FE o] &T FEHAF7Y
AX B SEAod T3t AT

A Study on the Sensorless Speed Control of Induction
Motor by Neural Network

fRE#HE &£ B B

20024 2H
B RER KRBT
wB L B2 B

£ x &



— 4 N ™ m;mn O o o

1
111
A1

14
15
18
24
24
2
26
28
33
33

-
-

- £ T %
=T : : s = T o
Mo B
: W E:
P
o}
w ~ =~
Ho o
D= B
Mooy
M oF oF

A3F NAHZFE o &
&
A
Al
313 % 417

]

C
v

N

AL
;OO

o

B

Z

}
=
A
-‘ﬂ

3.1.4 W E (momentum)d H}O] O] Z(bias) «weeeeeererrmreemeemmeeneeaneenns
_ﬁ_

2,31 FF HIE] A| O] werrrersrreseessseeseessssisssssssessssis st

232

2R 5
2 ko]
A B
1.1 GFHPT covrrermiiisiimiiismssist st sise
-
13 A7WE

14 =&9 T
AR SEAZT7)Y £ el W B E] A O] s

2}

H
71 &
ADSEIACE «eereeeseesseesseesreseessessesssasssasssesss s seeeees. Y]
A 17



322 ANA3] Zlo]] O]FF I3 ] e 36
A4 AN ZE SEA O] AL A B i 51
A1 ZoTE A O] 7] wererreeseessessetieiss sttt 52
492 ETA O] 7] serserrssersississtssussesissessisssssesssssessississesssssississussssssssississasssssssess 53
43 ZZFMNE] PWM A B 0] 7] worereererrerseesneinsineieisisssissisessssssssieseens 54
7:]]5@- /\]-‘%;,q] o]};:]_ ................................................................................................ 61
A6 AR AT AFHAIT o 69
6.1 AL B AP K| ©] TEAD eeeessssenessssnnsssss s 69
6.2 AT Z T} T ZE e 76
ATAF ZD B e 81
FETLBEF] cevrereerieeie e ]3



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig
Fig
Fig
Fig
Fig
Fig
Fig

Fig

REI A E

2.1 Transformation of the stationary a, b, ¢ axis to g— g axis =6
2.2 Transformation of the stationary g— g axis to synchronously
TOLAHNG g AXIS wrorreeeseeresssssssmss st 8
2.3 Equivalent model of 3-phase symmetrical induction
machine ................................................................................................... 9

2.4 equivalent circuits at synchronously rotating reference

2.5 Vector diagram for the indirect vector control --«:-«:sseeeeeeeee 19

2.6 The block diagram of the indirect vector control induction

10010170) SRERRLR TR e P PP O PP L PP PO PP PPRIOPPIOPPRID 23
3.1 Structure of the biOlOGICal NEUION s wersssreesssreemsscrenieereenenas o5
32 Structure of the Artificial NEUTON e %
3.3 Activation function used In neural NEtwOrk e 28
3.4 Structure of the general multilayer neural network «-««--eeeee: 29
3.5 Flow chart of the backpropagation algorithm «:«wweeeseeeeeeeeeees 32
3.6 Structure of the neural network speed estimator «-:-:«=eeeseee 37
3.7 Block diagram for training eSHMAtOr - wsseeessermssseremsecenenns 38
3.8 Neural network input signals for training -« 39
3.9 Speed responses of IV mOdel « s eseerssereisserisereisesseiseseienns 40

3.10 Flow chart of training algorithm by ANN speed estimator4d &

3.11 Speed response of neural network estimator =-««:--«we-eeeeeeeeess 49



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig 3.12 Flow chart of the training program for speed estimator - 50
Fig 4.1 Block diagram of the proposed sensorless speed control ===+ 51
4.2 Three phase VOItage SOUICE INVEITEr s wwssseremsmsreessnceessnereuanns 55
4.3 Representation of Space VOIAge VECtOrs w s wssremmsseceuennss 56
4.4 Optimal switching pattern of space vector PWIM «eoeeeseeeeseeenes 60
5.1 Simulation responses for step change of speed setting - 62
(0—10[rpml])
5.2 Simulation responses for step change of speed setting - 62
(0—15[rpml)
5.3 Simulation responses for step change of speed setting -+ 63
(0—25[rpml)
5.4 Simulation responses for step change of speed setting - 63
(0—50[rpm])
5.5 Simulation responses for step change of speed setting - 64
(0—100[rpml)
5.6 Simulation responses for step change of speed setting -« 64
(0—200[rpml)
5.7 Simulation responses for step change of load torque -+ 65
(0—5[N-m])
5.8 Simulation responses for step change of load torque -+ 65
(0—5[N-m])
5.9 Simulation responses for step change of speed setting -+ 66

Fig.

(100—-100[rpm])



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.10 Simulation speed responses for the change of stator
resistance (200[rpm], 0-—>5[N-1n]) wweeerrerrrsrssessmssesssisiisissiisininns 67
5.11 Simulation speed responses for the change of rotor
resistance (200[rpm], 0—5[N=]) - eeeesseeemssseeemmssermeminesieiinnas 68
6.1 Control part of the experimental equipment ------ssseeeeeeeeeeeeenn 69
62 PCL7818 Card blOCk diagram ......................................................... 70
6.3 Drive system of the experimental equipment «--«:-«w=weeeereeeeees 71
6.4 Configuration of gate drive CIFCUIt s wwrrmssesmsmmmsmisisisiiine, 72
6.5 Configuration Of POWET CIFCUILS wwsswrsssrrerssseemssseremssncsimsnssininnas 73
6.6 Induction motor and Dynamometer of the experimental
OUUIPITIGIIE ++++evsseeessseeessssesssssessssserisse e 75
6.7 Block diagram of total hardware SyStem - wseesessesmsnsenn. 75
6.8 Experimental responses for step change of speed -=eeeeeeee 76
(0—10[rpml])
6.9 Experimental responses for step change of speed «:eeeeeeeees 76
(0—15[rpml)
6.10 Experimental responses for step change of speed :-eeeeeeee 77
(0—25[rpm])
6.11 Experimental responses for step change of speed oo 77
(0—50[rpm])
6.12 Experimental responses for step change of speed oo 78
(0—100[rpml)
6.13 Experimental responses for step change of speed :-eeeeeeee 78



Fig. 6.14

Fig. 6.15

Fig. 6.16

Fig. 6.17

Table 1

Table 2

Table 3

(0—200[rpm])

Experimental responses for step change of load -ereeeeeee 79
(50[rpm], 0—5[N-ml])

Experimental responses for step change of load ««eeeeeeeeee 79
(100[rpml, 0—5[N-m])

Experimental responses for step change of load oo 80
(200[rpm], 0—5[N-m])

Experimental responses for step change of speed e 80
(100—-100[rpml])

Parameters of induction motor used for computer

simulation and experiment and system constants «eeeeeeeeee 59
Gating sequence il’l the sector I ................................................. 61
Speciﬁcaﬁon Of dynamometer ........................................................ 74

_vi_



T
B

E

X

fvze)

!

w2 A9 [ Nm/rad/s]

g% vholoj2 g1

B

d,q

B

}4=, Tansigmoid

f(net)

f (ned)

[A]

nF
X/

X

vzl

™

Lays Z,Br

[A]

nF
!

X

vzl

™
N

Las lﬂs

Lays lqr

Lds » lqs

2

o
-

A5 gkt A Al gkel

ders lqer

- vii -



AEAT [A]

N

31412}

1o(R), To(k—1)

e

[H]

£
i
T

—_—

-

0

!

= [H]

T

—_—

C

A=} =27] ¢

Ler - Lm2 )

(=

#
»AO
s

oy

net

-
mr

1424 T[]

3]

F Q]

2AAA

AME A7 [s]

FotEA [ Nm]

vl
=

=9 Ed

AR AT [s]

3)

AZEHTF7] [s]

= viii -



DAL [V]

[V]

oF
H

e

N

e

Vaps Vs Vea

[V]

o}
H

e

»AO

Vass Vpss VUes

A st [V

a—p=

Var s Uﬂr

a— B LAAAA [V]

Vas U,Bs

0% 147

V(B , v(k—1)

S AAAL [V]

=

d

(2 Uqr

% AR [V]

q

d_

Vs, Ugs

_ wh wh AroooAr A4
> =2 = X X N OXK X
— % % XK X X X X
£ S B
- @H @H o) e o} ™ Bl
X X W o o o
™ N X Q, xQ, > > >
R R _ _ _ _ _
N oy = 3 3 AN AN AN
& & S z
~ ~< < ~
< < 2 < 2
V ~< \As \Aa \Aa \Ad ~ wAs

(951

_ix_



o] of 2

oF
|

A2l 7] 2]

[rad /s]

H

57124

o}

M
Adr

o

-

4r
‘mwO

wer

Wy
Wi
Wik

o}
_ZMO
ar
o]

sz‘j

AW
w, (k)
(k)
0 net;
A w]‘k(k+ ].)

—~

o}

T

VY FT 23 Aol el F1EA

Wi



Wik

Xar, xﬂr

¢
God

Nro

0

B
A

Xas x,Bs

Xdss Xgs

Ay
09
T

—

0

f(net+ 0))

o
JE
o
_ZMO
T
Ny
_ZMO
ol

Ao
T

o

ylayjayk

Wy
Ajm
Tor

Nz
0

-

N
mo
—/A

o o

W B 3+ ( vector product )

2~ Z+e} 3 ( scalar product )

Analog to Digital

A/D

Current Tranducer

CT

Field Orientation Control

FOC

Integrated Circuit

IC

Induction Motor

IM

_xi_



IGBT . Insulated Gate Bipolar Transistor

PC . Personal Computer
PI . Proportional and Integral
PWM : Pulse Width Modulation

- Xii -



Sensorless Speed Control of Induction Motor

by Neural Network

Jong-Su Kim

Dept. of Marine Engineering, Graduate School,

Korea Maritime University

Abstract

Recently, with the development of vector control technology,
induction motors has been used more in the industrial variable speed
drive system.

Generally, induction motor controller requires rotor speed sensors for
commutation and current control, but they increase cost and size of
the motor.

So in these days, various researches including speed sensorless
vector control are reported and some have been put to practical use.

Many sensorless control algorithms use mathematical model based
upon analysis techniques which have been used for the steady and
transient states of induction motor.

However, their control performances are greatly influenced by the
parameters and load deviations. Futhermore, many difficulties occurred

in starting and low-speed range.
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In this paper a new speed estimation method using neural networks
1S proposed.

The neural network structure was again found by trial and error
and it was found that the 8-16-1 neural network has given correct
results for the instantaneous rotor speed.

The eight inputs to the neural network are monitored values of the
stator voltages and stator currents. The neural network contains a
singles hidden layer with 16 nodes, and the activation functions used
in the hidden layer are tansigmoid. The output layer contains a single
node, which outputs the rotor speed.

A feedback signal is necessary for only training. Supervised learning
methods, through which the neural network is trained to learn the
input/output pattern presented, are typically used.

The back-propagation technique is used to adjust the neural network
weights during training. The rotor speed is calculated by weights and
eight inputs to the neural network.

Also, the proposed methods have advantages such as the
independency on machine parameter, the insensitivity to the load
condition, and the stability in the low speed operation.

The results of simulation and experiment indicate good response

characteristics even in the low speed range and in the parameter

variation.
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Fig. 3.5 Flow chart of backpropagation algorithm
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Fig. 5.2 Simulation responses for step change of speed setting

(0—15[rpml)

_62_



SPEED[rpm]

SPEED[rpm]

A4+ 0—25[rpml], 0—50[rpm]e] FH3} AdESE=Aw

Jerie. 44eAst Ael

I~ =
HEEE

!

Ay = A

or

)
1=

40

35

30

25

20

TIME[sec]

80

70

60

50

40

30

20

TIME[sec]

Fig. 5.3 Simulation responses for step change of speed setting

(0—25[rpm)).

o

o

Fig. 54 Simulation responses for step change of speed setting

(0—50[rpm])

_63_



e AS
3}

FEFe FAT F Atk

150
100
g
=)
&
w
50
0
0 1 2 3 4 5
TIME[sec]
Fig. 55 Simulation responses for step change of speed setting
(0—100[rpm])
300
250
200
E 150
&
100 /
50 /
5

TIME[sec]

Fig. 56 Simulation responses for step change of speed setting

(0—200[rpm])

_64_



Fig. 5.7, Fig. 5.8

=]
T

SPEED[rpm]

SPEED[rpm]

R

o

z+7} 100[rpm], 200[rpm]8] =& 55

5[N-m]

150

100

50

TIME[1sec/div]

Fig. 5.7 Simulation responses for step change of load torque

(0—5[N-m])

300

250

A\ A\

Vi W W W W\

Vs W W W o W s Wk
TANAVARLV ALV NS VAR V4

200

V'V VUV VN

AR AR AR A

150

100

50

TIME[1sec/div]

Fig. 5.8 Simulation responses for step change of load torque

(0—=5[N-m])

_65_



100[rpm]¢] £E== 5% 100—>-100[rpm]<]

1
T

T3k Fig. 59

qr

-

ol #of

150

100

Q o
rel

[wdila33ds

-50

-100

-150

TIME[1sec/div]

Fig. 59 Simulation responses for step change of speed setting

(100—-100[rpml)

<

} 1T}
Fe1 714

B AA
S

Eﬂg Il

5

]

-, 200[rpm]9] %2 G535 5[IN-m]e 4

601—0

AA FEAE7 nARAA

-
R

Fig. 5.10(a)

By
=

|

1
}\O

30[%] & %

dlg

ad

ol

A

7]

el

olo

H

A%
R AL

]

e}

#t

Z} o
— =

PR T 30[%]

R

A A} A

Wa oA

h=d]
=

e} g

121714

)

=]
T

5[N-m]¢]

el

qr

A A

-
R

Fig. 5.11(a)

Fol7bal %

74, 200rpm] 9] &= FEF 5[N-m]e] 3

|

1
}\O

30[%] & %

e 3

oy

]

8344 Fo

7]

el

olo

H

_66_



AAA R 30[%] 2H gl A9, 200lrpm]®] £x=E 455 5[N-m]

=] A< O [e] iS1 =)
o] FokI7bA HESTE veh i gl seteE 9 oasaged w4
= 2= [e) o
A HESH S4¢ vheha
300
250
200 A_A_A_AAANAAAAAANANAAAAANAAAAAA
—_ V\/VVVIVV\I\IVV A2 AN VAR SEAV SEN v Sun v §
&
E 150
w
o
%)
100
50
0
TIME[Msec/divl
(a)
300
250
_ 200 o \VAY; VHV’- V’-\VHVHV’_\\II_\VAV f\vf-\vr-\vr-\vnvr'\vn\
&
a 10
w
o
%)
100
50
0
TIME[1sec/div]
(b)

Fig. 510 Simulation speed responses for the change of stator
resistance (200[rpml, 0—5[N-m])
(a) in case of stator resistance increased by 30[%]

(b) in case of stator resistance decreased by 30[%]
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Fig. 6.6 Induction motor and Dynamometer of the experimental

equipment
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Fig. 6.7 Block diagram of total hardware system
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