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A Study on Sensorless Control of Low Speed Range

for Induction Motor

Jae Jung Hur

Department of Marine System Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

In order to detect the speed of an induction motor, a speed
detector such as an encoder has been mainly used in the rotor, but a
sensorless speed control method without a speed detector has been
widely studied due to constraints such as installation environment,
reliability, and price. In addition, most sensorless vector controls show
a relatively good control result in the high speed region, but show a
tendency of deterioration of control characteristics in the low speed

region.

In this paper, we propose a new control system by combining
indirect vector control using spatial vector modulation with sensorless
speed control using AFE rectifier and current error compensation. The
AFE method can control harmonics included in the input power by
actively controlling the input current of the AC power, and have the
characteristics of making power excellent quality by controlling the
power factor of the input voltage and current. In the sensorless speed

control method using current error compensation,
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a stator voltage is applied to reduce the stator current difference
between the induction motor and the modified model so that the
speed of the induction motor follows the speed of the model. It is a
method controlling the speed of induction motors indirectly by making
the current difference between the induction motor and the
mathematical model close to zero without controlling the speed

directly.

In this paper, an improved space vector modulation method in which
less harmonics are included in current and torque than conventional
hysteresis control and triangular wave comparison modulation,
switching cycle is reduced by 1/2 compared to conventional space
vector modulation. And the computational structure is so simple that it
can be easily implemented in low-cost controllers. In addition, this
study focuses on the practicality of robustness against parameter
variation and dynamic characteristics improvement from very low
speed to low speed, which is a problem of the conventional sensorless

speed control algorithm.

In order to verify the applicability of the proposed algorithm and
system, the response characteristics of the indirect vector control
using the modified SVPWM using the AFE rectifier and the 2.2[kW]
induction motor were analyzed through computer simulation and
experiments. As a result, It is confirmed that the excellent input
current is supplied and the speed response and load characteristics of
the induction motor are excellent even in the extremely low speed

range and the low speed range.

KEY WORDS: Induction motor, Active front end, Sensorless control, Space

vector pulse width modulation, Current error compensation method

_Xi_
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: Band pass filter
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Direct torque control

: Fast fourier transform

: Field orientation controller
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. Integrated circuit
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Table. 2.1 Comparison table of variable speed drives.
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=V +t—R fz' dt (2.2)
- 2 21 JAm oy,
3E[Sa+Sbexp(/ 3 )+ S .exp(y 3 ) -t
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Sho) Z7)el wdsha B 2

g
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AN, = V, At (2.3)
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Table. 2.2 Selected vector and means.

V(n) Radial positive voltage vector
V(nt+l) Forward positive voltage vector
V(nt+2) Forward negative voltage vector
V(nt+3) Radial negative voltage vector
V(n-1) Backward positive voltage vector
V(n-2) Back ward negative voltage vector

V(0) Zero voltage vector

- I‘-I';
VAL
g-axis
E: o= Z"'?i‘.&t F:ﬂt
= ‘”:::_\r F;ﬁs
Sector 11l | Sector 11 = As
a0
Sector IV il .
———f——_ d-axis . &,
Segor | _____J‘————_l______lji‘s r
Sector V | Sector VI T e

Fig. 2.2 Conception of direct torque control.
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T —AT <T <T% A, 7} AA BEog AT of

T"<T <T,+AT, A\ ,7} WAA WEFo = 3)AT o

A 7F AARFESRE SRSty JMASE, T 7 Thel goW A
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2 AAANIL T .5 ZF0]7] 93
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W= T 7 T, —AT, o 929 AL5S AA WEFo g 3717
A FEHEZE AGEH.

HH 29H Ay F<¢ "HolE (Optimum Switching Voltage Vector
Look-up table)oll A} = Hulel & A4tslr] fsiAe 184 Huzsk
o A HARE dotof 7t o] HAAHH= FAFHEA NAL AR A
WALl oI RO FORFE 2(2.6a), (2.6b), 2.60)F ol&std A

2 & g

T; = A as + j}\ Bs
= [ (v Ride+i[ (v~ R i)dt ©.62)
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=
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(a) Flux Comparator (b) Torque Comparator

Fig. 2.3 Characteristics of flux and torque hysteresis comparator.
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Table. 2.3 Optimum switching voltage vector look-up table.

Comparator
Output Sector
X X I I il v A% VI
+1 +1 v, v Vil Vs 7 Vi
+1 0 s 4 Vil 7 v Vs
1w T 7 | T T
G| | m o wm| o wm o wm| 7w 7
R d i Rd IRdERc
1] | m| w7 T 7w T
2.2 e Ao

)
ol
N
o
T
)
ft
W
il
o
=)
p‘L
Ll
do
%
X
l
K
ol
>
2V
=il
Ll
D
1
o,
M

e d 4 9o, o] 71HE <& 7])F A o(Field Oriented Control, FOC)
5. & g A o] (Vector Contro)e}al 3ok

A Aol = 7|EAEY] TR0l @t 28RS 7]EA o (Stator Flux
Oriented Control), & =& 7|&=Ao(Air Gap Flux Oriented Control)<}

3| A AL 7)1 Z= A o] (Rotator Flux Oriented Contro) S92 FEEHW, z44
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o] A71¢} 7+ MLE FAs= ol wet 2% A E A o(Direct Torque
Control)9} 7+& ¥ E] A o}(Indirect Vector Contro)& o] Xt}

2.2.1 HAAE A o

A<5 J =l (feed-back) Aol 2 EE]= o] #]e SA4xKHall sensor)ut

HAE3Ysensing coill) 5ol o&) FFAES AH AZSAY A5 &
A, AR B EER ?*éﬂc A&rdS o] g3ste] 3| Az} ALl E]
o] A7k AAE Foke WA olnh. AHSAWME 1A €5 244
U AE3dS Aok stRE J|AH R FHPESH] ofEe ERF ofy
&30 s BAHE 12y} AErE5d wa Haleg "E e A
7F Bs Y wekA AEr)gaet A, AR, S5 ToE2REH F A
02 =A3 ALHEZ ALLEE Ao] YukA o))

(D A2 APnd

HA, 21(2.82), (2.8D)9} o] TAHAAHGS HEst nAZAASS T3
o,

_ f( v..—RJ.)dt (2.82)

Moo= [(vyo— R4yt (2.8b)

VALY GFE weIF] AL S he Aol o5 T
o

L
Nor = T (N o—0L.d,) (2.92)

ar
m
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L .
Ngr= - (N gm0 Ldgy) (2.90)

m

A7NA o (=1—-L%/LL,) = F2AFo|th

tA

o, 9 HoRRE Ted ol HUA A% Ta

0, = tan (35) 2.10)

N

A7l go] 22 A&LFoA A ddx~ Fst 9
e dgow AHgelr @, wI HE A =AH wWFEY 9z
(offset) wWjoll AE7|7F 235157] Aot wetbA o] WS
133 th BE(High Pass FiltenNE AM-&3le] F2 4527
ST

@ sdAs 2o HAHwd

r 'uf EA ur—l_mr)\ Br:O (211)

DA A AmAL NN 1, BAREANA L, = iy,
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or = 1,,)% Takal A@1De] Y 421208 4 F Atk

;

(2.12a)

L
4714 T (= 5= ) & AdAAA sl

A2, AQIDZRE thg 4

=3 —11% ﬁ%q

d\ .
L= i te, } A o (2.12b)
CEIE

21(2.12a), (2.12D)E vlo]
g oz RAtY 4

It} o] 52 WE T 2(2.13)0] Ht.

AR ZZ2AAA AAZE AxkEe] A}
1

7 i (2.13)
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Bk AH A ﬁt} £F, HA4 AF 9 G AHET} AE
A

57l W&ol o=
A gshs Afoll=

THEGE @Hol AAT A&MMY mdo] Wax gonw
HgE T Yot o) AojuAe sy sl wAA AR
%o ARAHEOR BalT WEEE Fig 240 e

.8 (fixed axis)
A

i

d (rotating axis)

Ay rotor axis

H L -
Eq;-"{z L_I:liqs]

] 1:101-/\1 L

Fig. 2.4 Vector diagram for indirect vector control.

_18_

Collection @ kmou



Fig. 240014 a—p F2 AAA N AAH 3 d-gFH2 T745E
0, 2 33N d=3 dAH de WA AEH52 A5 s

440 )& FASHEA g aBE 1A AEHHAF[F 7,9
=

dtqr + R[ I qr_|_ o 51)\ P = 0 (2.14a)
dan .4, )
Ttdﬂe,z =0 g =0 (2.14b)
oo (=0~ 0,) S EELdEET

&, nAAe} HAAe] YA

= o B ¥ d-qF NAAAR
Ao 4215, 21509 2ol Ak

1'(][: g ()\ qr_Lqus) (2.15a)
14 = ]} N gr =Ll g) (2.15b)

r

21(2.152), (2.15D)F #(2.14a), (2.14b)°] tidstd A2 AFHRES &A

_19_

Collection @ kmou



st 2)(2.16a) 2 2{(2.16b)7} H}.

dtC]I’ L; }\4 L]I‘_ Llj RJ,I‘ QS—I— w S]}\’ dr - O (2.16a)
dn R L .
ﬁﬁ+jfxw—7fRH“—wyxmzo (2.16b)
FEAE7) Aol A AT NEAAE B WA HuALe ¢
S AES do] HHY dF AR A €ASEE Ede ¢F AFRAE
o olalMw AojET mEkA thg 2o] A3t
Ag=0 (2.172)
d}\ qr __
7 =0 (2.17b)

2217+ #(2.16a), (2.16b)°ll thdstH 2](2.18), 2195 &= = AUtk

— Lm qu

s (2.18)
an 4, .

Tr dtd +)\ dr = LmI ds (219)

TS, 22152 2 2@.17a) o3 2(2.20a)7F FHAH LGB AEA o
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ol A% di,/dt= 0022 AQ214N)ZRE 22.200)7F Fach

L. .
lo= 7 Lo (2.202)
14=0 (2.20b)
9 Ae 4214, 218 2 HR19¢) WYY the L A%, &Y
2 =34¢ 78 F 3ok
N g = L1y 2.21)
1 I
0u= T (2.22)
_3PrPL, .
Te - 77 L }\ drlqs (223)

J4B2E 2(2.2002.23)¢ #A 2

N FEAETC R HE A oo 28
e wo] AT wdoln A&7} 9

As7) Z&=9 242222 £HA
=

4
9 AEEE O AR o Ho] @

60,= [ w.dt= [ (0,40 dt (2.24)

AT, FEAEFIY AEA ol HAAAYS HAA HwAL )

’
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Aoz RE 42.200~2.23)3% 2L T3 HEA #A4
=H Aol HE Ao} Ax'le] HeE Hpste AFA7

_?_
A= AE A FEHE7Ie A APg e dotok Fo

o
<)

222009 A2200E tYste] T 5 glow 1 AFE oL Am g
o,

V= R, toLlpi ‘oL, (2.25a)

as

Vas = st ds~ W0 sz qs (225b)

Fig. 25& ol&9 235 Ediz IHFEAol8e A& FEHF
7] 2d& YEdT

T
v 2
as 1 lgs | 3p Lm Te%' 1
- . -
- Rs+oLsp 4 L.+ Jp+B
- we +wr
L; | X :_ "
Wgy
A
Tr ’-idr i
- lgs
* Lm = A’dr

Fig. 2.5 The block diagram of indirect vector controlled induction

motor.
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Fig. 3.2 Operation of the 3-phase hysteresis controller.
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Fig. 3.3 Principle of sinusoidal PWM.
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Fig. 3.4 Voltage modulation area in SPWM.
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71ZS PWM 71HES BF Folx 34 A AHe 747 Awro=
Azt oA olgke Ze 3B AW HAdS HiaF FIAA &
Lheo] F7k #WE(Space VectonZ EH3IS ol & = 7)Mol Zzh
Bl A<t W x(Space Vector PWM, SVPWM) ®2]o]t}, o] Hb2]e SPWM~]
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Table. 3.1 Space vector according to switching state
2912 ) A -
Sa *S;J *S:: Vas Ups Ues OZJ: @_% B—]}Ei I/n
0 0 0 0 0 Vy=0 /0°
2 1 1 2
1 0 0 3 I/n‘lc _?3 de __3 V;I( I/l: _3 V;J(: /00
1 1 2 2
L 10 3 Ve 3 Ve 3V Vz:—ngc/GOC’
1 2 1 2
0 1 0 Ve 3Ve 3V V= 5 Vi /120°
2 1 1 2
0 1 1 __3 V;l(: _3 V;lc _3 I/:l(: I/:l: ?3 V;l(: /1800
1 1 2 2
0 0 1 __3 de __3 I/:Ic _3 I/;lc I/f): _3 I/d(’, /2400
1 2 1 2
1 0 1 _3 I/;l( __3 I/:i(: _3 I/:I(f I/6: _3 I/(I(f /3000
1 1 1 0 0 0 V,=0 /0°
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Fig. 3.6 Space vector expressed in a complex number plane.
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Fig. 3.7 Movement of the reference voltage vector.
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Fig. 3.9 Controlled voltage areas in SVPWM.

o2 PWM7IHHoll thdk At o] 8&¢ Hlar}t Table. 3.20] Rt

Table. 3.2 Comparison of voltage utilization by modulation technique.

AAd(TI =25 Hd)) T3 Aojete] vl
ko= Iy
(6-step) il
U
SPWM - 78.5 %
SVPI Vi 90.7 4%
\/g . 0

332 B3 2 4E A= 34

Az 37 7, Rel Al o) MEE ojmd A2 Aitstees 5
Qe =719 BT 2Y AYE L F ATk ALY A7 @A) met
s B4, 294 Fa A o1 8F S g A Wz Aol 2

_37_

Collection @ kmou



1o
ofy
0_|_.
K
do
-
I
0
w
=
S
1o
o
o
S
s
oQ
w
=
S
lo
o
—o
fz
SU

El
Ul
A7 €

Zero Active Zero Active Zero fero Active Active Zero
vector vertor vector vector vector vector vector
; 5 TS TS TS
< it > = >t »

(@) (D)

Fig. 3.10 Current characteristics with the position of effective vectors.

Fig. 310225 & & AAxel & A WHE A4 ¥z 7] T,
el A4 Fdell fIXske Aol axa EAo] M Fh olE H
W] Aot Wz w2 (Symmetrical SVPWM)olg} gtk =3 o] A a2
Age] F2Z s £ 0 gAANZ F JouE Ao vz Bt &=
o &5 A WEE A 2o XA 7] YA E Fig. 3110 Hol=
Hiel o]l @ st WEE 7)/2 A Uro] fE St W Vb3t
o A3 Fo 7z} I7ietd "Hot ¢ o] o] A

A7 A T A G A v e 27 @

294 A5E e

o
=
5>
=i
=
f
_|>L
ofo
QL
H

_38_

Collection @ kmou



15,0000 — 171000 — 71,1100 — 121D ¥WE a7t F7kste

2 A HEES 7R ol d IV =AM E AHESHd

3 FAWOE A Mee] WAl sl Ak

TS
i
T 1
1 1
2 Ty T, Ty 2 Ty
-t ——p
0 il 1 il
0 0 1 1
0 0 0 1
Vo Vi Vs Vz
Zero Active Zero
vector vector vector

@ wel

Fig. 3.11 The inject process for effective vectors and zero vectors.

One switching cycle

7 T,
| |
r 1 r 1
1 1.

3 Ty T, T, e 3 Ty T, T, =Tu
<+ pd4t— P4t P4 P4t APt P>
0 1 1 1 1 1 1 0
0 o 1 1 1 1 0 o

0 1 1 0 0 0
Vo Vi Va Vi Vs Vz Vi Vo

ON sequence

Collection @ kmou

\j

_39_

OFF sequence

\j

Fig. 3.12 Switching process with three-phase modulation.



U Wx F7]dAMe= Fig. 3120 Holxo] o) Wz F7|¢tes 9
Z V(11D — K100 — 1,000 — V00000 <M= Q7bEc et
A 291X E AEOn Sequence) WME F7|9F 29AE 1= (Off
Sequence) Wz F7]|7} HbEFHo] AT olgdA tH 29AH IFE
HAZ T F Jdedl, F HE F7] 277 293 & F717F =H7] wEol
o dE 29, AY Wz Ao 7] T.E 100lps]l2 3 A+ =93 F3
& 5lkHzI7F "tk 54 et Wz Ao —r7l“ AF Aol F71¢ 5L

A ASEEE, of A% 294 F719 120 AR Ao} F717} Bk,

S [ Vs(@.01) o 3 [l
,." V(1,01

Fig. 3.13 Switching process in each region.

Fig. 3.13¢ RE Yol ol FoAe =93 FAgo] Helth

_40_

Collection @ kmou



34 W¥E F AEH A Wx B4

e g7 AsH ME Wx PWMEAL Aol e A TFHol
watsiths wiol AUtk 7= SVPWMelAE Al 298 Azko] M
Bl 98 5 Ut 8 299 gHel /1Ee T3 AP of a
AT el w2, A 293 AL YAy Astel Wy 2
oA 7% At HEe] A4 ke e fE 297 NEE AR
Zzke] MEZL A7bEE ARE B 7] B AGoRnE 4B W
o olsA AEE ARE mohA AA 2903 A A4 S8 A
g4 Bk olus e BRW AN FAL AW Folop AR 29X
ON-OFF Alzte] A48 4 Q7] WRol 493 we At =5 Ad
%0 vlolARTEAA B BPF F=efE AgSopw s)Ee
SVPWME 78T 4 919l olsh o] T o® FHo| PWMBA e ul

=

i_,

BHE A2 A dEolth AEALAET o) gl= THHA G
of 1EL T AL FANY] R AA 2

#AE 9A @A ;e Folok e
SVPWMe| 7} & thdolgta & & 9ot
B o=Ro g3 e FEAYS dvtEtE &
SVPWMS FATOZH, 7|9 5% A5S JIUE F
&7 SVPWME 7dT = gtk Wdd PWMEAolHE M=o e
ARALME x| Lae]ZEo ofs 71Z9] SVPWMI % 3
T WIS EAE Ay vla ARPAE] AaEs Q78] wEd
E4A 7R 5 Yrh44]

341 & dE dx &

712 SVPWMl AL Hte wE|2 3Fato] e g7l A a4 <
Amal Stk ey AAl 34 A AzEeAE Axe] 29d Az

_41_

Collection @ kmou



ol Al /el SHAY FHE ARy wWEe A ] sl 23]
Aol BAEE 2o £ 4 At d-q W3 o2 ZHE HF7]9 7]
AL, & AR g 7 Ade g2 2ol 7+ 5 U
. 1 0
I/as 1 \/g 5%
* A +— d
vil=1] 2 2 | e [V] (3.10)
Vi1l V3 !
2 2

NEFAYS o] &, 7]E SVPWMelA 9 o] AEE whdsta
gA 2§38t 3l HAZE glo] SVPWMe 71&2 JidozRE 2H 2~
AR AE 7 F Ak olFE A FEREEHVE dVtEE AR T, T
o} 7|EdAsdHe] #AE FFEE It Ul ol AHDA A
st A8 nes 2E AGHAA V]« cosor Vil [ V]« sing
T Ve 1d

2 2
.-V, =1, (— Vdp) + 75 (— Vdf)cos60°
) 5 (3.1D

To- vy =1y (g Ve s1n60°
2 38 T U
9 FAe 713 ,E e oo 2o

Collection @ kmou

_42_



— 3 s*__l 5%
L=T 5y, Vi W)
_TS (_3 Vq*_ _\/g V?*)
V, 2 ¢ 2 ¢
Ty v 1w 3 .
__Vdc(%+_2V V)
T,S S* :Z—; 1 S* \/g 5*
=, iy, GV W)
__V;]p as _V(][: bs as bs
3 2 %
T, =T « — - é’
TS 5* S*
=, (0 Vi+v3V;)
Ts 1 ¥ \/g ¥ 1 e \/5 S
__Vdfé Vit=y Vi—3Vit—, Vo)
T‘; 1 * >k Tg 1 * >k
D Ly Yy (Lo 3
Vi 2 B\ " 1942 /¢
T9 * TQ *

Webd, ¢ HoeRE FEME 7, Bt A%

L 1T O

eI} Wolahi Atole] A7t Aol & et S

gay

52, UM 571x 9 &
A do] & =
7.5 AR 299 NFosry gon o] U4

Sl

A e st A=

=

A3t 23R MR geld 5

_43_

Collection @ kmou

2 shopd 4

S Az fae B
ATk oju) AAULe] AEjrF Holdt= A|TE ]:1,3’

(3.12)

(3.13)

g 2917
ik,

™

]

d

o

S

g F70e) 9 ARG



(3.14)

*

V;s = Oo]l’ U}ﬂ/\‘] ]:zs + ];s + :Z_z;s = OO] E]-

*

I/;S + V;}S +

*

%7

oj9} e EAo=RE SVPWMlA 2] FaH

AA = A7 24

o

oy
7

Ha, $ AolAek 2ol 7]

S

o 7HA
AEDE Fo]4S v Fig. 3.14@)9 2 Aol AF7]d

3+

ksl

A 0Vl dstez Hoj

]_

~

ol A7k, WEAM T+ TA

TP A

o] SVPWMAA &

=
-

7HE = 237}

|

=2 Aol AL

Lo o] A
22 A

J|

Alacly

AEEE g2z A4

1

o=

| —
T

SVPWMol A

<!

A

3 oF

oy
<

B
)

A

]_

;O.h
N

—_—

~

0|
e

1

A 2937
go] w$ WolAA Hrh

ol
ujm

s

SVPWM<]

ol gt 7=

Bl

314

o
=

Cl7}E &= #& A 7Heffective time)e] 7Hd oA SVPWM

W, AEe] THe @ Wa glo] WEY

3 kol

L9 2lo] ofa) wE R

3 AlxtstA =

o 2

Al
2

_44_

Collection @ kmou



o] AAclo] Ql7lEE AZFE Alolo] A= o]u] M7EHEQt] ol
so e FR7F WAREA Dk wepA WEF7E

J_:[L
At AXNE Hotd Ye® a FEADES AH g3 Az
=1

o

Upper OFF sequence Upper ON sequence Upper OFF sequence
T T T,
A phase A gating | telc Lerf T./2

Tga

B phase I‘T_bs Tas B gating |

Cphas; Tc‘s E C gating Tin
| T o I
e A— Tye
T f
Tmin e max
(a) (b)

Fig. 3.14 Switching pattern generation method of the proposed
SVPWM.

=&, el o8 ANE 7, T, T,
Ak et 0= v, FL V, — 008 HAo|gojof & A AH
E2ZM ZF NS Abol9] zto] giwhe] EE ARl oJu|E sHA A Qi o
1M AA 290A AE FEE] Y8 SHAFEA )ES VM &
A Azrolgta 272 St

HyE SVPWMS Fdet= /g =7t Fig. 3.140) =A5o] )t} Fig
3M@dl= 71 Aol AE®A HAF Ao 2ol o) AtdE HE

719l AALGS WA= I 293 ATko] TAFHS Yt dd, AE
719] ZAA A7 1A AR &7 W A AZ7]e M7 Agtylol
AT Adolgts AMLERE, 59 AIRE #ol EAskE T 29 A

_45_

Collection @ kmou



oju

1},

)
yil

ol ZAIZ o 2H Fig.

T8 4 9ok Fig. 3.14()°) A

SIS
o 7,2 A

%
&

5

Lr

|

A

1= = e]
T =

glo] QIME el HA] 29
™, Fig. 3.14(a)2]
Tmaxs)']‘ Tmin}\]'olgl ;ﬂ

el Foz olFAY

g F7] Wl

B

o

B

A
=

= ==
= [e)

FARE Fig. 3.14MD)$F 2ol 7.,

9

A

=
T—

F7HA]

Ry

< A= R

]

AA

o

<
T

T Atk WA, 2315

2

&

o A4

=]
o

oo =4
(3.15)

=

=

A

=z

4

E

=

T}?S + Toffset
TCS + Toffset

T.(]a - Tas + Toffset

T,

o

(3.16)

_46_

T, max 7, min
T, = Toy

Toffset = Tzem/Q - Tmin

Toint Loppeer = 1. erol 2

TZ(?’FO

Tis

Collection @ kmou



O]EH Tmaxg} Tmin% 7]‘}5]—

g4z Ayg -4

(sorting) & el&

X

i
ol
i
S,

71,,(ON) = T,— T,,(OFF)
T,(ON)=T,— T,(OFF)

7,.(ON)=T,— T,(OFF)

Collection @ kmou

293 Al

. 22917 OFF Aol Ao} 523hA 229134
TR AE AL 2 AL
£YANZE VA 7T

_47_

1

]
H ]—('IH ’ bs?

S

X
=
X
ol
L
£
b
i
2

o]

gahd AG1NT 2
o WE A A

o
-

(3.17

O

e

1=

[

0
o

e~

{
AV

o
o,
>,
()

f
=

(2
il N

¥ r2
[ oo to

1=
An)
1% @ ol

=
o

g
rxoE T

i)
ol
o



T; Ts
I[f::i-::
Vas*
0 _______________________________ T T T L AR S e S e o e A
Vbs* F-
I”cs* ‘_-""‘P Tetrf
i - Time Shift
i Risirsell e 4
A gating . i Torr T,/2
x | : T, I
B gating| Toe | | I 3 .
C gating b Top | | ‘ Top |

AP H SVPWMAIAE Fig. 3.159 o] WA 7|&4 AYo2RE #&
S A

e 73 v olE ARPAA o] FA

_48_

Collection @ kmou



vy
ll; IGS
— ,
FOC INV b IM
-
Wi
i, [ e 135 Vs U'gg
[t
Speed Yy v
estimation Aas

A A

Flux estimator

Lgs

Fig. 4.1 The block diagram of sensorless speed control method by

speed estimator.

AR S5 FUEEd SO Aol ol 7 5 o FI
L= A o

2 2P e A@UD 2 AU o)s) AL,

_49_

Collection @ kmou



0, —
— Lm )\aslﬁs )\le as

Vus = RSI as+ di;tas
) d\
Ve = Ry .+ dtﬁs

) d\n
0=R, i, +—F*t+o,\ or

r ar dt
. X
O:RIIBF+ dr _0‘)1‘)\(11'

N =Ljg, +L,1,

as

Nge= Lyt L0

s* Bs m*® Br

N =L 1 +L. 1

ar m= as r- ar

N, = meps-l- Lrjpr

(4.1)

(4.3a)

(4.3b)

(4.30)

(4.3d)

(4.3e)
(4.3f)
(4.39)

(4.3h)

2143 Ad.3e)=FEH Add4a)E, 24302 HA3NZFE 2(4.4b)

= [e] S A~
E 5T F Atk

_50_

Collection @ kmou



(4.4a)

S (].S)

1 R,

ar = pL CLS .CLSZLL(}\‘ GS_L 1‘

. LS ;
g, = p[ll (Vps_ R.1 Bs) L_m] Bs— LLm(}\ Bs L. BS) (4.4D)

21(4.30) B A@43DANA IFAAT R & 2ASE tad o] A

0, — # (4.5)

2l(4.48), (4.4b)5 A@4.5) st I AAE= A3 HA6)S €<
T ATk

I ()\ _le us)p)\ Br_ ()\ Bs s Bs)p)\ ar
T T —Ld N, T =P M or 4.6)

sT as

&E2Asld o fEATY] ede] A9, TR e}
ol e FapAolE efzte] eyl AISH R AL erel W
A%z 15%] 4=o|th

_51_

Collection @ kmou



d(reference model), & 3shi}+= =& = (adjustable modeDZ ++& 4=
ATk F 2ol o3 F3 FAXA Y AolE HSHAUF HEAFLS

]
[e]
W2 Aol AW SERARS FT & Ak o WA

Jb

Reference Model

Y
a
&

> <
I—|
£

i y X
Eﬁ?. 9

>  Adjustable Model | =%

Xar

@,
_ Adaptation

Mechanism

Fig. 4.2 The block diagram of the speed estimation for model

reference adaptive control.

( v,— R i)dt+ =i 4.7

_52_

Collection @ kmou



(4.8)

A, dt+L, i,

[ Go,7,=1)

9] Fig. 4.2 & 2] o) A]

2jo] A

o gt

o

wul

Fay

3|
=

|

Be7} ks o

fo13
=

g

21(4.10)° <]

=
=

T AT

N T

3]

=i
=

o Gr1dg L 44.9)

(4.9)

s dt

v—R,i oL

(4.10)

)

X, T X, Xg, )dt

o

t

)+K,.f0

Xur_XarX[Sr

w, = K,(xg,

(4.11)

L X, X, B 2Pude] AR

9] 7[%] A =olth

M
4r
T

ruzel

)

4

s

s

43 ARIJ2HE o1&

_53_

Collection @ kmou



ARG ETe YBH Frio T2 Ao AbPHe FH =
Wye] P22 S8 A el myolth ARsEe FEE
erel Ao RS0 ABEA AR Bo] Tk WEos A7
Ho] gtk Aelass dHnodoole ¥ o Aol g e A
Aeol A48z A IJEUS 7T dHddes A9 2%
Y= Ju EH 4" 1= Jdvh 4dE9e FAA B0l FAE
S wetael MHoR Aestn AUH e $83nA s Axw
o o] AR ol EAAAT AYIH BARE $A7} 7 ARe
Zejo] Hof g AYEH AZHAY W4 2D gl A= @
=

Synapse
I et Dendrites
: Soma Axonal(neural)
Qutput
X i Threshgm";_-N_o?ﬂTn_ear =,
! //WO Activation Function > ~
! A it
! +1 e \
X2 | [ n?t r‘ >
| | J1 PN
I I 7 -
| I , \ Aggregation L’ y = flnet]
: I 3 \Qperatlon flnet] T
Xn —> :f/ T * aa
Somatic cperation
Neural (aggregation, thresholding, nonlinear activation)
Inputs Synaptic

Fig. 4.3 Structure of artificial neuron.

AAZ A F23 FAHLAE A7) (Processing Element)$} o]
37+e] AAAdnterconnection)o]th. F# ol AFAHel mdS Xy I
FUEUniNga 3o} Heol AAME sigsts Aer)e A4S Fig
4.3%} 2t}

=
=

o
.

A}

_54_

Collection @ kmou



Azl =7t 7je) A7}

1

9
pal

T )
F4olH AR welge] BESo] WaEe] 7]

1

| .

5t

[

dAE e Fd

1|

—_
o

T

stal A2 Y] ZAEES TGS Tl WA oZA A

= fsiA 71E

0

Ho

B

Q=g

<]

o] At} aHERE A
M= EA-AT Fx9

W
o

]

9

|=j) =] N
= =

-

0

+

ol

WE

"V

wjr

(4.12)

,u(t—m+1))

,y(t—n+1), u(t), -

y(t+1) = £f(y(t), -

o

il

+

y(k)
E(k) O

y(k)

Nenlinear
Plant

network.
—_ 55 —

-
-

V\Neural |dentifier

u(k)
Fig. 4.4 Identification model for the dynamic systems using the neural

Collection @ kmou



Fig. 4.4 4(4.12)9F 22 WAdE A=d"le] 725 43517 9 AA

=W 725 YEdT

Fig. 44914 Jehlzol wadd Axdle] el A48 zge] F9¢

wakel @A} YA ES NAHZRS SFHA7A AL wA
Y Azge MRl £4RY glo] BHY F Avh AAHZR S50
= F2 At dngel Agsd o wHe YsAHel &9 Fo
2 A991 2Yde BEAE nd £ IYE oo AFS o
gote] QA b Aol WFOE W& FEE 2AHE Aol

= rO——»| Pl |2y 2B ml
A- 71 (g ) ; SPACE VECTOR v
r Iq v sl e PWM dc
| Pl 1 :f)—b Pl " e
A- A- i
Yy
Flux angle ] v .
Estimator igs . las
. T (0.)
Las e
iﬁ's
@y NEURAL -
NETWORK |¢
- |®

Fig. 4.5 Block diagram of IM sensorless control using neural network.

AAHZHS o g3tel MAPY TS P, By Y9 FEAS
SES EEXE

71%—% o A=Y glo] TAT & 5 YA olF AojA e 8

2Yg ol g £EF FHFOA FEAT/Y &=

Aotk Aot Fig. 4590 JERIIth &% 599 5o o
ZeQlof A AzE e drht SEAREA te Ak

_56_

Collection @ kmou



& ARs a7
sAolth, 2EY §E

2 e 2}

=

L

7}

2ol sherel &wsh u

o] AIdEl 2~ WEANE AF7] B

=
-

]

7

mﬂ £e %ﬂ%ﬂ zﬁﬂwr_i o o
4 T W T m

T o %ﬂmﬂ%% w M W F s
o o o g T A < ol o dp
Mﬂ @ﬂﬂ%ﬁﬂnﬁ%%q we
— = X T B T R o~ F oW =
! THETER _Z x5 E
e SR S~ %%1% NI
Ty BREsTEego ol
U‘I JwAlo_ \I_'L‘ ‘mu]—.—-__ﬂ -]_l
SSNY _z_.mﬂmn_ﬁﬂﬂzfu_/rq% ﬂ%
w ol e A x| L X B ] ) o T Ly
RN = T o T o w1 o 5 ~ )
ey N T B 5T -
1_1_#..1% = B il ori 1%1&.0 o ﬂOM
TE L HTPUR T N wT
._lr.”,ﬂuu Hoﬂ%‘mﬂowu‘_mou&_u o ﬁfw AﬂWﬂ
R B ogxgxaWod by X
F o b pEEmy g ¢ =R Ty ®
g o omAERE e Loy dTa
M g o e x%F HdVsx 5o
A Mszowﬂgx@ﬂalazf
Y O BT g HPo Mg oy
7 N of ® F o wm W 3 o1 K 55 w0 gm i
oS oWt ® LG S SRS
o AR < o = N o N s o) =y ot

RO =K .ﬂ_ﬂ 8 o X T ol m_Vl\_ <] N o] X
w P q_mf o) T M odo W oG M o B R
0 T SF o o B o B T O T
meo iwozfﬁoom W o R ok T
TR T M S R e
o © <~ o W A w4 5 7 ow o o ¥
) = IR T S

_57_

Collection @ kmou



b el m

Iy
o

)

&

Fig. 4.6= 4 =

o))
olo
o)
<
oA
N
w

™

O

I

o

2}

)

qa™ 9 F

Ze Uenac,

=
T

s2402 Qs o

o}

Signal injection

=% Estimated d-axis

B

B err/

gt .
Real flux axis

dm

A

Estimated q-axis

Fig. 4.6 Injection and measurement axes in the synchronous reference

frame.

2(4.13) 0.2 3=

L
)

oNA A A AR B

Fig. 4.6° =% =

T Atk
v

[ R,,+ %thcos(Zem + % )

~
~

gsh

m

_58_

Collection @ kmou



+ ja)b{Lha + %prcos(Zem + % )}]1’ s (4.132)

v R [Rha—l— %R,wcos(Zee,,— %)

+ jcob{[, ha T %L #pc0s(20 ., — % )}]1' o (4.13b)

1
Rha_7(Rd}1+qu)’th_ Rdh—'_qu’
Lba_%(Ldb—*_th)’ Ly, L+ Lot

iq Van
o v+ i + e
Speed SO0l S N CA) INV
Controller i - e
& fé idq
LPF T (8,) iap
Bipomn
e T ;
LT FOC
Tl)-7 i

Preprocessor Consciion l
P Controller | N

;

Speed =
Estimator |

Fig. 4.7 Block diagram of sensorless control using high frequency

voltage injection for induction motor.
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Fig. 4.8 Speed estimation block diagram using Kalman filter.
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Fig. 4.10 Nonlinear control of induction motor by input-output

linearization.

48 $EASY] AN~ S2A0 B4 Hl@

oZ
N g
o o

oo o o O o ox
o
)
N
N
o
{
2
2
=2
o
o
o

r
o2
rE
o
ol
o
=2

Gzl s E A5 o3 FAAE S
&8 AL AA%Ee oF 1%l
A&EA Aosl s, Ty £EAel ¥ ReE4o] TE Aol

S
30
v
k]
AN %
1=
2
}01'
AN
0
o

Collection @ kmou



4

—_
o

Fol =] 10irpm]B =9 AAQ 27} WA

J

g

op

o

1.5[%]

94

M
r
tug

JJ
mﬂ
HH
r
03
)
Jjo

o} 5[%]

r

of

o] 5[%JHEolH Aol Ao A

)

~
o

o] A

Jo

3

1 A

k<]
pul

Aojrg ol s HA

=
T

b4 e o

r

<

Table 4.1 F=H 5712 AlA g

e AT

=
=

Table 4.1 Comparison of low speed range by sensorless speed control

of induction motor.

T
BO Np
A <
Tl S| e8| e8| ==
Jodr | = | S| |7 | <"
e ﬁﬁ
R R
x N
of
<r
=T CO
o | R R G - G )
B 2P| | B
) b 6| % ) % °
e g | | 5%
B o o oo ofp
ol = O || 5| o | EE
5 oy i~
<] ~ M &a 0 - < N
‘a —0 N3 UO ZT _— HT ﬂ
— X oo | ™ ol W 8o
= _zT ~J ,_lnmE ;In.ﬂ )
I I B I B I I T
N i I - R e
o) J N =
<N | =
B A | =
<0

_70_

Collection @ kmou



2 &EA

Table 4.1914 & 4+ A

A2

A

o}

7}

Al o] &2}l

=1
=

Huro A o] ]

1

ol 85 E

N 2AE

i

=

1%I~T1%IHE o= 9 -

= A7t s e

4
=

E85<l

A

1

I

% o]

A4

]

A

i
=

2P E A 0] 71 & A g5t

(6.1

o #a) ek

=

=

Las
Z.[i‘s
Loy
,Z.ﬁr ]

Ao 2A-HH a—

pL,
wT LUL
R +pL,

_71_

0

pL,
- wT LT

R +pL,

0
R +pL,
w, L,
pL,

0

pLWL
- (U,,, Lﬂ’l

R, +pL,

5.1 o] 23 w73

,Uﬂs
'Ua,,,
,v[ﬁ’r ]

’U(JS

Ww 2613 2.
Collection @ kmou



216.De AR #3 nERANOE IXWE FEHAFY] FUHEDS

21(5.2)7F Ht},

_ias _ o LTRS L2m W, Lm[zr Lerwr -ias -
7:“35 1 B Lzm W, B L R Lm‘L7 w, L,,LRT 235
p = D
iar LmRs - Lsmer - Ls}i - I/SL,.CU,,, iar
_iﬁr 1 LSme7 LWIR Ler W, - Ler _iﬂr ]
Lr 0 — Lm 0 Vas
0 L, Qe L, Vg
+ (5.2)
— ‘Lm 0 Lé 0 Uy

H7] WZol A AFa 183 o - 282 AAE Al FHAdTh

_72_

Collection @ kmou



Wy

—

iﬂ.’S

> g,

INDUCTION MOTOR

Vyg ————m

Uﬁs

Fig. 5.1 Input and output variables of induction motor.

oju

O

mK

ol

P Fig. 5.2¢F o] 4

3]

0

i+
Gl

Ll s

> E.,Jl?sm

NUMERICAL MODEL

Wyer >

vasm —

Vgsm ——

Fig. 5.2 Input and output variables of numerical model.

ar

4;(]_ m
| X ot} 21(5.2)= 71AA stetrdH

=

Fig. 5.200 4]

A

A<
=5

A

=2
Z 9]

2754 =

o 3t AR=
Fig. 5.1%} Fig. 5.2

=
=

=
=

A4

)

? asm?

1(18

o
,.__HO

vﬂsm ?—:]-

’Uﬂs

Vas = Vasms

_73_

Collection @ kmou



iy =iy Ol d w, —w,_ 0l ATy olF FAmule] £7]5H2 ;A ol A
Zﬂ'%{ﬂ-qﬂ— Vas = Vdsm> qu qum 1;‘1 wc:wcm%]- 7(:)]—?_01] /ids:idsm’ iqs:iqsm
ol w, =w,,°l At
- d d
Yys - L s - L weLm
q Rs+dt S €778 dt m >
Vs _weLs R+_d L, - eLm _d )
B s dt s dt m (5 3)
a d d ’
- L w, —w - L w —w. )L
Uqr dt m (e r) m }zr_‘_dt > (e r) m
oo | |~ o)L, L -, R+
L “dr | e 7 m dt m e 7 m dt T
sl Qe FEo o AL Thed 2
AR §Erl0l BTREE AYAS Buo WYL Ay o YAE
25 pamde SANAREAN goz WHAA o, =u,, I
vy =0, 01Tk A EEe] AR A AHAE RN A LTS
& Agstel BANAARAL S o UEl®, A, =0, pA,, =0 3
i =) i O EE AET] AL S PER e (6.3 o3

21(5.4)~4(5.7)°] Htt.

Vdsm — Rsidsm +p(Lsidsm + Lmidrm) - wemUL l

s57gsm

=Ri__+pli

Y sYgsm s"gsm

gsm + Lmzdrm ) - wemo-Ldesm

0= }zridrm +p(LrZ'd7‘m + Lmidsm)

_74_

Collection @ kmou

(5.4)

(5.5

(5.6)



Lm
0= __]; Zq97n+(wern )(L Zdrn1+[’ 7’dem) (57)
B, =, O 0, QAREACIE AR ALAF A
i 7
r ‘ref
fholtt.
Hhdo), FARd SRS ot ATl AP 4

Vgs = Ryigy +0( Lty + Lig) —w,, (L, + L) (5.8)
Ve = Ry T0( Lyt + L) — 0, (Lig, + Ly, (5.9
0= Ry +p(Lig + L) — (@, —w)Li, +L,i,) (5.10)
0=Ri, +p(Li, +Li,)—(w,, —w)NLi, +L,i,) (5.1D

& S0}, dr &3 Rdd WAZUY d ¢ 2 7z uAA AFI}
Fig. 533 22 A& s 2H A@.8)~42.9d o) A4
=3P dA AN B g r)e] dFghe] Aolstd ALSE a9

Fig. 5.33% &ol i, >i. (&, v, >w)d B v, (=v,,)

™ FBAR i A, B E37) ket AE SR A5

=, v, 7k Z7ksE AGSe oa) i, 0 Aedte] BY &4 o, 9

AENAEE v (=w, +w)7t AAEH v, EHHOE FFatA] X}

T

_75_

Collection @ kmou



uet BVt SRR AU SEE MR Fsd

5
3 WE SYFISFE FopAER = oA

g— axis
(Adodel )

g—axis
(LAL)

o Lt d—axis
i (Adodel )

Fig. 5.3 An example of d,q axis and stator currents for model and

motor.

R R, 3" 2ol ., >y, >0, B dEF AYE FAA

ger gyt HES AOIRT A4 FEAE/ ) BEIS AN E

Ip
b
>
o
©
td
i)
Ip
bt
N
N
2
9

i ASYH WMEANE AR 0, U

#M4e] 71&gkolth

_76_

Collection @ kmou



ﬁo

3+

AT

o]

ZSTI?,’

3} 2
(5.12)
(5.13)

[e)

=

}

[e)

L

}

2 2](5.10),2](5.1D

]_

S

=

Yisa
. 0]

Zref
ref

Ugs

of weh -

=)
L=

:idsa
HEEE AA Eaxdf{ol vl

Lasm

21(5.10) 2 2](5.12)9 ol& mdeo] Ak

T3, Fig. 533 #Zo] AF7]e A

o
73

Aol 7} A3y

Yasa ® qua

=
T

o

_77_

Collection @ kmou



ol H=S Aojatu, Frre] Akzto] ol
57 $EE YA RULEE FEAT
52 o] ¥nYE 2 =4
oJgH WAL EvlE e Lol WE U Aol FoEA AME s
Stk WA ABY)e) JAFE AFAANL AEshe] 4
G10e) oJ8) 42 §7] AAH gos WA

cosf,,.  sind, 1[i,.
(5.14)

—sinf,,, cosb,,,| i

lZdS}
Tys

wAYS o83t 4G22 o md HFE AN

iams
(5.15)

—sind,,, cosb,,, | |ig,s

Elasg

_78_

Collection @ kmou



(5.17)

EZZA 2

*
Uds
qu

cosf,,,
I Al

cosfl,,, —sind,,,
[

sinf,,,

|

2AEE Fig 549 2t}

|

(5.17)el ¢

(6.195 2(.16)e <

2]
/UQS
*
v[ﬁs
2 AlA gl Aol Alage

|

Al
Al
2

;01_

KO

N
oy

&

X

,mmo

=

9]

=
T

tol AA AE7]e] nAAA

e

AR A7}

&

3)

i,

k)
yil

=2d dFe 27

Bl

S

o

_79_

Collection @ kmou



;
L

Fig. 5.4 The block diagram of the proposed system.
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Table 6.1 Parameters of induction motor used for computer simulation

and experiment & system constants.

AAEY 3[HP] R, 1.56[2]
AAAY 220[V] L, 180[mH]
A5 9[A] L, 180[mH]
AALEE 1735[rpm] L, 176[mH]
=T 4 JAAREAE) 0.1[Kgm’]
R, 2.0[a] MEHF7 200 [1s]

Fig. 6.1 SVPWM<S &3+ AFE AF7|9 AFOoxRA AAg2 2
HE e PSIM Z2 713 AELo|t},

L l o ‘ el =
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i ) Can} o)
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e ==
oH

Dot = =
(G 7%@

| —D]

—=0

~sfeni)
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Fig. 6.1 The PSIM schematic diagram of the Proposed power

conversion system.
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Fig. 6.2 Simulation responses for step change of speed setting & load

torque. (0—50[rpm], 0—5[N-m])
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Fig. 6.3 Simulation responses for step change of speed setting.

(0—25[rpm], 10[N-mJ)
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Fig. 6.4 Simulation responses for step change of load torque.

(0—10[rpm], 10[N-mJ)
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Fig. 6.6 Simulation responses for step change of speed setting.

(0—200[rpm], 5[N-m])
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Fig. 6.7 Simulation responses for step change of speed setting & load

torque. (0—50[rpm], 0—5[N-m])
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Fig. 6.8 Simulation responses for step change of speed setting.

(0—25[rpm], 10[N-mJ)
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Fig. 6.9 Simulation responses for step change of load torque.

(0—10[rpm], 10[N-mJ)
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Fig. 6.10 Simulation responses for step change of speed setting.
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Fig. 6.11 Simulation responses for step change of speed setting.

(0—200[rpm], 5[N-m])
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Fig. 7.1 Control diagram for Power conversion system.
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Fig. 7.2 PCL-818 Card block diagram.
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Fig. 7.4 Interface part for measurement of Input current.
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Fig. 7.6 Interface part for D/A conversion.
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Table 7.1 Specification of Dynamometer

Maker MAGTROL
Model HD-805-7NA
Brake Hysteresis Brake
Torque Rangelkg; . cm] 240 [kegs.cm]
Maximum Speed[rpm] 6,000 [rpm]

' 3,600 [Watts] continuous duty
Maximum Input Power[Watts]

6,000 [Watts] < 5 minutes

72 A¥47% 4 AE
2 =wodlA Ak AYHIAA S S5 st A@S Alds)
AT T2 Ao AFRRE A AAE AR Bl Aot
Fig. 7.10(a)&= AloJ¥-Z4 DSP Boarde} Power boardE WENAH, Fig.
710 AR AFAA, 34 AWEH, AJE FFIE To=
TAEo] th Fig. 710005 B AFgA AFL3 2.2kW] 241579
B3l ge 93k B3l 7FA(Dynamometer)S X o Ft},

- 105 -

Collection @ kmou



(a) Microprocessor (b) Power conversion part (c) IM and Dynamometer

Fig. 7.10 Configuration of the experiment
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Fig. 7.11 Experimental responses for step change of speed setting &

load torque. (0—50[rpm], 0—5[N-m])
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Fig. 7.12 Experimental responses for step change of speed setting.
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Fig. 7.13 Experimental responses for step change of speed setting.
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