl 28 10 Udehd ALE PEe &% 23 0%
b 3% 1@ 1ol Yehd 71E8) MRAC W9 &=
74 oisk vxd 2718 YehiE Aoz wdx} N5
wstel U@ AAFe ALY PP 7129 MRAC BHel
FAR AE ¢ 5 At 2F e 43 ﬂcﬂ, c% 100%
ZRE o 4% 23 °oxE ey 29 12@9%
2N 712 BEANE BE AHRLE FAAAS o
o 0pmlel £5 34 oA BAHE Re ¥ :
28 1205 21]°H‘a¥ PHE o8 A% HYoz, AAY
FYAHE SE 29 07 o 2pm] FET LA
&8s Am. webd 4E dudae Astdle A
ol o AUY B4L UYehiE e ¢ 4 Ytk

a9 Hzuse Wgd UE 2EPr ADLH I
3 2949 HY¢ dehd 19 6~8% 4¥ %P 2 10
-8 MIRE A, AAr Wi A8 24w
W oolg¥ ARSI AHYVE B4E HAnE
F 9m, AL Pdol A AYH 45 =W
wa gaids 71&9 MRAC #iud o adsioe

4
pA
)

oﬂ.

e, m?l'.

iy

oy

oo nfo k

< 43 & F Qo

g el .

g ondrinigley =~ AN v

= s

g, -

£

g

S 1fsec/div]
@

y -olreml

g N o

= s

]

 E -

§

i 1{sec/div]

rpm)

-

1[sec/div]

r,mﬁ Jeppinn

PT I SN Ty A
Ladantde

Proposed MRAC

(c)

Z.8 10 DX MEE 100% B Mg o 5 FH 2
A (@) BITX XpEE 0| S8 MRAC (b} A2id g

ol 8 &t MRAC (c) Aletst MRAC

=i5. 10 Speed estimation error when the stator resistance is
increased by 100%, (a) rotor flux based MRAC, (b)
back EMF based MRAC, (c) proposed MRAC

Hereelol M MAjala

Trans. KIEE. Vol. 538, No. 1, JAN. 2004

O s rp‘m]

3

=

3

i N

2w hd ~

- 1[sec/div]
(a)

y golrpml

g o

=

-g -10

éﬁ N [k

Cha 1fsec/div]
(b)

o, lteal

)

e \

g‘-ﬂl \ M“w it

& w0

1[sec/div]

(c)

Y 11 S™X AYFE 100% HEl AHE o 5= F3

Ex} (a) X Xt&5E MRAC (b) H7I8

ol 88t MRAC (¢} X 2+8t MRAC
Fig. 11 Speed estimation error when the rotor time constant
is increased by 100%, (a) rotor fiux based MRAC, (b)

back EMF based MRAC, (c) proposed MRAC
[rpm]

ojgst M

L 40
é 30
-3 7 i
g 1 /
Sl 1[sec/div]
(a)
[rpm]
]
S s
- p =
i /
B0
20
= 1(sec/div]
(b}
o ® [rpm)
)
2 2
=
§ 10
50
& 40
1{sec/div]

{5 AlZie o

0| &% MRAC (b) g718¥

o[ %t MRAC (c) Ml etst MRAC

Fig. 12 Speed estimation error when the mutual inductance is
increased by 100%, (a) rotor flux based MRAC, (b)
back EMF based MRAC, (c) proposed MRAC

25 %3

_.
o
S
RS
_f‘I

I3 13~162 -5000rpm]¥ 5000rpm]8] £=3HEL <i7tst
o Olrpml& B33l R 71&9 Wi A
&z A A%E vuddd a¥ 13dE £EA0i7id Q
7tE e £% WHEAE YERA R, -500(rpml]® 500[rpm]ol

HE Mol FEXMETIS M58 SHATFIII 918 MRAC 7(tte] Zelst £ £3 71y 43



BEPWRE 53B% 13 2004 1A

CREE T
FHRe W A

Al gz AstEdg. 298 14dE
MRACE o|&#A AMEx £EAE
T AT £xE Yehm, 29 1540 97A¥ 7]
vto] MRACE °l 432 w9 =38 Jelidch 2 14(0b)
¢} 15(b)olld &= W3o] -500[rpm]¥ @<t oF -50[rpm]e] st
Q FANE AAelx WEA s #HE AL B F 4
ot 28y Az £27 Olrpmls B3ste FRAME &
T FHo| AF HX %E AL B F Y3, 31¥ 4@
1504 dA A Sex £ FAXNE FF3A R
B AL 2 4 g 2" 160 AU wHES oEEAM A
Aex deAdE £PF F9o HAA &, FHF £z
DQFEAZ T =4 vehiididg. 71&9 wy s
t g2 orpmle §Fdsts RN AR £x71 A3
ZAHE A& aF 16b)A B ¢ 3, AEIA &% o
FAE Y3 FF3dE AL 29 16(@AA £ 5 3o 2
dxn 19 16(c)°l= DQARAR vad &4 AFE A4
2% 7t OlrpmlE E33ts FEAA FdsiA delyict. 3
Azl A4 7lgke] MRACS 97143 7uke] MRACE ol 4
g Arglx Ay Ao 717t 499 Olpmldl A £E8 F
A& Eae AL A de AFozA og HFPoz

!

\_.TI'E.

A 4 3, Atd BYPE ol&HWE AL of EAES
g43 Hf28 + L ¢ + Ut
[rpm]
500
/
0 /
-500
1{sec/div]

a3 13 dAglAa YEFoZ|e 5 YK
Fig. 13 Speed reference of sensorless vector controller

[rpm]
500
A
0 7V T~
[ —
-500
1[sec/div]
(@
[rpm]
500 —
D—
0 7
-500 ﬂ
1[sec/div]
(b)

Y 14 XX XS TJ|vkel MRACE ol &% diMala ¥E
Hof (a) M™ 3HX &5 (p) FHS SMA &

Fig. 14 Sensorless vector control using the rotor flux based
MRAC, (a) real rotor speed, (b) estimated rotor
speed

[rpm]
500
0 A
/
-500
1[sec/div}
@)
[rpm]
500
VA
-500
1[sec/div]

(b)
ag 15 °°‘7|"1?=1 7|gtel MRACE Ol Bt MAMalA dEH
of (a) A SMX £ (b) FHE A ST
Fig. 15 Sensorless vector control using the back EMF based
MRAC, (a) real rotor speed, (b} estimated rotor speed

[rpm]
500 7
/
0 ; 7
-500
1[sec/div]
@
[rpm]
500 7
/
0 7
-500
1[sec/div]
(b
[A][ ™ [Q-akis durrént firrent
2 ' \\ el 11
SR T
JULLIN il
AU !
208 Y
0.1{sec/div]
{c)
g 16 X etst MRACE oj88h MAM2la HYWEXHO (@ 4
H #8d™A &£ (b) £HE 2™MA £ () DQEE

AolM £ M7

Fig. 16 Sensorless vector control using the proposed MRAC,
(a) real rotor speed, (b) estimated rotor speed, (c)
measured current in DQ-coordinate



23 179% AEGGolM AL BHE o83 A
- HE R E FYF B4 AFE veEUAAT. 2" 17()
~_',—E w3 o] 1000rpm]3 10lrpm]¥ o, 2g 17(h)dl=

#o] 100lrpm]¥# Olrpm]d = #¥& veplich 19
‘45}‘:‘1 FAY AR &£271 &= FHFAS dAFE
At MRAC BH& o83t 7]&9] MRAC ¥y
é?—E F7o] oj8l & A& Olrpm]olA AA2ls HE
A5s F3NE + de AE ¢ F AT

A Y

_zimlo_dmrlr
N b
i_.

R (e SN

[rpm]
100 I E15/timated speed
80 P 7
Speed commapd
40
0
1[sec/div]
(a)
[rpm]
Spe¢d commahd
100 jwviv a \
0
Estimated speed
1[sec/div]

{b)

Z.& 17 Hotst YWHES o838 MMlA TN (@) S
&: 100[rom]~ 10[rom] (b) Z =Y ZH: 100irpm] ~O0lrpom]

F g. 17 Sensorless vector control using the proposed MRAC,
(a) speed command: 100{rpm]~10[rpm], (b) speed
command: 100{rpm] ~Olrpm}

6.8 &

e PN
3]737*} E-3= i;gtg-\gc’ xﬂﬂ%}?\i‘?} A) gk
AFE ol 4F MRAC B¥oz 314

e
1
Ha
2
R
rir
&
2
L
1>

)
)
2
2
N
o
oL

1P o 4

1 % Yo
mlm 2 rr
>,
rir

qux]- A 7)WL o] 83 MRAC WA
ITE%J—} 7t de exet &% £ 9 xele] Ao]o
S @A FolAA gn wAFHA dAZ vsde i
woll, A BN e FRGT AR At nAA
R AR FAAY ARLANF £E FA X Ay
o2 mME $£ASAL /MR £33 AUt FH e uAA
7 g 43 ?JEIE*"—J Walo] gisja AL A4S Holm
2 A9 9o 58 25 4 54& vebdnh

Aoret Wyl 24 wWilte did ALALE AzWe
o wge . $E 34 exAbolf] AERFFE FEt 7]E9
MRAC W3 vusdtgin, 483 48E St ey

-

2 &89t 1 23 53] 71£9 MRAC Hy9 Exde
*rEge &

2 27 A5 Olpmlol A ALE Pl
gt

x&eoy s MM2la delHo] SEHETS N5

Trans. KIEE. Vol. 53B, No. 1, JAN. 2004

[1] S. Doki, S. Sanwongwanich and S. Okuma,
"Implementation of speed sensorless field oriented
vector control using adaptive sliding observer,”
IEEE/IECON, pp. 453-458, 1992. .

[2] C. Schauder, "Adaptive Speed identification for vector
control of induction motor without rotational
transducers,” IEEE Trans. Ind. Appl, vol. 28, no. 5
pp. 1054-1061, September/October, 1992.

[3] F. Z. Peng and T. Fukao, "Robust speed identification
for speed-sensorless vector control of induction
motors,” IEEE Trans. Ind. Appl, vol. 30, no. 5 pp.
1234-1240, September/October, 1994.

[41 F. Profumo, G. Griva, M. Pastrorelli, and J. C.
Moreira, "Universal field oriented controller based on
airgap flux sensing via third harmonic stator voltage,”
IEEE Trans. Ind. Appl, vol. 30, no. 2, pp. 448-455,
September/October, 1994,

[5] H. Kubota and K. Matsuse, "Speed sensorless
field-oriented control of induction motor with rotor
resistance adaptation,” IEEE Trans. Ind. Appl., vol. 30,
no. 5, pp. 1219-1224, September/October, 1994.

[6] Y. R. Kim, S. K. Sul, and M. H. Park, “Speed
sensorless vector control of an induction motor using
an extended kalman filter,” IEEE Trans. Ind. Appl.,
vol. 30, no. 5, pp. 1225-1233, September/October, 1994.

(71 Y S Kim S U Kim and I W. Yang,
"Implementation of a speed sensorless vector control

of induction motor by reduced-order extended kalman
filter,” IEEE-IAS Annual Meeting, pp. 197-203, 1995.

[8] M. N. Marwali and A. Keyhani, "A comparative study
of rotor flux based MRAS and back EMF based
MRAS speed estimators for speed sensorless vector
control of induction machines,” IEEE-IAS Annual
Meeting, pp. 160-166, 1997.

[9] R. Blasco-Gimenez, G. M. Asher, M. sumner, and K.
J. Bradley, "Dynamic performance limitations for
MRAS based sensorless induction motor drives. Part
1: Stability analysis for the closed loop drive,” IEE
Proc. Electr. Power Appl, vol. 143, no. 2, pp. 113-122,
March, 1996.

[10] Peter Vas, Sensorless vector and direct torque
control, Oxford University Press, 1998.

[11] G. J. Armstrong, D. J. Atkinson, P. P. Acarnley, "A
comparison of estimation technique for sensorless vector
controlled induction motor drives,” Power Electronics

and Drive Systems, vol. 1, pp. 110-116, 1997.

[12] K. H. Chao and C. M. Liaw, “Speed sensorless
contro} performance improvement of induction motor
drive using uncertainty cancellation,” IEE Proc.
Electr. Power Appl,, vol. 147, no. 4, pp. 251-262, July,
2000. ’

SHAAIZIT] 2B MRAC Z|8tel Zelst & F3 71 45



VAP FIAEE 5388 14 20045 18

u o 2 (& & 1)

1971d 129 2494, 1997 HEd AR
I8 . T 9 AAH1999), 1999
d~8dA4 5 gy gALAA

Tel: 053-940-8526

E-mail: true@palgong.knu.ac.kr

AP EHHE F &)

1953 69 2294, 197734 A7ZW ART
g3 &4, ¥=37387|ed 4AK1979), @
ZHE7)ed  2FAH1993). 19793 ~ A A
AEdga ARAANHFEHERE ag
Tel: 053-950-5526

Fax: 053-952-3262

E-mail: whkwon@ee knu.ac.kr




