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SAKRAWEE RAWEEKUL : CONTROL OF SINGLE-PHASE INDUGODN
MOTORS IN PARALLEL CONNECTION USING FUZZY LOGIC ANCAN
APPLICATION TO A CROP CHOPPING MACHINE. THESIS ADSDR :

PROFWNG.CMDR. SARAWUT SUJITJORN, Ph.D., 193 PP.

CROP CHOPPING MACHINE/SELF-ORGANIZING FUZZY CONTROL

This research thesis has developed some new kdgeavlen driving multiple
single-phase induction motors of fractional horsegoin parallel connection using a
voltage-source inverter. Mathematical models basedhe dg-frame system have
been developed with corresponding simulation tasksied out to investigate the
system dynamic responses. The knowledge gainedpiéed to a novel agricultural
crop chopping machine developed. The machine caepthree sets of blades each of
which is driven by a single-phase induction motdhe three motors in parallel
connection are fed by a single inverter. To conthel chopping machine, the motor
speeds are regulated to 1,200 rpm witB% allowance of steady-state speed errors.
The developed controller is a self-organizing fuzeytroller using two-input-single-
output fuzzy rule sets. The main hardware compamttesting the concepts include
the crop chopping machine, an inverter (Frecon BN) and a microcontroller
(ARM7024). Testing of the machine with the develbfezzy control to chop various

kinds of crops renders very satisfactory resultshasdetails are elaborated by this

thesis.
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Ldrds o ANUAHYIUIVUULNU d ﬂjmammmuaﬂsmm H)

E4
v A

nazenndalieglugdaumsmasndg lddi

Vq:r _ rqr + qurqr qurdr |cEr + p Lqrqs Lqrds |q:s (38)
Vdr pLdrqr rdr + pLdrdr Idr I-drqr Ldrds Ids
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wasnseud

aums 3.8 Jorudeunaas ladegiaums 3.11 naz 3.12 iy

qurdr

i L
Kk 1 g " aras
fgr + pLdrdrj| 3 |:idsr:| p|:Ldrqr

iV | [ fo Pl
Ve pLqu

p [kJ I‘qrqs, Lqrds I;s
I-drqr Ldrds |§s

(3.9)

(3.10)

(3.11)

Lqrds | :s
Ldrds | js

(3.12)

a o < 1A J @ ~ a A a s A
WﬂWiﬂlW]\ﬁJ’JﬁJ@\?ﬁNﬂWi 3.12 S UNUAIUNIUITIUOUNINNBAUA IUDWIITUINIUN 1 AD

s ] o c?/‘
W‘ﬂuﬁ@Qﬁﬂ!&ﬁﬂ‘ﬂﬁﬁ\‘]ﬂl?ﬁl@\‘]ﬁﬂﬂWﬁ uuﬁ’a

ol el
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4

Hmsunusuuaind K] wazmaing (k] a4

cos@ sin @ r 0 cosd —sin@ i
r r qr r r

qr

—sin@ cosd 0 r sin @ cosd S
r r r r r dr

Y
CE NSRRI A b
2 .2 — : : .
r cos 0, +r sin 0 r, cos@ sing +r, sind cosd || ;

. . 2 2
—r cos@ sin@ +r sinf coséd r cos 6 +r sin 0 i
qr r r dr r r dr r qr r

{ . o J <3|
Tunsaift r, =r, =r, AaEAIU cOS 6, +sin’ 6§, =1 WIAINAITaazIily

r. O i;
" 3.13
5 ol o

WosanaIun 2 Negn1alaynvesannis 3.12 TunsananNumMieIing eI dq
J J [ s A 09)1 1 o ] o 09/’ t o @
Y9315 NAUMINDgUaoIInuA U IgeIog U MUIRIyuaIRINdInuLaz iy

9 v 9
wiouitumudnang (k| uaz [k] ™ worliildidudail

coso, sin 0, r, 0 cosf ~ — sin 0, iqr
(3.14)
—sind cosd 0 r, sin @ cosd i’
r r T r r dr
o Y d? 9
azilndetuag 14
2 .2
L cos @ +L, sin @
qrqr r drdr r
—L sin@ cosé + L  sinf cosd
qrqr 7 r drdr r 7
—L sin@ cos@ + L  sinf cosf i
qrqr r r drdr r r qr
p (3.15)

2 .2
L cos & +L,  sin 6 i
r 7 drdr r

qrq
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4 { o w . Jd a v -
1A NMENIEUDY (self inductance) VD4 TTMBIUTIMIAY qd UAWMIAY L, =L,

2
v A

A Ao " W o Y o
IHBIVINVUITHIUTDOUUDIVAAIAUNINY WIU 3.15 mmiaaﬂgﬂllmﬂumu

|:|_qrqr 0 } p|:?cir } (3.16)
0 Ly Lar

A

A A P A P (] Y o e
LWDNAITUINIUN 3 AD ‘W%uﬂ@g“ﬁﬂq@ﬂ1ﬂﬂ1ﬂp\lﬂﬂl'ﬂﬂlﬂﬂﬁuﬂ1ﬁ 3.12 BINAD

. L L S
p CO.Ser sin er args ards Ic;s (3.17)
—sing, ¢cosf, | Lygs  Lawas ||| 15

4
=) [ v o =) [ @ Ty A

A s 2 s Y
o p N0 @HWH‘E HAUNUINIUNULIAN mmmsamgﬂwau 3.17 llﬂ“lmmu

cosg,

=@, Ly SING, + @, Ly
sing,

— @, Lqrqs Coser -, I-drqs,

— @, Ly SING, + 0, Ly 4, COSY, }Fr } .

— @ Ly Cosl, —m, Ly 4SING. || M

sing,
cosb,

qrgs drgs

— Ly SING, + L

qaras

{ L, COSO, + L

drgs

Lqrds Co.ser + I‘drds Sin Hr I:r (3 1 8)
- Lqrds Slr-lgr + Ldrds COSHF Ic?r
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] Y
1119991NYAAIANIAITIYUAY 90 03N

Vel [r 0 .q N Lyg O pi;f .
Vdsr O Ifr Ijr 0 quqf Ijr

{—a)L sind, +w, L, COSA,

r —qrgs
— @, L COSO, — @, Ly SING,

drgs
drgs

~ 0Ly SING, + @, Lyy €OSO, i3 |
— @, L4 COSO, — @, Ly SING, |5

r —qgrds
Lqus COS@r + Ldrqs Singr
= Lyrgs SING, + Ly COSG,
LCIrds COSgr + Ldrds Singr ICTF (3 . 19)
- Lqrdssinﬁr + Lyqs COSY, I

s Y ]

{ JN { ) [
ﬂszu,fcﬁlmhmmﬁmamagummu q ﬂl@ﬂﬁmmi’]5llllE‘T”Illﬁﬂﬁ%)Nﬂ’J”IllLWﬁEJ’JHchENLLﬂH d

Y 1 ~ o R A1 g 4 ég A
“‘Uﬂﬂﬁmm’ﬂﬂﬂ ANV UIIUIVDULNU dg 1uﬁ3Jﬂﬁ 3.19 mumzﬂug{ua UUAD

Vel [ ofia ] [t O T [15],
Vd? 0 rot c?r 0 Lqrqr I jr
{— @ Lyqs SING, @, Lyy, COSH, }{I ¥ } +

— @, Ly COSO, @ Ly SING, |i5

|: Lqrqs COSHI. Ldl’dS Slngf :| p|:| qr :| (320)

—LyqsSING,  LyysCOSO, |5
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S
Ve Mo 0
Vdi _ O rds
\VAS -, L, SN, - Ly, cOSO,

\ — o, Ly, COSO, —o, L, COSO,

args

—o Ly SING, — o, Ly COSY, | i

25 Ldsqr COSgr — o Ldsdr C'OSHr |§s +
r, 0 i
0 r i
L osas 0 LyyCost, —Lg,sing | |ig
O Ldsds Ldsdr Sir.|9r Ldsdr COSer p ijs (3.21)
Lyqs COSO, Ly SING, Lo, 0 o
- I-drqs SinHr I-drds COSHr 0 I-drdr Ijr

1 o v d 1 @ o
auNIT 321 ATV IAIANUTUNUTVDIAILIIAU NISUE mmc?humu UHagMUINIDY

' 4 Y 4 1 s
Yowaadauaazaa odhedmlsuuunu dq veslsmes lieguuunu dq vesmeamos

fo N, Ao §IuseuvesvAaIAuANINY g (main winding)
N, fo  $1wIuseuveuAaIngIonny d (auxiliary winding)
N, fo  Swouseuvesvaadalsmes
N, fo  Swiuseuvesvaaalsmesuuun
N, #fo  $wousevvesuaadalsmesuuunu d
L de  anumisanhiilsnes @)
L. fe  anwumisnhitmames (H)
L, Ao awmieniia uavearandnvessmaosinu g (1)
L, o anumienhilnaveaiadisvesaimaesiuny d (1)
L fe  anwumienihialnavaadaveslsnes (1)
L, #o  aowmdenisawnunn q (1)

aNumienhsvuuunu d (H)

I_

2
»
®
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Vds =% Vds ? Ids =—= ds
Nds Nds
2 ' Nqs 2n12
Lmq = NqSPQ ’ Lds =( ) Ndng = Lmq
ds
. N . N
les = (Nizz)z les ? rds = (N::)Zrds
. N . N
L, = (—®)°L, . =(%)%r
Ir ( Nr ) Ir r ( Nr ) r
. N . N
___ & _ gsyys
qu - N qu ’ Vdr - N Vdr
2N s i N s
ar ar ? da dr
Nqs Nqs

{ 1 { o 1 1 [ 1 { ) 1 I .
ﬁuﬂimﬂaﬂuﬂ1ﬂ'ﬂuWiﬁEl']lﬂi%“Vi'JNGUﬂa'Jﬂl!@la$GI!@LTJUﬂ'lﬂ'JHJLWﬁEI'JHHUJLWaﬂ (magnetic

Y] 1

inductance) A18ANUFUWUTAIe0 11T (Ong, 1998)

quqs = qus + Nc?spg 3 Ldsds = les + stpg
Losy = NgsNg By ’ Losar = NosNe By
Ldsqr = Ndqur Pg > Ldsdr = NdsNdrPg
Lqrqr = qur + Nq2rPg 2 I‘drdr = qur + Nc?r Pg
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unuaa q asluaums 3.21 Tasinsanlisiviusevvesvaadaminy agldn

\ los 0
Vg 0 Fgs
\ |- o, LSinb, -l cos
Y -0, L, C0sY, —w. L, CcosO,

-o,Lsing, - L, cos

r =mags

@ Ly, COSO, -0, L COP, |||

r 0 i

r qr

0 r

Ligs + Lins 0

0 (Lp+Lo)
Ligs COSE, Ly SIM,

—L s SING, co9)

r

Ligs COSE,  —L e SIMG

mas r I as

L@SSinQ Lings COY 0 i (3.22)
(L +Lige) 0 i
0 (L +Loge) | |G

E4

uazawnsnsnlnegluglaumsmanldnedl

—=[Alll]+[B][V] (3.23)

<
I
=
<
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s 0 o, L SiNG, oL coF,
- 0 | T4 —, Ly, ‘coser @, L s COF),
@, L SING, —ao, L, COF), -, 0
@ L COSI, @, L COF, 0 I,
Ligs + Lings 0 Ligs COSO,  —L e SID,
D]- 0 (Ligs + Lings) Lr.‘nqs sing, L, COY),
Ligs €OSE, Lo SIMG, (L, + Lige) 0
—LSiNG, L COS, 0 (L + L)

A A A4 s v A 4 Ao .
WoNIsUINMTIAaUNVI 15IA0T T@ﬂal%ﬂ;]ﬂmﬂa@umlmm@u (Krishnan, 2001) @un1g

a = Yo
L%\iﬂa@1‘ﬂlﬂlﬂullﬁﬂ\1l’lﬂﬂ\1

do,
dt

4
We T,

T

do

dt
deo

dt |

E4
~

P
2J,,

B (1)
J

m

- T.0-

1 I
o mesnuiman T (Nm)

Ao Tnaanesn (Nm)

A A J 2

A ANUNDIVRINDIADS (Kg-m’)

A [ a z{ = [} 4

Ao duilszansusudoamuuesInaanuuemos (Nem/rad/sec)
= o < a

Ao SaTUS AT rad/s(

P S, ., - PR
= (E)Lmqslqs(_lqr siné. —i; coY, )+Lmqslds (qr cog, —i;, siA

= w

7

B P
—_— O wr —_—

=l 7 ) |t 2, [z -1] (3.24)
1 01|-"’ 0
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vz 1duuudranaligi

(3.25)

Control

Unit

M3 IM2 IMI

Induction Motor
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(|1, WL, WL, WL, O 0 O 0 0 0 0
dfi] ] R, N, WL, WL, O O O O O O 0
% R, R, WL, KL, OO 0 O 0 0 0 0
da,, W, N, WL, WL, O O O O O O o 0
dt o 0 o0 o0 Bwg o o o o o @hla
dgrl Jfﬂl @y
@ | /O 0o 0o 0 1 0 0 0 0 O o of a, |,
dfi,.,| |0 0o 0 0 0 0R2 WY K2 W2 O [i,]
dt 0 0 0O O 0 O0%2 W2 W2 N2 O o,
doy, o 0 0 0 0 O0Ww2 W2 WP %NZ 0 (20, ]
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dé, -B
at o o0 O O O 0 0O 0 O0 0 —/m ¢
m2
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A15197 3.1 MRS UDIWBINDS (Mademlis, 2005; Rahim, 2002)

Ty Iy r, Lmqs L, qus L, J B,
Parameter set poles ,
(Q) (Q) (Q) (Q) (Q) (Q) (Q) (kg.m") (Nem/rad/sec)
1 4 4.3 2.6 | 2.01 105 1.8 1.01 1.8 0.0546 0.0002
2 4 1.3 2.6 | 2.01 105 2.8 2.01 2.8 0.0546 0.0002
3 4 3.2 7.2 2.00 54.97 3.2 3.61 2.09 0.0546 0.0002
ﬁ151\‘]ﬁ 3.2 Namii‘haaﬂuu@iazﬁmw
Case 1 Case 2 Case 3 Case 4
M1 M2 M3 M1 M2 M3 M1 M2 M3 M1 M2 M3
Supply Current (A_ ) 25.44 17.48 3242 22.07
Motor Current (A ) 8.48 8.48 8.48 8.48 4.85 4.15 8.48 10.09 13.85 8.48 5.91 7.68
Motor Speed (rpm) 1402 | 1402 1402 1402 1450 1461 1402 1408 1370 1402 1452 1455
Load Torque (N.m) 14.27 | 14.27 14.27 1427 | 7.78 6.14 14.27 14.46 17.74 1427 | 9.33 8.62
Motor Slip 0.065 | 0.065 | 0.065 | 0.065 | 0.033 0.026 | 0.065 | 0.061 0.086 | 0.065 | 0.032 | 0.030
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Change in error
XN | VN | LN |MN| SN | ZO | SP | MP | LP | VP | XP
XN | XP | XP | XP | XP | XP | VP | ZO | zO | zO | zO | zO
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XP | Z0 | Zz0 | ZO | ZO | ZO | VN | XN | XN | XN | XN | XN
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1 IF (e, is ZO AND e, is SP) THEN (u is SN)

2 IF (e, is SP AND e, is SP) THEN (u is MN)

3 IF (e, is ZO AND e, is MP) THEN (u is MN)
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4 IF (e, is SP AND e, is MP) THEN (u is LN)
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//SeH Organizing fuzzy controller
/I Program For “"ET BASE ARM ADUc7024" Board
/I Target MCU : Analog Device ADUc7024
1 : X TAL : 32.768 KHz
1" : Run Speed 41.78 MHz (With PLL)
I : Select CD:CPU Clock Divider =0
/I Keil Editor : uVision3 V3.03a
// Compiler : Keil CARM V2.50a

int main(void)

{ Initial_Serial();
Initial_ADC();
Initial_DAC();

printf(" CM Fuzzy Control \n\0"); unction

// Call printf F
New_Start:
V_Oper =4.0;
DAC_Out= (V _Oper /2.0) * 4096 / 2.5;// Scale to 0FFFxxxx
DACODAT = ((int)DAC_Out)<<16; // ADUc = 32 bit Data is

#include <ADUc7024h%DUc7024 MPU Register
#include <stdio.h> // For Used Function printf
#include <math.h>

#define EN_DECODE_TB_ROWS 16
#define EN_DECODE_TB_COLS 11
#define FUZ_SET_TB_ROWS 12
#define FUZ_SET_TB_COLS 12

#define Hold_Speed 4.0

#define Fuzzy Gain 0.5// Range [0.1 to 1 0.0]

#include "ADUc7042_Srl.c"
#include "ADUc7042_ADC.c"
#include "ADUc7042_DAC.c"
#include "CM_Fuzzy.c"

double Chopping_Machine_Fuzzy(double speed_motor0,

double speed_motorl,
double speed_motor2);

// DDDDXXXX
Wait_Start:

sMotor0 = 2.0 * ADC_Read(2); Fuzzy Input 5.0V
printf("Wait Start to 1200 rpm \n");
Delay(500000);

if (sMotor0>=4.0) goto Wait_Start;

// Loop Continue
sMotor0 = 2.0 * ADC_Read(2); Fuzzy Input 5.0V
sMotorl =2.0 * ADC_Read(4);
sMotor2 = 2.0 * ADC_Read(6);
11if (sMotor0<0.5) goto New_Start;
V_Oper = Ch _Machine_Fuz M 0,sMotorl,sMotor2);
DAC_Out= (V Oper /2.0) * 4096 / 2/5Scale to OFFFxxxx
DACODAT = ((int)DAC_Out)<<16; /I ADUc = 32 bit Data is

while(1)
{

DDDDxxxx
printf(" #Vi:%6.4,%6.4,%6. 4f" ,sMotor0,sMotorl,sMotor2);
printf(" #Vo:%6. 41(%4 2)\n\ 0",V _Oper,V_Oper/2.0);

Delay(500000);
}

317
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1

FYl

double fuzzy_error(double error)
{ return enfuzzy(error) * 10.0;

H

"

EYl

>_in_error(d

d

ble fuzzy_ch ble error)

{ return enfuzzy(error) * 100.0;

else if (f2 >((fuzzy_table[FUZ_SET_TB_ROWS 11101 +
fuzzy_table[FUZ_SE TB_ROWS 21[0]) / 2.0))
{ i =FUZ_SET_TB_ROWS 1;
}

{ for (i=2;i<FUZ_SET_TB_ROWS 1;i++)
{ lower = (fuzzy_table[l][O] + fuzzy table[i1][0]) / 2.0;
upper = (fuzzy_table[i][0] + fuzzy_table[i+1][0]) / 2.0;
if (lower < f2) && (f2 <= upper))

else

break;
}
I }
7
doublefuzzy( const doube fuzzy_table[FUZ_SET_TB_ROWS] // check f1 =====
[FUZ_SET_TB_COLS], - - - - if (f1 <= ((fuz.zz_lt‘ablelﬂ][ll + fuzzy_table[0][2]) / 2.0))
doublefl,doublef2) }{ i=1
{ inti,j;
. else if (f1 >((fuzzy_table[0][FUZ, SET TB coLs!l+
doublelower, upper; fuzzy_table|0]|FUZ_SET_TB_COLS 2)/
// printf("n\n\n  Print Test Data in Fuzzy Table "); {j=FUZ_SET_TB_COLS - 1‘
for (i=05i<=FUZ_SET_TB_ROWS. 1;i++) | )
1l { printf(\nRow %d >"",i); clse . . .
) { for (j=2; j < FUZ_SET_TB_COLS; j++)
" for iR ey | t:,;‘,:f:])m) { " lower = (fuszy_table[0][j] + fuzzy_tablef0][j 1]) /2.0
Vi 3 ’ upper = (fuzzy_table[0][j] + fuzzy_table[0][j+1]) / 2.0;
if ((lower < f1) && (f1 <= upper))
11 check f2 ===== break;
if (f2 <= ((fuzzy_table[1][0] + fuzzy_table|[2][0]) / 2.0)) ) }
{ i=1;
}

return fuzzy_table[i][j];

3N
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/I Fuzzy Control for Choopping Machine Process
I

double Chopping_Machine_Fuzzy( double speed_motor0,
double sge motorl,
double speed_motor2 )
{ double speed_error0 = 0.0;
double error_first0 = 0.0;
double V_Oper =0.0;
double speed_motor_all, control_signal, Vcon;
double a1, a2, speed_errorl, error_firstl;

speed_motor_all = (speed_motor0 + speed_mator
+ speed_motor2) / 3.0;

speed_errorl = (speed_motor_all - Hold_Spegd
/ Hold_Speed;

al = fuzzy_error(speed_errorl);
a2 = fuzzy_change_in_error((speed_errorl - speeeiror0));
Ilprintf("al,a0:%7.4f,%7.4f ",al,a2);

speed_error0 = speed_errorl;
error_firstl = f1_and_f2(al, a2);
llprintf("Er_1st1:%7.4f ",error_first1);

control_signal = f1_and_f2_self(error_firstl, (eror_firstl-error_first0));
Ilprintf("Ctrl_Sgn:%7.4f ",control_signal);

error_firstO = error_first1;
Vcon = defuzzy(control_signal);
printf("#DeFz:%7.4f",Vcon);

V_Oper = Hold_Speed - ( Vcon * Fuzzy_Gain / 100
return V_Oper;

d' 1 = (% o
311 6.22 Talsunsuarvuveanszurumsilesdunuianisdies

/I===Look Table For Print out Test Decode Fuzzzy @ble ===

/1 printf("\n\n\n Look Table For Print out Test De code fuzzzy Table "); // printf("\n\n\n Look Table For Print out Test Enco de fuzzzy Table ");

I for (i=0;i<=EN_DECODE_TB_ROWS-1;i++)
I { printf("\nRow %d >".i);

" for (j=0;j<=EN_DECODE_TB_COLS-1;j++)
I printf("%7.3f," ,error_table[i][j]);

" }

if (error<error_table[0][0])
{ i=0;

}
else if (error >= error_table[EN_DECODE_TB_ROWS-1]0])

{ i= EN_DECODE_TB_ROWS-1;
}
else
{ for (i=1; i<kEN_DECODE_TB_ROWS-1; i++)

if ((error_table[i-
1][0]<=error)&&(error<error_table[i][0]))

break;
}
}
/I Calculate F when F = Num/Den
/i Num=(H_1*C 1)+ (H_2*C_2)+(H 3*C_3)+

(H4*C_4)+(H 5*C_5)

I Den= (H_.1+H 2+H_3+H_4+H_5)

num = 0;

den=0;

for (j=1; j<EN_DECODE_TB_COLS-1; j+=2)
num += (error_table[i][j] * error_table[i][ j+1]);
den += error_table[i][j];

}

return (num / den);

/l=== Look Table For Print out Test Encode Fuzzzy Tatd ===

Il for (i=0;i<=EN_DECODE_TB_ROWS-1;i++)

{ printf("\nRow %d >",i);
n for (j=0;j<=EN_DECODE_TB_COLS-1;j++)
I printf("%7.3f,",cs_table[i][j]);

if (cs < cs_table[0][0])
{ i=0;

}
else if (cs >= cs_table[EN_DECODE_TB_ROWS-1])0

{ i= EN_DECODE_TB_ROWS-1;
else
{ for (i=1; i<EN_DECODE_TB_ROWS-1; i++)
{ if ((cs_table[i-1][0] <= cs) && (s < cs_table[i][0]))
break;
}
/I Calculate Fcon when Fcon = Num/Den
I Num = (Hcon_1 * Ccon_1) + (Hcon_2 * Ccon_2) +
(Hcon_3 * Ccon_3)
" + (Hcon_4 * Ccon_4) + (Hcon_5 * Ccon_5)
I Den = (Hcon_1 + Hcon_2 + Hcon_3 + Hcon_4 + Heb);
num = 0;
den=0;
for (j=1; j < EN_DECODE_TB_COLS-1; j += 2)
{ num += (cs_table[i][j] * cs_tablefi][j+1]);

den += cs_table[i][j];

return (num / den);
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double f1_and_f2(double f1, double f2)

{ constdouble fuzzy_table[FUZ_SET_TB_ROWS][FUZ_SETIB_COLS] ={
/I F2\F1
{9999, -1,-0.8,-0.6,-0.4,-0.2, 0, 0.24,00.6, 0.8, 1},
{-1, 1, 1, 1, 1, 1, 1, 0.86003, 0.1, 0},
{-0.8, 1, 1, 1, 1, 1, 0.8, 0.63,00.1, 0,-0.1},
{-0.6, 1, 1, 1, 1, 0.8, 0.6, 0.31,0 0,-0.1,-0.3},
{-0.4, 1, 1, 1, 08, 0.6, 0.3, 0.1y, -0.1, -0.3, -0.6},
{-0.2, 1, 1, 0.8, 0.6, 0.3, 0.1, 0Q1;60.3,-0.6,-0.8},
{0 1,08, 06, 03, 01, 0,-0.13;60.6,-0.8, -1},
{0.2, 0.8, 0.6, 0.3, 0.1, 0,-0.1,-0.36;00.8, -1, -1},
{04, 0.6, 0.3, 0.1, 0,-0.1,-0.3,-0.68;0-1, -1, -1},
{06, 03, 0.1, 0,-0.1,-0.3,-0.6,-0.8, -1, -1, -1},
{08, 0.1, 0,-0.1,-03,-0.6,-0.8, -1, -1, -1, -1},
{1 0-01-03-06,-08, -1, -1, -1, -1, -1}}
return fuzzy(fuzzy_table, f1, f2);
}

I

*/

double f1_and_f2_self(double f1, double f2)

*/

{ constdouble fuzzy_table[FUZ_SET_TB_ROWS][FUZ_SETIB_COLS] ={
/I F2\F1
{9999, -1,-0.8,-0.6,-0.4,-0.2, 0, 0.24,00.6, 0.8, 1},
{-1, 1, 1, 1, 1, 1,08, M O, O, O}
{-0.8, 1, 1, 1, 1, 08,06, @® O, 0, 0}
{-0.6, 1, 1, 1, 08,606, 03, @®, O, 0O, 0}
{-0.4, 1, 1, 08, 06, 03, 0.1, @ O, 0, O}
{-0.2, 1,08, 06, 03,01, 0, @ O, 0, O}
{ 0, 08, 06, 0.3, 01, 0, 0, 0Q1;060.3,-0.6,-0.8},
{02, 0, 0, O, O, O, 0,-0.13,060.6,-0.8, -1},
{04, 0, 0, 0, 0, 0,-0.1,-0.36:00.8, -1, -1},
{06, 0, O, O, O, 0,-03,-0680-1, -1, -1},
{08, 0, O O O, 0,-06-08, -1, -1, -1},
{1 0o 0 O O 0-08, -3, -1, -1, -1} }
return fuzzy(fuzzy_table, f1, f2);
}
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11

/I ADUc7042_ADC: Procedure ADC for
ET-BASE ARM ADUc7024
II
void Initial_ADC(void)
/I Power-ON ADC
{ ADCCON = 0x00000000;

/I Reset ADC Config

ADCCON |= 0x00000020;
/I Power-ON ADC Function

Delay(1000);
/I Wait ADC Power-on Ready

ADCCON |= 0x00001400;
/I ADC Clock = fADC/32

ADCCON |= 0x00000300;
/I Acquisition Time
=16 Cycle Clock

ADCCON &= OXFFFFFFE7;
/I ADC = Single-End Mode

ADCCON |= 0x00000004;
/I Continue Software Convert

REFCON = 0x00000001;
/I Used Internal 2.5V Reference

ADCCON |= 0x00000080;
/I ADC Start Conversion

}

float ADC_Read(int channel
float volt;
/I ADC Result Volt
unsigned int val;
/I ADC Result (HEX)
ADCCP = channel;
/I Select Channel to Conversion 0-9
Delay(1000);
/I Wait Select Channel Ready
while (IADCSTA)};
/I Wait ADC Conversion
Complete (Bit0="1")

val = (ADCDAT >> 16)& 0x00000FFF;

/I Shift ADC
Result to Integer
volt = val * (2.50 / 4096.0);
/I Volt = ADC Result x [2.5V / 4095]
return (volt);
}
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I

/I ADUc7042_DAC: Procedure DAC for ET-BASE ARM ADUc7024

I

{

void Initial_DAC(void)

/I Initial DACO
DACOCON &= 0xDF; // DACO Used System Clock
DACOCON |=0x10; // Enable DACO
DACOCON |=0x02; // DAC1 Output Range = +Vref..AGID
REFCON =0x01; /l Used Internal 2.5V Reference

/I Initial DAC1
DAC1CON &= 0xDF; // DACO Used Sysytem Clock
DACI1CON |= 0x10; // Enable DAC1
DACI1CON |=0x02; // DAC1 Output Range = +Vref..AGID
REFCON =0x01; // Used Internal 2.5V Reference
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11

/I SERIAL.C : Initial UART For ET-BASE ARM ADUc70 24

1

#define CR 0x0D /l Enter Code

11
/I Delay Time Function 1-4294967296
II-

void Delay(unsigned long int countl)
while(countl > 0) {countl1--;}
/I Loop Decrease Counter

}
11

/I Initial UART = 9600, N, 8, 1 when Uclk = 41.78 Mz
II-

void Initial_Serial(void)
GP1CON &= OxFFFFFFCC;
/I Reset P1.1 & P1.0 Pin Function
GP1CON |= 0x00000011;
// Setup P1.1 = TXD & P1.0 = RXD

/I Initial UART = 9600BPS
COMCONO = 0x80;

1 Setting DLAB
COMDIVO = 0x88;

/I Setting DIVO and DIV1 to DL calculated
COMDIV1 = 0x00;
COMCONO = 0x07;

/I Clearing DLAB

I

/I Write Character To UART using for scanf commarnd

int putchar(int ch) /I Write character to Serial Port
{ if (ch=="\n")
{ while (1(0x40==(COMSTAO & 0x40))
/I Wait TX Complete

{}
COMTX =CR;
Il Write CR

}
while (1(0x40==(COMSTAO & 0x40)))
/I Wait TX Complete

{}
return (COMTX = ch);

I

/I Read Character From UART using for printf command
I

int getchar (void)
/I Read character from Serial Port

{ while(!(0x01==(COMSTAO & 0x01)))
/I Wait Receive Data Ready

{}
return (COMRX);
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Tsunsulasduuudamsduesdmuniuan
v A dJ a ° = A % U
m3vuinaeuNBIn St umALINAv YUY 3 77

1'% a d d =)
AILDULIDINDIYALAE

v @ 9 @ @ 4 st v @
TﬂilLﬂ‘iﬂJﬂ“ﬁ"?ﬂmUﬁ]ﬂﬂﬁ9]’JLT?N?('I’Hﬁjﬂ’Jﬂﬂllﬂﬁ‘UULﬂﬁﬂﬂﬂ@mﬂiﬁﬂﬂ‘UUWuﬂu 31

Y a s ¢ a Ay Yo o 2 a0 w ¢
AIYDULIDINDIYALAYD Vl\lﬂﬁ‘Ufﬂi‘wﬁlu'l‘lluIﬂfJI‘lJﬁL!ﬂﬁuﬂ']EW“]fﬁ'lW‘i']JllllIﬂiﬂﬂuT‘ﬂiﬁlﬁ'ﬂi

Ed
ARM7 i1wazideadasn 11l
I o

i Tsunsuwsduunsamssiesiinamds lusunsumnadsmitlulanaulnsames ARM7
i Iﬂmnmﬁﬁ%’m%“uﬁﬂmuuuuas’@n@amg’u "ET-BASE ARM ADUc7024"

Il Nuszidsavaivasalulasnaulniaaes Ae

i lalasneulniamasiues  : Analog Device ADUGT024

I arafsyamwRm : 32.768 KHz

i1 aradlunisdszanans : 41.78 MHz (With PLL)

I mi@i‘l@h CD (Clock Divider) : CPU Clock Divider = 0
[[F=====================================ssss=ss=ssss=ss=omas

#include <ADUc7024.h> I @ wsuidanltainu ADUC7024 MPU S3ataas
#include <stdio.h> Il §wsuidanldaudngd printf
#include <math.h> i1 fwsuidanlfnusdamendiaenans

#define EN_DECODE_TB_ROWS 16  // fiwwasneafi Fuzzy Encoder Table $7%42% 16 a2
#define EN_DECODE_TB_COLS 11 // fwwasneafi Fuzzy Encoder Table $713% 11 #an

#define FUZ_SET_TB_ROWS 12 i ﬁwum@hmﬁ Fuzzy Set Table 3113% 12 1012
#define FUZ_SET_TB_COLS 12/ fwwuasnaafi Fuzzy Set Table $1%2% 12 wan
#define Hold_Speed 4.0 Il FUANAIT Hold Speed §M3UISNINT=aLILTIR 4.0 V.
#define Fuzzy_Gain 0.5 /1 SnuadnIf Fuzzy Gain 7¢%314 [0.1 fi3 10.0]

I dmsulsusarweeasinfilaannad
#include "ADUc7042_Srl.c" i1 diwsauwasldsunsuses “mséamsagnsw"
#include "ADUc7042_ADC.c" i1 inswveslusunsudes “miuasuemdanidudinos
#include "ADUc7042_DAC.c" IiRusawsaslusunsuges *msuasdineaiduiowidan”

#include "CM_Fuzzy.c" I WiadwpesldsunIugas “nIUIUNINTG Fuzzy”
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1 =

double Chopping_Machine_Fuzzy(double speed_motor0,double speed_motor1,double
speed_motor2);

/1 Yszmalusunsusias “Chopping Machine Fuzzy”

/I Output: HaMIY9wazldusesn v out Faids

I WSAUERIURINT A B a3a a3

g a

fnput:  snvesdandsidanlinulysunsutend &
I fManusweINeaani 3 aa

[

double sMotor0, sMotor1, sMotor2; 11 dszmadudsimiuifiuianuiivesneinain 3 o
fa

/I Speed Motor_0, Speed Motor_1 1.8z Speed Motor_2
double V_Oper, DAC_Out; 1 J3zmeasulls Operation Voltage §wSuLfLANUSIcUA

I FasmsiiBunafina i @mnsunmsneseyulw

/1% 4.0 Taad) waz@auds DAC Voltage Output

° o o ' R wa o
[ FATUAUALSIa N RINT LA B U B TIaa Tri0

/|===========================osss=ssssmsoses

int main(void)
o 5 A i A &, A
{ Initial_Serial(); /1 GunldsunsudasiNadidnsiass
I ounsuiiu ©9600,n,8,1” tNauA

I maaweadlulasaanlnsamas

Initial_ADC(); Il fasBudwAe mMIrauwassn ADC
Initial_DAC(); Il fasBudwAe MIauuassan DAC
printf(" CM Fuzzy Control \n\0"); /1 waastannudaisudum g
Il
New_Start: /1 Swaanusn: Wadaszuudosliuainasig 3 davhnuisuig

I teuwazimualiBunefinasrineui 80% Tinau
V_Oper = 4.0; Il Twuadn V_Oper tagimslwauai
I wesianud 4 land n3a 80%
DAC_Out = (V_Oper / 2.0) * 4096 / 2.5,  // uilassin V_Oper iiusniiadslu

DAC

/I w1 2 iasandl ADC fgoqﬂﬁ'
I ARM7 ssaanld fa 2.5

I T1ad udmsssmsas

I ﬁmmmgaq@ﬁmw

Il funasinafidu 5 lad
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I Fafimamsenas

I 9ok 4096 Ao f1wed DAC 12 fia

I w13 2.5 fla Auseeugadagise
DACODAT = ((int)DAC_Out)<<16; /1 gl daniiag DAC lugﬂmaqﬁltLHSLLuu

# Bufiefiawiz1e daang

Wait_Start:
sMotor0 = 2.0 * ADC_Read(2); /I §"usin DAC NuaRDIIAR 2 UBZATUEDY

i1 iilesanen DAC g@qﬂﬁdmﬂﬁ 2.5 lad
printf("Wait Start to 1200 rpm \n"); 11 waasdannaiaseliam fmusine fasue

7 wazaamataadu 4 Tadude

80%

Delay(500000); Il kI8N
if (sMotor0>=4.0) goto Wait_Start; 1 lnsdinsamasuanasiolilelwnayly

I sy "Wait_Start” g

while(1) i1 wgdlaifan

{ sMotor0 = 2.0 * ADC_Read(2); // snufAnanu5INaLaas 0 910 DAC Fad 2
sMotor1 = 2.0 * ADC_Read(4); // érusnanuisinaiaas 1 990 DAC Ba4 4
sMotor2 = 2.0 * ADC_Read(6), // énusnanaTiuaiaas 2 390 DAC %89 6
V_Oper = Chopping_Machine_Fuzzy(sMotor0,sMotor1,sMotor2);

I frrensgaInaNNTINeLeeTNI

[EAEN
DAC_Out = (V_Oper / 2.0) * 4096 / 2.5;

11 wilasdn V_oper ilusniiasslw DAC

DACODAT = ((int)DAC_Out)<<16;  // gsenluddunasinadiiadons
printf(" #Vi:%6.4f,%6.4f, %6 .4f",sMotor0,sMotor1,sMotor2);

I/ waaewITdmasanusHnateas o,

1,2
printf(" #V0:%6.4f(%4.2f\n\0",V_Oper,V_Oper/2.0);
11 weass W nsuaoaler
Delay(500000); I A9

A @ a N a @ 4 A o o
1 IﬂiLLﬂiNW‘ﬁ‘DLLUU%@mW‘SWELBGﬁ’lﬂ‘SUﬂ'JUF}JJﬂ’ﬁ“}.l‘lJLﬂﬂE]‘I&NE]L@TE]{‘YIG]ENJ%’]%TIR 38

R ELE R Tl
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I
i

a « s
GWV!@]Z ANULNIVALGDY 0, 1, LAz 2

LNdwa: MuTIauiMIDRIMBunasinasawa 0 to 5 1ad

17

double

AL04

Chopping_Machine_Fuzzy( double speed_motor0,
double speed_motor1,
double speed_motor2 )
double speed_error0 = 0.0; // fwuaaauls Speed_Errord 1ilu 0.0
double error_first0 = 0.0; Il thwuaaaudls Error_Firsto 1w 0.0
double V_Oper = 0.0; Il fnuaaauls V_Oper 14 0.0
double speed_motor_all, control_signal, Vcon:

double a1, a2, speed_error1, error_first1;

speed_motor_all = (speed_motor0 + speed_motor1 + speed_motor2) / 3.0;
speed_error1 = (speed_motor_all - Hold_Speed ) / Hold_Speed;

Il frwamsnaaiadeveusiaes 3 @

i1 fwrmianaiuamesidsinnanund

/I uaweiidesmains Ly (Hold_Speed)

a1 = fuzzy_error(speed_error1), // e a1 9nlUsunIu fuzzy_error
a2 = fuzzy_change_in_error((speed_error1 - speed_error0));

I wien a2 9nlusunsa fuzzy_change_in_error

speed_error0 = speed_error1;  // ﬂfuﬂgdﬁiﬁ speed_error0 fnsuUNIYnusavdaly

error_first1 = f1_and_f2(a1, a2); // w161 error_first! @28n32UIRANTNIWDD

control_signal = f4_and_f2_self(error_first1, (error_first1-error_first0));

' . 'Y o4 a o
I W1e1 control_signal @18NTUIRNNINIINDTLUUIANT TGS

error_first0 = error_first1; /1 31)596n error_first0 dwsumsvhausautialy

Veon = defuzzy(control_signal); // wisnussdudamiuguduiesines andvaduuudans

printf("#DeFz:%7.4f" Vcon): /] L&AIANHANNIANDTS

V_Oper = Hold_Speed - ( Vcon * Fuzzy_Gain / 10.0 );
return V_Oper; /1 wiladn Veon ﬁvLﬁ’Lugﬂm asussslo 0-5 Taadd

g e & € o
1 maﬂ’lﬂmunaimaimam
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=

1/ ============= ===

#define CR 0xOD 1 R3TiaRE ASCIl 283659 Carry Return

il

1 MsunsadapnindiNan s ﬁmu@@hﬁu‘vm 1-4294967296

void Delay(unsigned long int count1)

{  while(count1 > 0) {count1-=} // "u3ad aada3LUsINaNIIIIA

}

I

/I Tnvuadasuea 9600, N, 8, 1 ialdFyanon@m 41.78 MHz
I

void Initial_Serial(void)

{ GP1CON &= OxFFFFFFCC; // fwuanindl P1.1 uaz P1.0 Lﬂuwa*fmay‘mm
GP1CON |= 0x00000011; I $19ue P11 10uan Tx wae P1.0 tiuan Rx

COMCONQO = 0x80; I éj{'l?h DLAB Lﬁaﬁ?“u@aﬂzﬂsquaﬂ 9600
COMDIVO = 0x88;  // @91 DIVO waz DIVA

COMDIVA = 0x00:

COMCONO = 0x07:

It

i wartwdsutayalddiweinaynsy dwiuldnusaniudgs printt
I

int putchar(int ch) i wbar‘f‘tr?mﬁumj”aya"l,ﬂzTowaﬁf@lmi,nm
{if (ch == ")
{ while ((0x40==(COMSTAQ & 0x40})))
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{} /1 seamnimsastayaruy ok
COMTX=CR;  // \isutayasiz ASCII CR
}
while (1(0x40==(COMSTAO & 0x40)))
{} I saauﬂdwmsdﬁagaawiﬂ
return (COMTX = ch);

It

1 Wan e ua’ ayaInwataaynay dmiuldnuiunuas scanf

int getchar (void) Il §wlaynnwenoyniw
{ while(|(0x01==(COMSTAOQ & 0x01))) // s8aunirilimssudayanwainouniy

{}
return (COMRX);

I

/1 lsunsw “ADUC7042_ADC.C”: lilsunsutiasnisvin ADC éwsuvasa ET-BASE ARM ADUG7024
/l==============zz===c====== ========s=s====s=s========

void Initial_ADC(void) i Tsunsudasnmssasnisudulsan ADC
{ ADCCON = 0x00000000: /1 3\Fasn ADC iasuduinnulng

ADCCON |= 0x00000020; i1 e i msldnunsndu ADC
Delay(1000); Il Wik RansmmasenlEwareu ADC
ADCCON |= 0x00001400: I Tmua BANMIFNEINFY I = FADC/32
ADCCON |= 0x00000300; I/ TNUa Acquisition Time = 16 Cycle Clock
ADCCON &= OxFFFFFFE7; // fhwua lwua ADC iilulnua Single-End
ADCCON |= 0x00000004; /1 fhwua 1¥n1sudas ACD wuusatiiasaasaiian
REFCON = 0x00000001; 1 fwua ltussaudradannmeluanie 2.5 Tad
ADCCON |= 0x00000080; /1 5uM3¥inanw ADC
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1 WariFudniuerutayaiin ADC anTesFy g MR
I

float ADC_Read(int channel)

{ float volt; i1 dudsdwsufnduseunamwld (lad)
unsigned int val; 11 dautlsdmsuifiner ADC figwle (HEX)
ADCCP = channel; i1 dmslniian ADC udassnlugasitaan
Delay(1000); I mmnamﬁalﬁmnﬁanﬁaammﬂmauuﬂszﬁ

while (JADCSTA)}; ~ // s0auniimsudas ADC 1a5adu (Bito="1")
val = (ADCDAT>>16)&0x0FFF; // ullasdin ADC fiswldiduduiiiaat 12 da
volt = val * (2.50 / 4096.0), // usaeufiawle = A1 ADC x [2.5V / 4095]
/I fin ADC g9g@ fia 2.5 1aad = 4095
return (volt); I afusssuiisunaulysunsuman

It ==== ================o=ssas

/1 sunsa “ADUC7042_DAC.C™: lilsunsutiannsvin DAC & w3uuasa ET-BASE ARM ADUC7024
i m3enld DAC lanmiasenlUdi33auaas DACODAT n3a DACIDAT
lj====== === =

void Initial_DAC(void)
{ i Tsunsudesmsaasnisudulsanu DACO
DACOCON &= OxDF;  // fnua §3w1993 DACO lfsayanmumnAniIwan
DACOCON |= 0x10// fwua DACO lfiSumsvinau
DACOCON |= 0x02;/ finviua DACO lwinanisutlasann +Vref £9 0 Thad
REFCON = 0x01; / fwua Vref axnmaluden 2.5 1aad

i TswnsudesmssasnGusuldu DACT
DAC1CON &= 0xDF;  // fnua §1993 DACT ldamannumninisman
DAC1CON |= 0x10; // fnwua DACT TWiSumsvinau
DAC1CON |= 0x02;// fhwua DACT lwinamsutasann +Vref 89 0 Taad
REFCON = 0x01; // fwua Vref :nnoluiien 2.5 Tad

/1 TUsunsu “'CM_Fuzzy.C”: 11sunsagasnszuinmsmsvna e sned




145

Calculate Encoder Fuzzy Table. Using this Fuzzy Table for Encode

H_1, Gy H_2; E.g; H_3, C.3; H_4, C_4, H_s, C.5
of -1, 1, -1 o 0o ©0 o0 0 O o, [¢] },//case 1LN
1{ -0.75, 1, -1, T error, o, o, o, o, o, ¢} },/l case 2LN
2{ -0.625 3 1L Y3, -0.75, 0.5, -0.625, X3, -0.5, X3, -0.375  },//case 3LN MN
3{ -o05 X4, 1, Xk, -0.75, 0.5, -0.625,  y4 -0.5, 0.5, 0375 }/lcase 4LN MN
4 { -0.375, 0.5, -0.625, y5, -0.5, 0.5, -0.375, X5, -0.25, X5, -0.125  },//case 5 MN SN
5{ -0.25, x6, -0.625, X6, -0.5, 0.5, -0.375, Y6, -0.25, 0.5, -0.125  },/[case 6 MN SN
6{ -0.125, o5, -0.375, Y7, -0.25, 0.5, -0.125, X7, o, x7, 0.125 },// case 7SN ZO
71 o X8, -0.375, X8, -0.25, 0.5, -0.125, y8, o, 0.5, 0.125 1,1/ case 8SN ZO
8 { 0.125 o5 -0.125, Y9, o, 0.5, 0.125, X9, 0.25, X9, 0.375 }, I/ case 9 ZO SP
9{ o.25 X10, -0.125,  X10, 0, 0.5, 0.125, Y10, 0.25, 0.5, 0.375 }, // case 10 ZO SP
10{ 0.375, 0.5, 0.125, yan, 0.25, 0.5, 0.375, X11, 0.5, x11, 0.625 }, I/ case 11 SP MP
11{ o.5, X12, 0.125, X12, 0.25, 0.5, 0.375, Y12, 0.5, 0.5, 0.625 }, /[ case 12 SP MP
12{ 0.625, 0.5, 0.375, y13, 0.5, 0.5, 0.625, x13, 0.75, X13, q 1, /l case 13 MP LP
13{ 075 X14, 0.375, X144, 0.5, 0.5, 0.625, y14, 075, Y14, i }, Il case 14 MP LP
agd & error, , 1, o ©O0 ©O0 O O O }, I/ case 15 LP
si 1, 3, 1 i o ©0 o0 o0 O O O } /[ case 16 LP
/I @1979N13¥11 Encode Fuzzy
It

double enfuzzy(double error)
{ inti, j, Chk_Case;
double num, den;
double error_tablelEN_DECODE_TB_ROWS][EN_DECODE_TB_COLS] = {
Il error = 99.99, xn= 98.0n yn=97.0n

n

LN

LN

case

case

case

case

case

H1 C.1, H2 C2 H3 C3 H
{ -1, 1, -1, 0, 0, 0,
{-0.75, 1, -1, 1, 99.99, 0
{-0.625, 97.03, -1, 97.03, -0.75,
3LN MN
{ -0.5, 98.04, -1, 98.04, -0.75,
4 LN MN
{-0.375, 0.5,-0.625, 97.05, -0.5,
5 MN SN
{-0.25, 98.06, -0.625, 98.06, -0.5,
6 MN SN

{-0.125,

7SN ZO

0.5, -0.375, 97.07, -0.25,

_4’

0,

.0

05,-0

0.5, -0.

C_4,

0,

0.5, -0.625, 98.03,

0.5, -0.625, 97.04,

0.5, -0.375, 98.05,

.375, 97.06,

125, 98.07,

C_5

0, 0}, /I case 1
) 0, 0}, [/l case 2
-0.5, 98.03, -0.375}, //
-0.5, 05,-0.375}, [/
-0.25, 98.05, -0.125}, //
-0.25, 0.5,-0.125}, /I

0, 98.07, 0.125}, //
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{ 0, 98.08,-0.375, 98.08,
case 8 SN ZO

{0.125, 0.5, -0.125, 97.09,
case 970 SP

{ 0.25, 98.10, -0.125, 98.10,

case 10 ZO SP
{0.375, 0.5, 0.125, 97.11,
// case 11 SP MP
{ 05, 98.12, 0.125, 98.12,
case 12 SP MP
{ 0.625,

case 13 MP LP

0.5, 0.375, 97.13,

{ 0.75, 98.14, 0.375, 98.14,
case 14 MP LP

-0.25,

0.5, -0.125, 97.08, 0,

0.5, 0.125),

0, 0.5, 0.125, 98.09, 0.25, 98.09, 0.375},

0, 05, 0.125, 97.10, 0.25, 0.5, 0.375},
0.25, 0.5, 0.375, 98.11, 0.5, 98.11, 0.625},
0.25, 0.5, 0375, 97.12, 0.5, 0.5, 0.625},
0.5, 0.5, 0.625, 98.13, 0.75, 98.13, 1},
0.5, 05, 0.625, 97.14, 0.75, 97.14, 1},

{ 1 1 1, 0 O 0 0 O

{ 1, 1, 99.99, s
case 15 LP
case 16 LP

for (i=0;i<=EN_DECODE_TB_ROWS

-1;i++)

for (j=0;j<=EN_DECODE_TB_COLS-1;j++)

{ Chk_Case = (int)(100.0 *
switch(Chk_Case)

error_table[i][j]);

{ case 9999 : { error_table[i][j] = error;

case 9803
case 9804
case 9805
case 9806
case 9807
case 9808
case 9809
case 9810
case 9811
case 9812
case 9813
case 9814
case 9703
case 9704

: { error_table[i][j] = 4.0 *
: { error_table[i][j] = 4.0 *
: { error_table[i][j] = 4.0 *
: { error_tableli][j] = 4.0 *
: { error_table[i][j] = 4.0 *
: { error_tableli][j] = 4.0 *
: { error_tablel[i][j] = 4.0 *
: { error_tableli][j] = 4.0 *
: { error_tablel[i][j] = 4.0 *
: { error_table[i][j] = 4.0 *

: { error_table[i][j

0, 0, 0}, I
0, 0, 0}k 1
break;}
(0.75 + error); break;}
fabs(error + 0.5); break;}
(error + 0.5); break;}

fabs(0.25 + error); break;}

1=
: { error_table[i][j] =
: { error_table[i][j] =

101 =

: { error_table[i][j

(0.25 + error); break;}
fabs(error); break;}
(error); break;}
(0.25 - error); break;}
(error - 0.25); break;}
(0.5 - error); break;}
4.0 * (error - 0.25); break;}
4.0 * (0.75 - error); break;}
4.0 * fabs(error + 0.5); break;}

4.0 * (0.75 + error);

break;}

Il
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case 9705 : { error_table[i][j] = 4.0 * fabs(0.25 + error); break;}
case 9706 : { error_table[i][jl = 4.0 * (error + 0.5); break;}
case 9707 : { error_table[i][j] = 4.0 * fabs(error); break;}

case 9708 : { error_table[i][j] = 4.0 * (0.25 + error); break;}
case 9709 : { error_tablefi][j] = 4.0 * (0.25 - error); break;}
case 9710 : { error_table[i][j] = 4.0 * (error); break;}

case 9711 : { error_table[i][j] = 4.0 * (0.5 - error); break;}
case 9712 : { error_table[i]{j] = 4.0 * (error - 0.25), break;}
case 9713 : { error_table[i][jl = 4.0 * (0.75 - error); break;}
case 9714 : { error_tablefi][jl = 4.0 * (error - 0.5); break;}

1
/I===Look Table For Print out Test Decode Fuzzzy Table ===
/1 printf("imin\n Look Table For Print out Test Decode fuzzzy Table ");
i/ for (i=0;i<=EN_DECODE_TB_ROWS-1;i++)
i { printf("nRow %d >",i);

i for (j=0;j<=EN_DECODE_TB_COLS-1;j++)
1 printf("%7.3f," error_tablel[i][j]);
I/

if (error<error_table[0][0])

{ i=0
}
else if (error >= error_table[EN_DECODE_TB_ROWS-1][0})
{ i=EN_DECODE_TB_ROWS-1;
!
else

{ for (i=1; i<EN_DECODE_TB_ROWS-1; i++)
{ if ((error_table[i-1][0]<=error)&&(error<error_table[i][0]))

break;

/I Calculate F when F = Num/Den

/'’ Num=(H1*C_1)+(H2*C2)+(H_3*C 3)+(H 4*C 4)+(H 5*C_5)
/I' Den= (H_1+H_2+H3+H_4+H_5)
num = 0;

den = 0;
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for (j=1;'j<EN_DECODE_TB_COLS-1; j+=2)
{ num += (error_table[i][j] * error_tableli][j+1]);

den += error_tablel[i][j];

return (num / den);

}

I "

double defuzzy(double cs)
{ inti,j, Chk_Case;
double num, den;
double cs_table[EN_DECODE_TB_ROWS][EN_DECODE_TB_COLS] = {
/I cs = 99.99, xn= 98.0n yn=97.0n
/I Hecon_1, Ccon_1, Hcon_2, Ccon_2, Hcon_3, Ccon_3, Hcon_4, Ccon_4,
Ccon_5, Ccon_5
{ -1, 1, -1, 0, 0, 0, 0, 0, 0, 0, 0},
case 1LN
{-0.75, 1, -1, 1, 99.99, 0, 0, 0, 0, 0, 0},
case 2 LN

I

I

{-0.625, 97.03, -1, 97.03, -0.75, 05, -0.625, 98.03, -0.5, 98.03, -0.375},//

case 3LN MN

{ -0.5, 98.04, -1, 98.04, -0.75, 0.5, -0.625, 97.04, -0.5, 0.5, -0.375}, //

case 4 LN MN

{-0.375, 05, -0.625, 97.05, -0.5, 0.5, -0.375, 98.05, -0.25, 98.05, -0.125},//

case 5 MN SN

{-0.25, 98.06, -0.625, 98.06, -0.5, 0.5, -0.375, 97.06, -0.25, 0.5, -0.125}, //

case 6 MN SN
{-0.125, 0.5
case 7 SN ZO

-0.375, 97.07, -0.25, 0.5, -0.125, 98.07, 0, 98.07, 0.125}, //

{ 0, 9808, -0.375, 98.08, -0.25, 0.5, -0.125, 97.08, 0, 05, 0.125}, [/

case 8 SN ZO

{0.125, 0.5, -0.125, 97.09, 0, 0.5, 0.125, 98.09, 0.25, 98.09, 0.375}, //

case 9 Z0O SP

{ 0.25, 98.10, -0.125, 98.10, 0,05, 0.125, 97.10, 0.25, 0.5, 0.375}, //

case 10 ZO SP

{0375, 05, 0.125, 97.11, 0.25,0.5, 0.375 9811, 0.5, 98.11, 0625}, //

case 11 SP MP
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{ 05, 98.12, 0.125, 98.12, 0.25,0.5,
case 12 SP MP

{0625, 0.5, 0.375 97.13, 0.5,0.5,
case 13 MP LP

0.375, 9712, 05, 05, 0625}, /

0.625, 98.13, 0.75, 98.13, 13,

{ 0.75, 98.14, 0.375, 98.14, 0.5,0.5, 0.625 97.14, 0.75, 97.14, 13,
case 14 MP LP

{ 1, 1, 99.99, 1 1 0, 0, 0, 0, 0, 0y, [/
case 15 LP

{ 1, 1, 1, 0, 0, 0, 0, 0, 0, 0, oyy 1
case 16 LP

for (i=0;i<=EN_DECODE_TB_ROWS-1;i++)
for (j=0;j<=EN_DECODE_TB_COLS-1;j++)
{Chk_Case = (int)(100*cs_table[i][j]);
switch(Chk_Case)
{ case 9999 : { cs_tableli][j] = cs; break; }

case 9803 : { cs_table[i][j] = 4.0 * (0.75 + cs); break; }
case 9703 : { cs_table[i][j] = 4.0 * fabs(cs + 0.5); break; }
case 9804 : { cs_table[i][j] = 4.0 * fabs(cs + 0.5); break; }
case 9704 : { cs_table[i][jl = 4.0 * (0.75 + cs); break; }
case 9805 : { cs_table[i][j] = 4.0 * (cs + 0.5); break; }
case 9705 : { cs_table[i][j] = 4.0 * fabs(0.25 + cs); break; }
case 9806 : { cs_table[i][j] = 4.0 * fabs(0.25 + cs); break; }
case 9706 : { cs_table[i][j] = 4.0 * (cs + 0.5);  break; }
case 9807 : { cs_table[i][j] = 4.0 * (0.25 + cs); break; }
case 9707 : { cs_table[i][j] = 4.0 * fabs(cs); break; }
case 9808 : { cs_table[i][j] = 4.0 * fabs(cs); break; }
case 9708 : { cs_table[i][j] = 4.0 * (0.25 + cs); break; }
case 9809 : { cs_tablel[i][j] = 4.0 * cs; break; }

case 9709 : { cs_table[i][j] = 4.0 * (0.25 - cs); break; }
case 9810 : { cs_table[i][j] = 4.0 * (0.25 - cs); break; }

case 9710 : { cs_table[i][j] = 4.0 * cs; break; }

case 9811 : { cs_table[i][j] = 4.0 * (cs - 0.25); break; }
case 9711 : { cs_table[i][j] = 4.0 * (0.5 - cs); break; }
case 9812 : { cs_table[i][j] = 4.0 * (0.5 - cs); break; }
case 9712 : { cs_table[i][j] = 4.0 * (cs - 0.25); break; }
case 9813 : { cs_tablel[i][j] = 4.0 * (cs - 0.5); break; }

case 9713 : { cs_table[i][j] = 4.0 * (0.75 - cs); break; }
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case 9814 : { cs_table[i][j] = 4.0 * (0.75 - cs); break; }
case 9714 : { cs_table[i][j] = 4.0 * (cs - 0.5); break; }
} }
/I===Look Table For Print out Test Encode Fuzzzy Table ===
/I printf("\n\n\n Look Table For Print out Test Encode fuzzzy Table ");
Il for (i=0;i<=EN_DECODE_TB_ROWS-1;i++)
/I { printf("\nRow %d >",i);

I for (j=0;j<=EN_DECODE_TB_COLS-1;j++)
I printf("%7.3f,",cs_table[il[]);
0oy

if (cs < cs_table[0][0])

{ i=0;
}
else if (cs >= cs_table[EN_DECODE_TB_ROWS-1][0])
{ i=EN_DECODE_TB_ROWS-1;
}
else

{ for (i=1; i<EN_DECODE_TB_ROWS-1; i++)
{ if ((cs_table[i-1][0] <= cs) && (cs < cs_table[i][0]))

break;

/I Calculate Fcon when Fcon = Num/Den

/' Num = (Hcon_1 * Ccon_1) + (Hcon_2 * Ccon_2) + (Hcon_3 * Ccon_3)

1 + (Hcon_4 * Ccon_4) + (Hcon_5 * Ccon_5)

/I Den = (Hcon_1 + Hcon_2 + Hcon_3 + Hcon_4 + Hcon_5);
num = 0;
den = 0;
for (j=1; j < EN_DECODE_TB_COLS-1; j += 2)

{ num += (cs_table[i][j] * cs_table[i][j+1]);

den += cs_tableli][j];

}

return (num / den);

}

*/
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double fuzzy_error(double error)
{ return enfuzzy(error) * 10.0;

}

I o

double fuzzy_change_in_error(double error)

{ return enfuzzy(error) * 100.0;

}

Il */
double fuzzy( const double fuzzy table[FUZ_SET_TB_ROWS][FUZ_SET_TB_COLS],
double 1, double 2)
{ inti,j;

double lower, upper;

/1 printf("\n\n\n Print Test Data in Fuzzy Table ");
/I for (i=0;i<=FUZ_SET_TB_ROWS-1;i++)
/I { printf("nRow %d >",i);

1 for (j=0;j<=FUZ_SET_TB_COLS-1;j++)

I printf("%7.3f," fuzzy_table[i][j]);

I}

/l===== check 2 =====
if (f2 <= ((fuzzy_table[1][0] + fuzzy_table[2][0]) / 2.0))
{ i=1
}

else if (12 > ((fuzzy_table[FUZ_SET_TB_ROWS-1][0] + fuzzy_table[FUZ_SET TB_ROWS-
2][0]) / 2.0))

{ 1=FUZ_SET_TB_ROWS-1;
}
else
{ for(i=2;i<FUZ_SET_TB_ROWS-1; i++)
{ lower = (fuzzy_table[i][0] + fuzzy_table[i-1][0]) / 2.0;
upper = (fuzzy_tableli][0] + fuzzy_table[i+1][0]) / 2.0;
if ((lower < f2) && (f2 <= upper))

break;
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if (f1 <= ((fuzzy_table[0][1] + fuzzy_table[0][2]) / 2.0))
£ i=1
)

else if (f1 > ((fuzzy_table[0][FUZ_SET_TB_COLS-1] + fuzzy_table[0][FUZ_SET_TB_COLS-2]) /
2.0))

{ j=FUZ_SET_TB_COLS-1;
}

else
{ for(=2;j<FUZ_SET_TB_COLS-1; j++)
{ lower = (fuzzy_table[0][j] + fuzzy_table[0][j-1]) / 2.0;
upper = (fuzzy_table[0][j] + fuzzy_table[0][j+1]) / 2.0;
if ((lower < f1) && (f1 <= upper))

break;

return fuzzy_tableli][j];

}

I

*
double f1_and_f2(double f1, double 2)
{ constdouble fuzzy_table[FUZ_SET_TB_ROWS][FUZ_SET_TB_COLS] = {
/I F2\F1
{9999, -1,-0.8,-0.6,-0.4,-0.2, 0, 0.2, 0.4, 0.6, 0.8, 1},
{1, 1, 1, 1, 1, 1, 1,08, 06, 0.3, 0.1, 0},
{08, 1, 1, 1, 1, 1,08, 06, 0.3, 0.1, 0,-0.1},
{06, 1, 1, 1, 1,08, 06, 0.3, 01, 0,-0.1,-0.3},
{-0.4, 1, 1, 1,608, 06, 0.3, 0.1, 0,-0.1,-0.3, -0.6},
{02, 1, 1, 08, 06, 0.3, 0.1, 0,-0.1,-0.3,-0.6, -0.8},
{ 0 1,08, 06, 0.3, 01, 0,-0.1,-0.3,-0.6,-0.8, -1},
{02, 0.8, 06, 03, 0.1, 0,-0.1,-0.3,-0.6,-0.8, -1, -1},
{04, 06, 03, 0.1, 0,-0.1,-0.3,-06,-0.8, -1, -1, -1},
{06, 03, 01, 0,-0.1,-0.3,-0.6,-0.8, -1, -1, -1, -1},
{08, 0.1, 0,-0.1,-03,-0.6,-0.8, -1, -1, -1, -1, -1},
{1, 0-01-03 -06-08 -1, -1, -1, -1, -1, -1}};
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return fuzzy(fuzzy_table, 1, f2);
}

I *|

double f1_and_f2_self(double f1, double 2)
{ const double fuzzy table[FUZ_SET_TB_ROWS][FUZ_SET TB_COLS] = {
/I F2\F1
{9999, -1,-0.8,-06,-04,-02, 0, 0.2, 0.4, 0.6, 0.8, 1},
{-1, 1, 1, 1, 1, 1,08, 0 0, 0, 0, 0}
{08, 1, 1, 1, 1,08 06, 0, 0, 0, O, 0}
{06, 1, 1, 1,08, 06, 03 O, 0 0 0 0}

{04, 1, 1, 08, 06, 03, 0.1, 0, 0, 0, 0, O},
{02, 1, 08, 06, 03, 0.1, 0, O, O, O, O, O}
{ 0, 08, 06, 03, 04, 0, O, 0,-0.1,-0.3,-0.6,-0.8},
{02, 0, 0, 0, 0, O, 0,-01,-03,-086,-08, -1},
{04, 0 0 O O 0-01,-03-06-08 -1, -1},
{o6, 0, 0, O O, 0,-03-06-08 -1, -1, -1},
{08, o0 o0 O O 0,-06-08, -1, -1, -1, -1},
{1, 0 0 0 0 0-08 -1, -1, -1, -1, -1}

return fuzzy(fuzzy_table, f1, f2);
}
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abstract:- The development of state-space models for multiple single-phase induction motors in
parallel connection is described in this paper. We present the models in general form based on the dqg-
frame principle. The set of motors is assumed to have a single inverter source. Also, simulation results

on four drive conditions are discussed

Keywords: single-phase induction motor, parallel connection, modelling.

1. Introduction

Most industries in developing countries are based on
agriculture. Unlike other heavy industries, agricultural
industries require small size machines in production
plants. In this fashion, three-phase induction motors are
not suitable because they are usually over rating.
Increasingly, many processes and office-used appliances
are determined to employ simple and cheap single-phase
motors. In some industries such as starch powder, textile,
food processing, etc, a hundred of single-phase induction
motors are installed to serve loads. In practice, use of one
inverter to supply one motor is costly and also inefficient.
To reduce cost, parallel connection of multiple single-
phase induction motors fed by a single inverter is
alternative due to its simplicity and cheapness. Therefore,
improvement of efficient operation for a parallel-
connected, multiple single-phase induction motor drive is
vital to give loss minimization and minimum operating
cost.

In this paper, we attempt to develop a mathematical
model for multiple single-phase induction motors in
parallel connection as described in state-space form. This
modeling is based on the two-axis dq frame theory which
plays an essential role for high-efficient induction motor
drive technology. The analyses appeared in this paper
consist of four main parts that are: i) single-phase
induction motor model in stationary reference  ii)
modeling of multiple single-phase induction motors in
parallel connection iii) simulation results conducted by
four loading scenarios and iv) conclusion.

2. Single-Phase Induction Motor Model in Stationary
Reference

A single-phase induction motor is considered to
have stator, and rotor windings. As shown in figure 1, the

stator winding composes of the main, and the auxiliary
windings [9]. To develop the motor models, the motor
itself can be considered as a two-phase or two-axis
device. In terms of two axes, the d — and the q — axes are
perpendicular. The development of the motor state
models utilizes the dq-frame principle, and the reference
frame theory [7]. The later theory allows the
transformation of rotor variables to the stator side.

Induction Motor

T Vds

Auxiliary

Fig.] Winding composition of a single-phase induction
motor.

The diagram in figure 2 reveals the orientation of the
motor windings. In the figure, the subscript gs denotes
any quantities belonging to the stator main winding (the
stator g-axis winding), ds denotes those belonging to the
stator auxiliary winding (the stator d-axis winding), qr
and dr represent the same but for the rotor windings in the
q- and the d-axes, respectively. In the same figure, the
characters ¥, [ and N denote voltage, current and turns of
the windings, respectively.
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qs—?x}s
1

Ngs ¢ Vgs

Fig. 2 Orientation of the stator and the rotor windings.

The qr and gs axes have the phase difference of 9]

Based on the winding orientation as described, one can
write the equation (1) in which the superscripts s , and r
denote the stator, and the rotor sides, respectively.

Vo _ cos®, sind, |V, M
4 -sind, cosé, |V,
or in a compact form of

~r

gl e

SS
xr

3)

Where 3, denotes any quantities transformed from the
rotor side to the stator side
3!, denotes any quantities on the rotor side
[k] denotes the transformation matrix, i.e.

, [ cosd  sin 9,}
Lk} = ;

—sind, cosd,

The following subsections present the development of the
motor state models for the stator and the rotor,
respectively.

The Stator

The voltages on the stator part can be simply
expressed by

V=t d ol Dl Lq.\z/\'pitl.\' +
L. pi,+ L. .pi,
Vie =Vada Ly Dl + Ly Pl +

LL/W-Pl[,r + Ly, piy,

d
in which p denotes — . The above expressions can be
dt

rearranged in the matrix form as in (4).

v: Yo ¥l Plyy |

gs

= s
Vo le/sq\» Yoo + DLy i
-
Lqu/r qu/r Iy
p I L oo (4)
dsqr gsqr || Lar
The Rotor

Due to the rotor symmetricity, the winding turns on
the d- and the g-axes are equal. Their resistances are-also
equal, i.e. 7, =7, =7 . The voltages on the rotor part
can be simply expressed by

“——_ ;
Vo =¥yl + L, pi, +
LqSA\ Py, E Lqrq.\'plq: £ Lqmix pld.x
e 2 .
Vi =Tl + Ly DIy +
Ly Dig + Ldrq.vp [ LDy
or in the matrix form of
V:;, | T *: qurqr qurdr i

qr

V., p Ldn,r Tyt PLyy || 1,
Lis Lis | T3,
P ©)
Ldrqr Ldnh Ly

By transferring all quantities to the stator referent frame,
the state-space matrix representing one single-phase
induction motor can be summarized as shown in equation

6)

—lil=[4][)+[B][v] ©®
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7 0

€] 0 s
-o,L,,sinb, -olL,, cost,
-o,L,, c0s6, -oL,, cosb,

-o,L,. sinf  -ol, cosf

rmgs r rmgs

0Ly €050, ~0,L,,cos0,
r, 0
0 ,
And
D)=
L,(F +L. 0 L,,cos6,  -L, sin6,
0 (L,qv L)@, de, sinf,  ,L,, cos6,
L,,cos0, L, sin6, (L,, i ) 0
Ly sing, - cos6, 0 (L +Lyg,)
N ,, = main winding turns,
N, = auxiliary winding turns, and
N, =N, =N, = rotor winding turns.
. N, o o Do
Vi =5V, ’ Iy =
Ny Ny
L,=NeP , Ly=GEYN P =L,
ds
. N, o il
Ly =(CEY Ly s T =(Z0) 7y
Ids ( Nd.‘) Ids ds Ndx s

, N
L, = (i)z L/r >

. N
ro= (=)
N, 4 (N,,) 3

. N, . N, .
V=—LVs | V==LV,

qr qr
N, N,
i = N, s WL T
qr qr Z dr — dr
Nq.v qu

(remarks: “'” indicates the transformed quantities to the
reference q-axis of the stator.) Furthermore, the cross
inductances can be replaced by the magnetic inductances
using the following relations [9]

Ly =Ly + N{,\PL > Lyg =Ly + NP,

954 lys aste
L, .=N,N,P > Ly =N,N,P,
Ly, =NiN,P, s Ly =NGN,P,
L, =L,+ N[/,P s Lyy =L, + N 7

Considering the rotor motion, its mechanical model is
expressed by [8]

do, _ o B,0,(1)
dt J, Lo 2J, o J

m m

where T, denotes electromagnetic torque, i.e.

T, :(g)j‘"w\ i, (i, sing, ~i, cosd,)+

Ly is(=i,, €086, —i,, sin6,)

and d’ =@, This model can be rewritten in a state
{4
form as =
B B s T
& |7 l+27, [B-n] @
dgr m 9 m
1 orL"r 0
dt

Combining the electrical and the mechanical state models
results in the equation (7) representing a single-phase
induction motor.

My [, 0
ddt : Mm
w, |_
Z 0 ;Jﬁ o [
a6, _ 0,
@ : 1 0
LI 0
: Vv
L ]
0 - 0 e L
20 0
1 0
in which

u

o =liw i B i)
%], {4HeT €]
[¥],{BHPT

3. Modelling of Multiple (n) Parallel Connected
Motors

Fig. 3 represents a grou]p of n-parallel connected
motors. The model for the k™ motor can be expressed
explicitly as equation (8) with sub-script k. Let [Ay] and
[®] be state and input vectors of the k" motor,
accordingly. The collective matrix equation representing
the group of n-parallel connected motors can be written as
equation (9).
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Induction Motor

iq\',k V,,_\ %
’lm k V.L/\-,k
Supply i gk and V'
A=l = gk
[ A] Lark [®k] VVL/; *
D L=
0,4 0
Fig. 3 Schematic diagram of two-motor group.
Equation (11)
[/\l ] [ml]m [0]4x4 [0]4x4 G [0]4;;4 [A, ]
d [Az] [0]4x4 [m2]4x4 [0]4)(4 [0]4x4 [Az]
118 | O C = W W 1S I
[A” ]J [0]4;;4 [0]4x4 [0]4xA [mn]AXA [A"]
s [N1]4x4 [0]4)(4 [0]4x4 [0]414 [G)l]
[0]4x4 [N2]4x4 [0]4x4 o [0]4x4 [®z ]
L. [l sl @ DBl |©)]
[0]4x4 [0]4)(4 [0]4):4 v [Nn]zm [®r1]
Tablel steady-state performances of each test case
Case 1 Case 2 Case 3 Case 4
M| M2 | M3 ML | M2 | M3 ML [ M2 [ M3 Ml [ M2 | M3
Supply Current (A) 25.44 17.48 3242 22.07
Motor Current (A) 8.48 8.48 8.48 8.48 4.85 4.15 8.48 10.09 13.85 8.48 591 7.68
Motor Speed (rpm) 1402 1402 1402 1402 1450 1461 1402 1408 1370 1402 1452 1455
Load Torque (N.m) 14.27 1427 14.27 14.27 7.78 6.14 14.27 14.46 17.74 14.27 9.33 8.62

Motor 1: Parameter set 1, Load 1
Motor 2: Parameter set 2, Load 1
Motor 3: Parameter set 3, Load 1

4. Simulation Results

To verify effectiveness, correction and accuracy of
the developed model, four test-case scenarios were
assigned in which three motors connected in parallel
form the test bed. The four test cases are detailed as
follows.

are equal.
Motor 1: Parameter set 1, Load 1
Motor 2: Parameter set 2, Load 2

Case 1: all test motors are technically the same in Motor 3: Parameter set 3, Load 3

both motor parameters and motor loads.
Motor 1: Parameter set 1, Load 1
Motor 2: Parameter set 1, Load 1

Motor parameter and loads are listed below [11-13].
Parameter set 1:

Motor 3: Parameter set 1, Load 1 Poles = 4,}‘(,,\ =43Q,r, =2.6Q,7, =2.01Q,
Case 2: parameters of each test motor are equal, but _ _ -
each motor shares a different portion of load. Ly = 1080, 1, <1860, L, = 10190,

Motor 1: Parameter set 1, Load 1 L, =18Q, ] =0.0546Kgm’, B, =0.0002

Motor 2: Parameter set 1, Load 2

Motor 3: Parameter set 1, Load 3
Case 3: load of each test motor is equal, while their
parameters are different.

Case 4: neither parameters nor load of the motors
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Parameter set 2:
Poles =4,r,, =1.3Q,r, =2.6Q,7, =2.01Q,

2 lgs

L, =105Q,1, =2.8Q, L, =2.01Q,

qs
L, =280, j=0.0546Kgm’, B, = 0.0002
Parameter set 3:
Poles =4,r, =32Q,r, =72Q,r, =2Q,

> s

Loy =5497Q,L, =32Q,L, =3.61Q,
Ly, =2.09Q, j = 0.0546 Kgm *, B, = 0.0002

Load torque 1: 1.8x10™* o, N.m
Load torque 2: 9.5x10°° o2 N.m
Load torque 3: 7.5%10° m,2 N.m

The simulation for each test case was conducted
by applying a 220-V, 50-Hz sinusoidal voltage source to

energize the motor group.

To briefly present the test results, steady-state
value of some key characteristics for each motor and for
the entire group is summarized in table 1. In addition,
relevant responses in time domain of the fourth case are

selected and shown in fig.4-9.
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As can be seen, the simulations resulting from the four
test cases reveal electromechanical characteristics for all
motors of the group. By the method proposed in this
paper, several motors connected in parallel can be
analyzed, numerically. This model is simple but efficient
to be included into a simulation algorithm of a high-
performance drive, particularly in a parallel operation of
multiple single-phase induction motors. Obviously, in
order to reduce model complexity, some can benefits
significantly from this model.

5. Conclusion

The development of the state models for multiple single-
phase induction motors in parallel connection has been
explained with simulation results presented. The model
in general form is useful for practical consideration
under various load and drive conditions. Our further
research is to develop sensorless drive technology on the
basis of the results presented herein.

A mathematical model in this paper is direct
and simple. Although the system matrix resulting from
this model is sizable, it is remarkably sparse. With the
help from MATLARB latest version, solutions of the time
series state equations representing the motor group are
easily obtained.
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Abstract: - This article presents the design of a fuzzy controller for a drive system. The drive consists of three single-
phase induction motors (fractional hp) in parallel connection, and fed by a single PWM inverter. The fuzzy controller
is self-organizing and capable of dealing with high torque disturbances. Simulation results are presented.

Key-Words: - single-phase, induction motor, parallel connection, fuzzy control, self-organizing.

1 Introduction

Parallel induction motor drive has been known for many
years in heavy industries such as railways [1], etc. The
drive technology for those applications is complicated
and costly. Small-and-medium enterprises (SMEs), such
as agricultural and food industries, etc., can benefit from
the idea but with less complicated and inexpensive
technology. Single-phase (10) fractional hp induction
motors are still champion among other types of motors
for SMEs in developing countries. Researchers studied
dynamic of multiple 10 induction motors in parallel
connection[2]. They also presented the detailed
mathematical models. The present article explains a
further work in which a control design has been
formulated. Section 2 of this article briefly reviews the
models of parallelly connected 10 induction motors.
Section 3 presents our fuzzy control design for a small
power parallel drive scheme. Simulation results and
conclusions can be found in Sections 4 and 5,
respectively.

2  Models of Single-Phase Induction
Motors in Parallel Connection

Fig. 1 depicts the diagram of parallelly connected
induction motors driven by one inverter. Formulation of
the motor models is based on the dq-frame principle
[3,4]. Equation(1) describes the motion of a motor [5].
Combining the equation (1) and the state-variable model

do g

L B P

aF === 0P| e ()
do, |~ o ]:9 }' 2J, 1 =13

o 1 0" 0

of an induction motor results in equation (2) that
describes the electrical and mechanical dynamics of an

do,
o % = 4
dt 0 - Jm 0 ’V(Ué
do, L
at 1 0
[N}JA% o 0 'S
P o Vi @)
P -1,
0 0
2J, 0
1o

induction motor. The model can be expressed for n
parallelly connected motors as in equation (3). For full
detailed development of the models and notation list,
readers should refer to the reference [2].

Inverter

Vgs.n

Induction Motor | Induction Motor 2 Induction Motor n

Fig. 1 Schematic diagram of 10  induction motors
parallelly connected and driven by a single inverter.
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3 Fuzzy Control Design
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Fig. 2 Parallel 10 induction motors drive with a self
-organizing fuzzy controller.

Referring to Fig. 2, we are now considering a drive
system consisting of three 19 induction motors in
parallel connection fed by one PWM inverter under a
constant v/f scheme[8,9,10]. The average speed ( Uact )
is fed back to compare with the reference command
(Uref ).The feedback controller is a fuzzy logic one
which issues a command to control the switching pattern
of the inverter. The physical controller is based on a

DSP with 10 bit A/D converters at 500k samples/sec.
Our fuzzy controller contains several simple fuzzy rules
of the form “if x; and x, then y”. Inference of the rules
applies the well-known center of gravity method of
defuzzification[11,12]. We apply the triangular
membership grades for all fuzzy variables which are
speed errors (e ), change in speed errors ( Ae ), change
in control (Au ), and change in the center of membership
grade for output (Ac). The membership grades are
shown in Fig. 3 in which XN = extremely large
negative, VN = very large negative, LN = large
negative, MN = medium negative, SN = small negative,
ZO = about zero, SP = small positive, MP = medium
positive, LP = large positive,VP = very large positive,
and XP = extremely large positive. Our fuzzy controller
is a self-organizing one[6, 7]. It has two components
namely direct control, and adaptive function as shown
by the diagram in Fig. 2. Later in this article, it is
illustrated that without the adaptive function the control
system cannot properly deal with a large torque
disturbance.

membership grades

-10 -08 -06 -04 -02 0 02 04

06 08 10
universe of discourse

Fig. 3 Membership grades for fuzzy variables.

Since the controller possesses two components, the
direct control employs fuzzy rules of the form

if [e(k) is E; ] and [Ae(k) is E j] then [Au(k) is U n(ij) 1,
and the adaptive function contains rules of the from
iffe)isE;] and [Ae(k) is Ej 1then [Ac(k) is Cm(i,j) ].

Referring to the rules, the symbols E;, E;, U,, and Cy
stand for the fuzzy descriptions of speed errors, change
in speed errors, change in control, and change in center
of membership grades, respectively. Rule firing of the
direct control results in

Z[(uE;i NuE{) AU, j)]
= 1"]
BT s i)
i.j
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Since the adaptive function provides an adjustment to
the operation of the direct control, firing an adaptive rule
can be viewed as updating the change in control Au as
follows

ZIME MUEHAC K, j))
_ ij
Unid) T Vni T s ;)
i

Both components of the fuzzy controller contains rules
as summarized by the Tables 1 and 2, respectively.

Table 1 Fuzzy rules: Direct control.

change in etrors

XN | VN| LN|MN| SN SP |MP | LP | VP | XP

XN| XP | XP|XP | XP | XP | XP | VP | LP |MP | SP | ZO

Lp |[MP | SP |ZO | SN

LN | XP | XP|XP | XP | VP | Lp |MP | SP | ZO | SN |MN

MN| XP | XP|XP | VP | Lp [MP | SP |20 | SN |MN| LN

SN|XP | XP| VP |Lp |[MP|SP|ZO | SN|MN| LN| VN

errors

ZO | XP | VP | Lp |[MP | SP |ZO | SN|MN| LN|VN|XN

SP | VP | LP |[MP | SP |ZO | SN |MN| LN| VN | XN | XN

MP | LP |[MP | SP | ZO | SN|MN| LN | VN|XN | XN|XN

LP [MP | SP | ZO | SN|MN| LN| VN | XN | XN| XN | XN

VP | SP [ZO| SN|MN| LN|VN | XN | XN | XN | XN | XN

XN | XN

XP | ZO | SN|MN| LN | VN | XN

XN‘XN XN

Table 2 Fuzzy rules: Adaptive function.

change in errors

XN VNlLN‘MN

XP[XP XP|VP|ZO| ZO|Z0 | ZO| ZO

SN|ZO | SP|MP| LP | VP | XP

XN| XP | XP

VN|xp | xp|xp|XP|VP|p|Z0O|ZzO|z0|Zz0|zO

LN |XP | XP|XP| VP | LP|MP|ZO|ZO|ZO |ZO| ZO

MN| XP | XP| VP |LP |MP| SP|ZO|ZO|ZO0 | ZO| ZO

SN|XP| VP |Lp|MP|SP|z0| 20|20 |Z0 | 20| O

errors

ZO |VP | LP [MP | SP | ZO|ZO | ZO| SN|MN| LN | VN

SP |ZO|ZO | ZO|ZO | ZO | ZO | SN |[MN | LN | VN | XN

MP | ZO | ZO | ZO| ZO | ZO | SN|[MN | LN | VN |XN | XN

LP |20 |Z0| ZO|ZO [ZO |MN| LN

VP |ZO|Z0 | ZO|ZO |ZO | LN|VN

| 8 i | pms &l o (S50 [ 80

VN | XN | XN | XN

XN | XN|XN | XN

4 Simulation Results
Firstly, simulation results of one motor at no-load are

illustrated in Fig. 4. Without any controller, the motor
runs upto the rated speed of 1.450 rpm. The motor
follows the speed commands nicely (800, 1000, 1200
and 1300 rpm) with our self-organizing fuzzy controller.
The results are shown for only one motor because the
others behave similarly. Secondly, we show the results
when the motors are disturbed intervally by an external
load-torque of 20 Nm as seen from Fig. 5. It can be
noticed that the self-organizing controller performs
much better than the direct control does in terms of fast

Motor speed at input voltage =220 V

1600
uncontrolled motor speed at rated 1450 rpm
4004 ! s,
1400 { self- organizing fuzzy controller motor speed 1300 rpm
§ Ll - G sl ) ey
’! self- organizing fuzzy controller motor speed 1200 rpm
1200 fiy . SR R S
self- organizing fuzzy controller motor speed 1000 rpm
L L L A P AR AR AL TR et i
%_ i self- organizing fuzzy controller motor speed 800 rpm
S R A T i
H
)
600+
400 &
200
0
0 1 1 K 4 5 6 1 8 9 10
Time(sec)

Fig. 4 Speed responses of one motor at no-load (self-
organizing fuzzy controller).
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Fig. 5 Speed responses of one motor at intervally loaded
(20 Nm).
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response, steady-state speed, speed regulation, and
recovery from disturbances. Thirdly, we consider a more
realistic case of having a crop chopping machine (see
Fig. 7) to be installed with the motors and the
controllers. In this case, realistic load-torque
disturbances to each motor are summarized by Table 3.
Fig. 6 illustrates the results of motors’ speed responses.
It can be observed that the self-organizing controller
produces better responses than the direct control does for
all cases. Fig. 8 illustrates the motor currents. Table 4
summarizes the results, and particularly indicates the
benefit of our self-organizing fuzzy controller which can
confine the speed errors within +3% better than the
required specifications.

Table 3. External torque intervally disturbs each motor.

Time(sec) Motor Nol Motor No2 Motor No3
1.0-1.7 6 Nm 3 Nm 1.5 Nm
2.0-2.7 6 Nm 3 Nm 1.5 Nm

Table 4. Summary of steady-state speeds and % speed-
errors of each motor(required speed: 1,200 rpm,£5%).

Direct fuzzy Self-organizing
motor controller fuzzy controller
Average | %error | Average | %error
speed(rpm) speed(rpm)
No.1 1151 -4.08 1170 -2.50
No.2 1170 -2.50 1187 -1.08
No.3 1194 -0.50 1201 +0.08

Fig. 7 Crop chopping machine.
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Fig. 8 Waveforms of motor currents.

5 Conclusion

We have reported the development of a self-organizing
fuzzy controller for a drive system having three 10
induction motors connected parallelly. These motors are
driven by a single PWM-VSI of which switching
patterns are controlled by our self-organizing fuzzy
controller. This development is aimed for a crop

chopping machine illustrated in Fig. 7. At present, the

idea is verified by simulation. The results show that
large load-torque disturbances can be dealth with
satisfactorily. The motor speed variation due to the
torque disturbance can be properly regulated within £3%
errors better than the required specification of +5%.
With our controller, the motors response faster with no
overshoots. Our future works are to implement this
control technology, and further develop the controller to
achieve a slightly underdamped response.
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Notation list:

B, viscous friction coefficient (Nm/rad/sec)

Csi fuzzy description of change in center of

membership grades

E; fuzzy description of speed errors

E; fuzzy description of change in speed errors

LysoLag Ty s Ly

components of stator and rotor (A)

the g- axis and the d- axis current

J. moment of inertia (Kg -m”)
/2 number of poles (pole)

T, electromagnetic torque (Nm)
ik load torque (Nm)

U, fuzzy description of change in control

Uref
Uactl
Uact2

reference command (rpm)

actual speed of motor No.1 (rpm)
actual speed of motor No.2 (rpm)
Uact3 actual speed of motor No.3 (rpm)
Uact  average speed (rpm)

V. VsV, V.

N e the g-exes and d-exes voltage
components on stator and rotor (V)

(] speed errors

Ac change in the center of membership grade for
output

Ae change in speed errors

Au change in control

0] speed (rad/s)

i

6, phase difference between the ¢,and ¢, axes
(rad)
superscript S denotes stator-side quantities
superscript 7 denotes rotor-side quantities
superscript ' denotes transformed quantities to the
reference q- axis of the stator

N fuzzy min operator

[ilaxy  matrix of main and auxiliary windings currents

[N”] 4.4 Matrix of motor parameters
[‘.Rn ] ., Matrix of motor parameters

4™

matrix of main and auxiliary windings voltages
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abstract:- The development of a state-space model representing multiple single-phase induction motors in
parallel connection is described in this paper. The proposed model is in a general expression based on the dq-
frame principle. The model of a multi-motor system becomes a large sparse matrix. A set of parallel motors is
assumed to be fed by a single inverter source. Practical cases of having almost the same motors, the same loads,
different motors with near ratings, and different loads have been considered. Simulation results on four drive

conditions are discussed in details.

Keywords: single-phase induction motor, parallel connection, modelling.

1. Introduction

Most industries in developing countries are based on
agriculture. Unlike other heavy industries, agricultural
industries require small size machines in production
plants. In this fashion, three-phase induction motors are
not suitable because they are usually over rated.
Although, any large-size three-phase induction motors
can be operated at a fraction of their ratings, it is not a
good reason to do so due to inefficiency and uneconomy.
Increasingly, many processes and office-used appliances
are designed to employ simple and low-cost single-phase
motors. In some industries such as starch, textile, food
processing, etc, a few hundreds of single-phase induction
motors are installed to serve loads. In practice, use of one
inverter to supply one motor is costly and also inefficient.
To reduce cost, parallel connection of multiple single-
phase induction motors fed by a single inverter [1], [2] is
an alternative due to its simplicity and low cost.
Therefore, improvement of efficient operation for a
parallel-connected, multiple single-phase induction motor
drive [3] is vital to attain loss minimization and minimum
operating cost.

In this paper, we attempt to develop a mathematical
model for multiple single-phase induction motors in
parallel connection as described in state-space form. This
modelling is based on the two-axis dq frame theory which
plays an essential role for high-efficient induction motor
drive technology. The analyses appeared in this paper
consist of four main parts that are: i) single-phase
induction motor model in stationary reference frame , ii)
modelling of multiple single-phase induction motors in
parallel connection , iii) simulation results conducted for
four loading scenarios , and iv) conclusion.
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2. Motor Model in Stationary

Reference Frame

A single-phase induction motor is considered to
have stator, and rotor windings. As shown in figure 1, the
stator winding composes of the main, and the auxiliary
windings [4]. To develop the motor models, the motor
itself can be considered as a two-phase or two-axis
device. In terms of two axes, the d — and the q — axes are
perpendicular. The development of the motor state
models utilizes the dq-frame principle, and the reference
frame theory [5]. The later theory allows the
transformation of rotor variables to the stator side.

1 Induction Motor

Auxiliary

Vas

Fig.1 Winding composition

The diagram in fig. 2 [6] reveals the orientation of the
motor windings. In the figure, the subscript gs denotes
any quantities belonging to the stator main winding (the
stator ¢-axis winding), ds denotes those belonging to the
stator auxiliary winding (the stator d-axis winding), qr
and dr represent the same but for the rotor windings in the
g- and the d-axes, respectively. In the same figure, the
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qs~?xis
!

Ngs ¢ Vgs

Fig. 2 Orientation of the stator and the rotor windings.

The qr and gs axes have the phase difference of Q

Based on the winding orientation as described, one can
write the equation (1) in which the superscripts s , and r
denote the stator, and the rotor sides, respectively.

Vv, _| cos 6, sing, |V, )
v, -sind, cosé, ||V,
or in a compact form of

SS
Xxr

~F

=[k]| 3, @

where 37 denotes any quantities transformed from the
rotor side to the stator side,
3;, denotes any quantities on the rotor side,
and
[k ] denotes the transformation matrix, i.e.

[]= { cosé, sin 9,}

-sind, cosé,

The following subsections present the summary of the
motor state models for the stator and the rotor,
respectively.

The Stator
The voltages on the stator part can be simply
expressed by

I/q\ =yt Lq\qs'plq\‘ + Lq\a/‘plrh +
qu pl, + qu Ply,
Vi =Tadigy + Ly Ply + Ly Pl +

LL/WPI(,»- + Ly Dl
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in which p denotes d/dt . The above expressions can be
rearranged in the matrix form as in (3).

Vool |\ rw+pLly Pl |

# 1= P |y
5 .
Vs DLy, Fys + PLys | 1
.
Lwl- Lq.\dr‘ Tyr 3)
b |
e
der qu" Lar
The Rotor

Due to the rotor symmetricity, the winding turns on
the d- and the g-axes are equal. Their resistances are-also

equal, i.e. 7, =7, =7 _ The voltages on the rotor part
can be simply expressed by

- ; 3
Vir =Tgetyy + Lyge Pl +

Lq.yd,\ ply + Lqrqx Pl + Lqrdvp L
Vi = Vi bl D, +

Ly piy + Ldrq.\ pl,+ L s Dl

or in the matrix form of

- "
V, _ For T PLys PLy Iy -

v, pL,, Ty + DLy | 0,
-
Lqrqs qrds | Ly @
L

-5
drgr drds || Lyg

By transferring all quantities to the stator reference frame,
the state-space matrix representing one single-phase
induction motor can be summarized as shown in equation

).

&1L [ ©)

[V‘:[V%‘ Vds Vn}r Vm)s
[4H2c]
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T 0
= oy
“ | -olL,,sin0, oL, cosb,
-o,L,,c0s8, -0, cosb,
-0,L,,sin0, -o,L, cosb,
®,Ly, c0s0, -o,L,, coso,
r 0
0 r,
,and
[D]=
L‘,(P + Lmq_‘ 0 Lmqj cos 0, ‘Lqu sin g,
0 (Lgs + Lys) Lygesiné, L, cos,
L,,cos6, L, sin6, (L, + L) 0
. sin@, L, cos6, 0 (E,, +L. )

‘mqs

N, = main winding turns,
N, = auxiliary winding turns, and

N, =N, =N, = rotor winding turns.

. N, o Ny
V="V, ; Lys = L

TN, N,

N
i SN2 772
L,=NgP, , Ly=("F)YN,P =L,
ds

. N ' N, B
Ly =2V Ly, Th=(G),

Ids (Nm) Ids ds Ndy ds

N, . N
I =(eyr | = (222,
i (N,) i F=G

r

. N, o Ny
Vo=l v V. = qs Ve
qr qr 1 dr dr
N, N,
A A
qr — qr 4 dr dr
qu Nqs

(remarks: “'” indicates the transformed quantities to the
reference q-axis of the stator.) Furthermore, the cross
inductances can be replaced by the magnetic inductances
using the following relations [4].

Lyw =Ly +NLP, 5 Lyg=IL,+ NLP,
Lyy=NN,l , L, =NN,P
Lyy =NyN, P, Ly, =N,N,P,
Lt//'r/r = L/clr + Nt/z" Px 7 LLWI - ]“/L/r £ er Py
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Considering the rotor motion, its mechanical model is
expressed by [6]

do, P P B o (t
do, _ P poy Py B
da 2J, 2J.,

"

m

where T, denotes electromagnetic torque, i.e.

o= )l (5100, =1, 0056+

Ly, €056, ~i,, sin6)

de

and —~ = @ . This model can be rewritten in a state-
dt

space form as

W (B oTa1 [2
@ =T + 27, [n.-1,]  ©
de. - m e =41

1 0 0

dr

~

Hr

Combining the electrical and the mechanical state models
results in the equation (7) representing a single-phase
induction motor.

dfil,, -
dt [ 4x4 [OJM “
Jax1
L ] Ol|lo, |+
dt [0]2;:4 J”’ é
o, ]
dt }
[ Lu [OLX: [VJ
= 4x1
P all=g !
O |20 ||
1 0]
in which
. . o . o 7
[1}4,{1 - [lq& ! ds lqr ldr}
r 1 -1
et 2R 2] (2]

X, 15HoT

3. Modelling of Multiple Parallel -

Connected Motors

Consider a two-motor set. Equation (7) in
concatenated form for the set is equation (8). One can
obtain a state model representing n motors in parallel
connection through concatenation of n single-motor
models as shown in equation (9).
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75‘1“1]3“,7
dt r 1 M
o, | [P0 . (. [l W .
\ O fan P am
dcéty' [“]-L\Z AH 0 [0](’)6 (’)'1 [O]J\Z 2‘/”" 0 [O]{w{, T:’\ el 7-H (8)
dli],, @2, (0L, |l N2l L. || [l
dr o, [ p T,+T,
do, [°L. [o], - JB -0 e, (L. 0] 2.11' o 0
dt E " i "
dg, | L 1o i 1ol
Loar
[Al] [ml]élxd [0]4)64 [0]4X4 [0]4,\4 [A|] [N1]4x4 [0]4,\4 [0]4x4 [0]4,\4 [@]] -
d [AZ] [0]4)(4 [9{2]4;4 [0]4x4 [0]4x4 [AZ] [0]4X4 [N2]4x4 [0]4);4 [O]4X4 [®Z] (9)
E [A3] B [0]414 [O]ha [m3]4x4 [O]AM [A3] i [O]4x4 [0]4x4 [N3]4x4 E [O]Au [®‘]
[A"] [0]4;;4 [O]A;m [0]4;;4 [9}}1]4 4 [A"] [0]4x4 [O]4x4 [0]4x4 o [NHLM [®"]
Vs
where Supply Is
iqs,l( Vé’,k =
i ¥ -1
i v ) Ids,;n
[Ak] . l“qr»,k and [@k ] = qr. (10) 1 vdsn
Lark 14 dr | N
@, -1, o G
6,, 0 -

To analyze electromechanical characteristics of n
parallel single-phase motors, a combination of an
individual model for each motor needs to be defined in a
single and large-sparse matrix to represent the entire
system. Fig. 3 depicts a group of n parallel - connected
motors. Let [A,] and [®] be state and input vectors of
the k™ motor, respectively. The model for the k™ motor
can be expressed explicitly as equation (10) with sub-
script k.

4. Simulation Results
To verify effectiveness, correction and accuracy of
the developed model, four test-case scenarios were
assigned, in which three motors driving three separate
centrifugal pumps connected in parallel, form the test
bed. The four test cases are detailed as follows [7]-[10].
Case 1: all motors are technically the same in
both parameters and loads.
Motor 1: Parameter set 1, Load 1
Motor 2: Parameter set 1, Load 1
Motor 3: Parameter set 1, Load 1

ISSN: 1109-2734

Induction Motor 1 Induction Motor 2 Induction Motor n

Fig. 3 Schematic diagram for a group of n parallel
motors.

Case 2: parameters of each motor are equal, but
motors have different portions of loads.

Motor 1: Parameter set 1, Load 1

Motor 2: Parameter set 1, Load 2

Motor 3: Parameter set 1, Load 3
Case 3: load of each motor is equal, while motor
parameters are different.

Motor 1: Parameter set 1, Load 1

Motor 2: Parameter set 2, Load 1

Motor 3: Parameter set 3, Load 1
Case 4: neither parameters nor loads of the motors
are equal.

Motor 1: Parameter set 1, Load |

Motor 2: Parameter set 2, Load 2

Motor 3: Parameter set 3, Load 3

and loads are listed below

Load torque 1: 1.8x10” o N.m
Load torque 2: 9.5x10° o> N.m
Load torque 3: 7.5x10° o> N.
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Table 1 Motor parameters [11]-[13].
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Parameter | poles | Ty | Tas(a) te) | Lmgsa | Liray | Ligan | Lisson I By,
set (kg.m") | (N*m/rad/sec)
1 4 43 2.6 2.01 105 1.8 1.01 1.8 | 0.0546 0.0002
2 4 1:3 2.6 2.01 105 2.8 2.01 2.8 | 0.0546 0.0002
8 4 3.2 T2 2.00 54.97 3:2 3.61 2.09 | 0.0546 0.0002
Table 2 Steady-state performances of each test case
Case 1 Cas