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This thesis proposes the estimation of online instantaneous torque of a 12/8 three-phase
switched-reluctance machine (SRM). The torque estimator achieved from the cubic spline
interpolation technique. By using this method, we could reduce the need of too many input data
which spending much time for data collection. The machine model is simulated in
Matlab/Simulink to observe the dynamic behavior and also implemented using ADMC401 fixed-
point digital signal processing (DSP) to verify the model. The agreement between Finite-element
analysis (FEA) and both simulation and experiment results has confirmed the accuracy of the
proposed model and could be applied in various torque control applications. So, in this research,

we applied the torque estimation to be the data for reducing torque ripple by controlling phase

ABSTRACT

current. As a result, the ripple of the torque is reduced.
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S(x)=3. i 1 3.1)
5, ,(x) h XorE x 4 Xy
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s,(x)=a,(x=x,) +b,(x—x,)’ +¢,(x=x,)+d, (3.2)
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5,(x)=—(x=1> +1.2(x-1)* +13(x-1)+0.5 for 1<x<2
53(x)=0.6(x—2)’ ~1.8(x-2)* +0.7(x-2)+2 for 2<x<3
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Awaumsi 4.2
Y,(x) = 4 +Bix+Cix2 +Dix3 4.2)

4 o a a a I's
e  4,B,C,,D, e dunlszansvesdiiaalia

x iy wsiimes e [0,1]
o : a o a Q’ S o a Q(
AU a, () wilduUszans 18 ¥ a, (0) wiiduilszdns 18 PA Loz a,
o @ a Q’ L) - o ' ' z - a Qd a
(8) suduilszans 18 FAIFUREINY uAZYAIZl 4 AUNTIZRudUYsEAnTves A2

Daaldmianuaves a, (8), a,(0), oy a,(8) Ao 216 AuARIRIISIN 4.1

AN uaasmduszansuesialing laiianuaves o, (0), o, (8), uay a, (0)

a,(0) a,(0) a;(0)
4 B, C D, A B C D, A B, C D,
-1.01E-05 0 | 233E-05 | 3.71E-03 | 9.54E-07 0 | -3.08E-06 | -1.31E-04 | -2.34E-08 0 | 882E-08 | 155E-06
1.73E-05 | -761E-05 | -1.67E-04 | 361E-03 | -1.97E-06 | 7.15E-06 | 148E-05 | -124E-04 | 5.16E-08 | -1.75E-07 | -3.50E-07 | 1.41E-06

-L13E-05 | 538E-05 | -223E-04 | 2.99E-03 140E-06 | -7.62E-06 | 136E-05 | -7.31E-05 | -3.77E-08 | 2.12E-07 | -2.59E-07 | 2.44E-07

4.66E-06 -3.06E-05 | -165E-04 | 2.59E-03 | -450E-07 2.88E-06 1.78E-06 | -6.48E-05 1.08E-08 | -7.11E-08 9.37E-08 3.33E-07

-6.62E-08 | 440E-06 | -2.30E-04 | 206E-03 | 3.13E08 | -4.92E-07 | 7.75E-06 | -4.94E-05 | -677E-10 | 9.87E-09 | -5.93E-08 | 2.92E-07

-227E-06 | 3.90E-06 | -209E-04 | 1.51E-03 1.70E-07 | -2.5TE-07 | S87E-06 | -3.26E-05 | -3.34E-09 | 4.79E-09 | -226E-08 | 1.95E-07

9.13E-06 | -131E-05 | -2.32E-04 | 9.78E-04 | -506E-07 | 1.02E-06 | 7.78E-06 | -1.69E-05 | 7.37E-09 | -2.03E-08 | -6.14E-08 | 1.16E-07

823E-06 | 554E-05 | -127E-04 | 4.58E-04 | 4.94E-07 | -277E-06 | 341E06 | 107E-06 | -691E-09 | 3.50E-08 | -2.46E-08 | -4.93E-08
1.91E-06 | -635E-06 | -4.13E-06 | 3.58E-04 | -187E-07 | 936E-07 | -1.17E-06 | 7.17E-09 | 336E-09 | -1.68E-08 | 2.10E-08 1.82E-10
-191E-06 | $.00E-06 | 0.00E+00 | 3.38E-04 | 187E-07 | -4.67E-07 | 139E22 | 3.72E-09 | -336E-09 | 838E-09 | 146E-24 | 2.11E-10
823E-06 | 635E-06 | 4.13E-06 | 3.58E-04 | -4.94E-07 | 936E-07 | 1.17E-06 | 7.17E-09 | 6.91E-09 | -1.68E-08 | -2.10E-08 | 1.82E-10

913E-06 | 5S4E-05 | 127E-04 | 4.58E-04 | S.06E-07 | -2.77E-06 | -3.41E-06 | 1.07E-06 | -737E-09 | 3.50E-08 | 246E-08 | -4.93E-08

227E-06 | -131E-05 | 232E-04 | 9.78E-04 | -1.70E-07 | 1.02E-06 | -7.78E-06 | -1.69E-05 | 334E-09 | -203E-08 | 6.14E-08 | 1.16E-07

6.62E-08 3.90E-06 | 209E-04 | 1.51E-03 | -3.13E-08 | -2.57E-07 | -S8TE-06 | -3.26E-05 | 6.77E-10 | 4.79E-09 | 226E-08 1.95E-07

-4.66E-06 | 4.40E-06 | 230E-04 | 2.06E-03 | 4S0E-07 | -4.92E-07 | -7.75E-06 | -4.94E-05 | -108E-08 | 987E-09 | 593E-08 | 292E-07

1.I3E-05 | 306E-05 | 165E-04 | 2.50E-03 | -140E-06 | 288E-06 | -1.78E-06 | -6.48E-05 | 3.77E-08 | -7.11E-08 | -937E-08 | 333E-07

-LT3E-05 | S38E-05 | 223E-04 | 299E-03 | 197E-06 | -7.62E-06 | -1.36E-05 | -7.31E-05 | -5.16E-08 | 212E-07 | 259E-07 | 2.44E-07

1.01E-05 -7.61E-05 1.67E-04 | 3.61E-03 | -9.54E-07 7.15E-06 | -148E-05 | -1.24E-04 2.34E-08 | -1.75E-07 3.50E-07 1.41E-06
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a (9) a, (9) a, (9)
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0 | 233E-05 3.71E-03 0 | -3.08E-06 | -1.31E-04 0 8.82E-08 1.55E-06

-7.61E-05 | -1.67E-04 | 3.61E-03 | 7.15E-06 1.48E-05 | -1.24E-04 | -1.75E-07 | -3.50E-07 1.41E-06
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MODULE/RAM/SEG=USER_PM1/ABS=0x60 MAIN_program;

{*******************************************************}

{ }
{ Include both ADMC401 and example specific constants }

{******************#************************************}

# include <stdincl.h>;

# include <adc401.h>;

# include <dac401.h>;

# include <pwm401.h>;
# include <mysc_enc.h>;
# include <mathfun.h>;
# include <ir_reset.h>;

# include <pi.h>;

# include <trigono.h>;

{******************************************************}

{ }
{ Subroutines defined in this module }
{ }

{******************************************************}

.ENTRY PWMSYNC _ISR;
.ENTRY PWMTRIP_ISR;
.ENTRY ETU_ISR;

{**********;;******************************************}

{ }
{ CONSTANT }
E******************************************************} }’
1.CONST max_pul =7200; {7200 pulses per 1 rev.}

I.CONST max_ir_cnt
.CONST max_elec

10; {10 interrupts for ir_cnt}
1200; {1200 pulses per 360 elec.degree}

.CONST PIO_setting = 0x00ff; {set PIO as output}
.CONST init_10_data = 0x0000; {initialize PIODATA reg}
{******************************************************}

{

{ Variable definition block in this module }
E***************************i**************************}
.VAR/DM i_offset[60];

.VAR/RAM/DM speed; {current speed}

.VAR/RAM/DM ir_cnt; {interrupt loop count}
.VAR/RAM/DM  delta_cnt; {EIUCNT differnces}
.VAR/DM/RAM  posl; {dummy for position}
.VAR/RAM/DM new_pos; {store new position}
.VAR/RAM/DM  old pos; {store old position}
.VAR'/RAM/DM  full et;  {EETT reg, no use here}
.VAR/RAM/DM  delta_et; {EETDELTAT reg, no use here}
.VAR/RAM/DM elec_pos_a; {electical angle of phase A}
.VAR/RAM/DM  elec_pos_b; {electical angle of phase B}
.VAR/RAM/DM elec_pos c;

.VAR/RAM/DM  elec_pos_RPM,;

.VAR/RAM/DM theta on_a; {presented in elec. ang}
.VAR/RAM/DM theta_off a; {presented in elec. ang}
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.VAR/RAM/DM theta_on_b; {presented in elec. ang}
.VAR/RAM/DM theta off b; {presented in elec. ang}
.VAR/RAM/DM theta_on_c;

.VAR/RAM/DM theta off c;

.VAR/RAM/DM theta on_RPM;

.VAR/RAM/DM theta_off RPM;

.VAR/RAM/DM  gate a; {Gate signal phase A}
.VAR'RAM/DM  gate b; {Gate signal phase B}
.VAR/RAM/DM  gate c;

.VAR/RAM/DM i _line_test A; {line current test ;ake do 29/10/46 }
.VAR/RAM/DM i _line_test B;

.VAR/RAM/DM i _line_test C;

.VAR/RAM/DM  i_line_test_up_a; {line current test upper=5.1A }
VAR/RAM/DM  i_line_test lo_a; {line current test lower=4.9A }
.VAR/RAM/DM  i_line_test up b;

.VAR/RAM/DM i_line_test lo_b;

.VAR/RAM/DM  i_line_test up_c;

.VAR/RAM/DM i_line test lo c;

.VAR/RAM/DM  i_line_test up;

.VAR/RAM/DM i _line_test lc;

.VAR/RAM/DM = check_A;

.VAR/RAM/DM = check B;

.VAR'RAM/DM  check C;

.VAR/RAM/DM  hy sto_A;

.VAR/RAM/DM  hy_control;

.VAR/RAM/DM  hy sto_C;

.VAR'/RAM/DM  KI;

.VAR/RAM/DM = KP;

.VAR/RAM/DM  i_PI new;

.VAR/RAM/DM  i_PI old;

.VAR/RAM/DM  ERR RPM;

.VAR/RAM/DM  SPEED_REF AKE;

.VAR'RAM/DM  KI SOME;

.VAR'RAM/DM = KP MUL,;

.VAR/RAM/DM  CH_UP; {USE , SO AUTO UP}
.VAR/RAM/DM  count_rpm;

.VAR/RAM/DM ref div;
{******************************************************* }
.VAR/RAM/DM COU;

.VAR'RAM/DM u;

.VAR'/RAM/DM v;

.VAR/RAM/DM dall;

.VAR/RAM/DM dal2;

VAR/RAM/DM  dal3;

.VAR'RAM/DM da I;

.VAR/RAM/DM  da2l;

.VAR/RAM/DM  da22;

.VAR/RAM/DM  da23;

.VAR/RAM/DM  da 2;

.VAR/RAM/DM  da3];

.VAR/RAM/DM  da32;



.VAR/RAM/DM  da33;
.VAR/RAM/DM  da_3;
.VAR/RAM/DM tll;
.VAR/RAM/DM tl2;
.VAR/RAM/DM t13;
.VAR/RAM/DM ti4;
.VAR/RAM/DM tl;
.VAR'RAM/DM 21,
VAR/RAM/DM  t22;
.VAR/RAM/DM  123;
.VAR/RAM/DM 124,
.VAR/RAM/DM 125,
VAR/RAM/DM  126;
.VAR/RAM/DM 127,
.VAR/RAM/DM 12;
.VAR/RAM/DM 31,
.VAR/RAM/DM  132;
.VAR/RAM/DM 33,
.VAR/RAM/DM 34,
.VAR/RAM/DM 135;
.VAR/RAM/DM  t3;
VAR/RAM/DM = TA;
.VAR/RAM/DM = TAA;
VAR/RAM/DM  TBB;
.VAR/RAM/DM TCC;
.VAR/RAM/DM T;
.VAR/RAM/DM stol;
.VAR/RAM/DM  sto2;
.VAR/RAM/DM  sto3;
.VAR/RAM/DM stod,
.VAR/RAM/DM CHI5;
.VAR/RAM/DM CHI16;
{******************************************************}
{ }
{ Variable initialization in this module }

{******************************************************}

INIT i offset:

nit  speed:
Anit  ir_cnt:

.init  delta_cnt:

nit  posl:

.Anit  new_pos:

00, 00, 00, 00, 00, 00, 00, 00, 00, 00,

00, 00, 00, 100, 50,-100,-100,-180,-180,-50,
-50, 00,-10,-20,-30,-20,-20,-10, 15, 30,
50, 30, 00,-100,-300,-200,-300,00,00,00,
00, 00, 00, 00, 00, 00, 00, 00, 00, 00,

00, 00, 00, 00, 00, 00, 00, 00, 00, 00;
0x0000;

0;

0x0000;

0x0000;

0x0000;

64



init  old_pos:

Anit  elec_pos_a:
.init  elec_pos_b:
Anit  elec_pos_c:
init  elec_pos RPM:
.nit  theta_on_a:
init  theta_on_b:
init  theta_on_c:
.init  theta_on_RPM:
dnit  theta_off a:
dnit  theta_off_b:
.init  theta off c:
.init  theta_off RPM:
init  gate_a:

Jinit  gate b:

Anit  gate c:

init  i_line_test_A:
dnit  i_line_test_B:
nit  i_line_test_C:
Anit  i_line_test_up:
0000 }

init i_line_test_lo:
0000 }

.nit  check A:

.nit  check B:

dnit  check_C:

init  hy_sto_A:
.nit  hy_control:
Anit  hy_sto _C:
init KLt

_.init  KP:

dnit i Pl new:
init  i_PI old:

.init ERR_RPM:

.init SPEED_REF_AKE:

.init KI_SOME:
.Init KP_MUL:
.init CH_UP:
.nit count_rpm:
nit ref_div:
.init COU:
.nit u:

Anit v:

.nit dall:

.nit dal2:

.init dal3:

.init da_1:

.Anit da21:
.init da22:
.init da23:
JAnit da_2:

.nit da31:
.init da32:
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0x0000;

0;

0;

0;

0;

1025; {500,300}

1025;

1625;

500,

1775,

1775;  {1100,1200}

1775;

4000,

0x0000;

0x0000;

0x0000;

0x0000; {line current test ;ake do 29/10/46 }
0x0000;

0x0000;

0x3130; {line current test upper=5.1A =100 0001 0011

0x3000; {line current test lower=4.9A = 11 1110 1011

0x0000;
0x0000;
0x0000;
0x0000;
0x0000;
0x0000;
0x0111; {0x00a3=0.05 ,0x0147=0.01 OKI1 AT 0057 }
0x002f;  {0x00a3=0.005 , 0x0020 = 0.001 OK1AT 0020 }
0x0000;
0x0000;
0x0000;
0x0000;
0x0000;
0x0000;
0x0000;
0x0000;
0x0000;
0;

00;
1000;

0;

S el

L2

-

ST



.init da33:
.init da_3:

nit t11:
.nit t12:
Anit t13:
.init t14:
nit t1:

.init t21:
.init t22:
.init t23:
nit t24:
init 125:
.init t26:
.init 27:
init t2:

nit t31:
.init t32:
Jnit t33:
.init t34:
.init t35:
init 3:

.init TA:
Anit TAA:
.init TBB:
.init TCC:
.Anit T:

.init stol:
.init sto2:
.init sto3:
.init sto4:
.init CH15:
.init CHI6:

e

“

-

-

e

-

-

-

“»

-

PR R

v -

-

~

LRSS R

~

-

-

LSS

-

~»

»

-

cooeeS

-

write_dm(PIODIR, PIO_setting);
write_dm(PIODATA, init_IO_data);

STARTUP:

CALL PIO3_RESET_IR;
CALL INIT_PWM_Interrupt;

CALL Init PWM;
CALL Init ADC;
CALL Init DAC;
CALL init_sc_encoder;

AR =DM(MODECTRL),

AR = SETBIT 8 OF AR;

DM(MODECTRL)
AYO = 0x00DS8;
DM(AUXTMO0) =AYO0;
DM(AUXTMI1) =AY0;

= AR;

{activate PIO as output to measure}
{all PIO off}

{initialize PWM interrupt}
{Initialize PWM registers and ISRs}
{Initialize ADC registers}
{Initialize DAC registers}
{Initialize EIU registers}

{activate independent AUXPWM}

{set AUXPWM to be 60kHz}
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AY0O =0,
DM(AUXCHO0) =AY0; {turn off AUXCHO}
DM(AUXCHI) =AY0; {turn off AUXCHI}
MAINLOOP: {Wait interupt to occur}
NOP;
NOP;
jump MAINLOOP;
RTS;
{******************************************************}
{ }
{ Interrupt Service Routine for PWM block }

{******************************************************}

PWMSYNC_ISR:
Call pause_dac;

AX0 =DM(PIODATA),

AY0 =0x0008; {0000 0000 1000}

AR =AX0OR AYO;
write_dm(PIODATA,AR);

{ }
{******************************#**************}
{SPEED ESTIMATION
{*********************************************}
CALL resume_dac; {start DAC}
AX0 =20, {max interrupt count =30}
AY0 =DM(ir_cnt),
AR =AX0-AYO0; {check the # of interupts}

if GT JUMP add_one;

AR  =PASS(;

DM(ir_cnt) = AR; {reset ir_cnt to zero}

AY0 =DM(posl); {store old position}

DM(old_pos) = AY0;

GetPosition(new_pos,full _et,delta_et); {get new position}

AX0 =DM(new_pos), {store new position for next calculation}
DM(posl) = AXO0;

AY0 =DM(old_pos);

AR = AX0-AY0; {find differences between new_pos and
old_pos}

IF GE JUMP get_speed;

AX1 =7199; {max pulses per 1 rev. = 7200}

AY0 =DM(old pos),
AY1 =DM(new_pos);

AR  =AXI1-AY0; {7200 - old_pos}
AR  =AR+AYl; {add new_pos, then we get speed}
get _speed:

DM(speed) = AR; {store speed}



S1 = AR;

SR = LSHIFT SI by 3(LO); {multiply by 8,0ld_sh3}
MX0 =SRO0; {START Q15}

MY0 =0x42AA,

AX0 =0x0001;

AY0 =0x0001,

AR = AX0-AYO0;

IF EQ MR =MX0*MY0 (UU);
AR = MRI; {END Q15}
SI = AR;

SR = LSHIFT SI by 2(LO); { SHIFT6 5V=2047*1.0415 IF SHIFT5
5V=4094*1.0415 , sh2ofql15}

AR =SR0;

PUT_DAC(6,AR); {display speed to DACI1}

DM(speed) = AR; {store speed}

{END SPEED ESTIMATION }

{*********************************************}

{POSITION ESTIMATION
{*********************************************}
pos_est:

GetPosition(new_pos,full_et,delta_et); {get new position}

AR = DM(new_pos); {get current position, mech degree}

S1 = AR;

SR = LSHIFT SI by 0(LO); {multiply by 4}

AR  =SR0;

PUT_DAC(1,AR); {display mech-deg to DAC2}
AR = DM(new_pos); {get current position, mech degree}
AY0=1800; {max_elec = 1200}

AR = AR - AY0; {find elec. ang by substracting 1200}
IF LE JUMP get _elec_degree; {do until finding negative value}

AR = AR - AY0;

IF LE JUMP get_elec_degree;

AR =AR - AY0;

IF LE JUMP get_elec_degree;

AR =AR - AY0;

IF LE JUMP get_elec_degree;

AR=AR - AY0;
IF LE JUMP get_elec_degree;

AR =AR - AY0;

IF LE JUMP get_elec_degree;

AR=AR - AY0;

IF LE JUMP get_elec_degree;

AR =AR - AY0;

IF LE JUMP get_elec_degree;

AR=AR - AY0;

get_elec_degree:

AR = AR + AY0; {plus negative value by 1200}
DM(elec_pos_a) = AR; {store value of elec. Ang. of phase A}

SI= AR;
SR = LSHIFT SIby 4(LO);  {multiply by 16}
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AR =SRO0;
PUT_DAC(2,AR);

{ Next we will find electrical angle of phase B. Since we know that our
motor has 2 phase. And phase B will lead phase A 30 degree(mech) or
600 quadrature pulses.

}
AR =DM(elec_pos_a); {get value from phase A elec.ang.}
AY0 =600; {180 elec.ang. = 600 pulses}
AR =AR + AY0; ’ {plus to find phase B elec.ang.}
AY1 =1800; {1200 = 360 elec.ang}
AR=AR-AYI; {check if it exceeds 360 degree}
IF GE JUMP get _elec_b; {yes...then jump}
AR=AR+AY]; {no...plus 1200 to get it}

get_elec_b:
DM(elec_pos_b) = AR,; {store value of elec. Ang. of phase B}
SI=AR;
SR = LSHIFT SI by 4(LO); {multiply by 16}
AR = SRO;

PUT_DAC(3,AR);

{ Next we will find electrical angle of phase C. Since we know that our
motor has 3 phase. And phase B will lead phase A 30 degree(mech) or
600 quadrature pulses.

}
AR =DM(elec_pos_a); {get value from phase A elec.ang.}
AY0 =1200; {180 elec.ang. = 600 pulses}
AR = AR+ AY0; {plus to find phase B elec.ang.}
AY1 = 1800; {1200 = 360 elec.ang}
AR=AR-AY]; {check if it exceeds 360 degree}
IF GE JUMP get_elec c; {yes...then jump}
AR=AR+AYl, {no...plus 1200 to get it}

get_elec_c:
DM(elec_pos c)= AR; {store value of elec. Ang. of phase B}
SI=AR;
SR = LSHIFT SI by 4(LO); {multiply by 16}
AR = SRO0;

PUT_DAC(4,AR);

{*****COMMUTATOR.....Right now I will use fixed turn on-off¥****}
{****¥*PHASE A commutator*****}

AXO0 =DM(elec_pos_b); {***get elec. position phase A}
AY0 = DM(theta_on_a); {read turn on ang. phase A}
AR = AX0 - AYO0; {find the section according to my note}
IF LT JUMP gate_lo_a; {it is section 1}
AYO0 =DM(theta_off_a); {it is section 2 or 3, get theta_off A}
AR =AX0-AY0, {see if it is section 2 or 3}
IF LE JUMP gate hi_a; {it is section 2}
gate lo_a:
AY0 = 0xfffb; {7D=1111011}

'DM(gate_a) = AYO;
AX0 =DM(PIODATA),
AR = AX0 AND AY0;



DM(PIODATA) = AR;

AR =DM(PWMSEG);
AR = SETBIT 4 OF AR;
AR = SETBIT 5 OF AR,
DM(PWMSEG) = AR;

JUMP skip_1;
gate_hi_a:

AY0 = 0x0004;

IDM(gate_a) = AYO0;

AX0=DM(PIODATA);

AR =AX0OR AYO0;

DM(PIODATA) = AR;

AR =DM(PWMSEG);

AR =CLRBIT 4 OF AR;

AR =CLRBIT 5 OF AR;

DM(PWMSEG) = AR;
skip_1:

{*****PHASE B commutator*****}
AXO0 = DM(elec_pos_c);
AY0 =DM(theta_on_b);
AR =AX0 - AY0;
IF LT JUMP gate_lo_b;
AYO0 = DM(theta_off_b);
AR = AX0-AY0;
IF LE JUMP gate_hi_b;
gate _lo b:
AYO0 = 0xfffd;
IDM(gate_a)= AYO;
AX0=DM(PIODATA);
AR =AX0 AND AY0;
DM(PIODATA) = AR;
AR = DM(PWMSEG);
AR =SETBIT 2 OF AR;
DM(PWMSEG) = AR;
JUMP skip_2;
gate_hi_b:
AY0 = 0x0002;
'DM(gate_a) = AYO;
AX0 =DM(PIODATA),
AR =AX0OR AY0;
DM(PIODATA) = AR;
AR =DM(PWMSEG);
AR =CLRBIT 2 OF AR;
DM(PWMSEG) = AR;
skip 2:

{*****PHASE C commutator*****}
AXO0 =DM(elec_pos_a);
AY0 =DM(theta_on_C);
AR =AX0- AYO0;
IF LT JUMP gate_lo_C;
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{turn off AH}
{turn off AH}
{turn off AL}
{turn off AH}

{02 = 0000100}

(PIO #1}

{turn on AH}
{turn on AH}
{turn on AL}
{turn on AH}

{***get elec. position phase A}

{read turn on ang. phase A}

{find the section according to my note}
{it is section 1}

{it is section 2 or 3, get theta_off A}
{see if it is section 2 or 3}

{it is section 2}

(7B =1111101}

{turn off BH}
{turn off BH}
{turn off BH}

{04 = 0000010}

{PIO #1}

{turn on BH}
{turn on BH}
{turn on BH}

{***get elec. position phase A}

{read turn on ang. phase A}

{find the section according to my note}
{it is section 1}



AY0 = DM(theta_off C);
AR =AX0-AY0;
IF LE JUMP gate_hi_C;

gate _lo_C:

AY0 = Oxfffe;
IDM(gate_a) = AY0;
AX0 =DM(PIODATA);
AR =AX0 AND AY0;

{it is section 2 or 3, get theta_off A}

{see if it is section 2 or 3}
{it is section 2}

{7e=1111110}

DM(PIODATA) = AR;, {P1O #0}
AR = DM(PWMSEG); {turn off CH}
AR = SETBIT 0 OF AR; {turn off CH}
DM(PWMSEG) = AR; {turn off CH}
JUMP skip_3;

gate_hi_C:
AY0 = 0x0001; {01 =0000001}

skip_3:

'DM(gate_a) = AYO0;
AX0 = DM(PIODATA);
AR =AX0OR AY0;
DM(PIODATA) = AR;
AR =DM(PWMSEG),
AR =CLRBIT 0 OF AR;
DM(PWMSEG) = AR;

{P10O #0}

{turn on CH}
{turn on CH}
{turn on CH}
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{*************************}

{ CURRENT WAVE SHAPING}

{*************************}
AR 1000; {10 A Command}
SI AR;
SR = LSHIFT SI by 4(LO);
AR =SR0;
DM(_line _test lo)= AR;
AX0 = AR;
AYO 0x0005 ;
AR AX0+AYO0;
DM(i_line_test up) =AR;

{ current wave shaping Ph A}

il

{multiply by 16}

10 =7_offset;

AR = DM(elec_pos_a);

SI = AR;

SR = LSHIFT SI by -5(HI); {multiply by 127}
AR  =SRl;

AX0 =I0;

AY0 =AR;

AR  =AX0+AY0;

10 = AR;

MO =0

MX0 =DM(0,M0);

AX0 = 1000;

AY0 = MXO0;

AR = AX0+AY0, .
SI = AR;

SR =LSHIFT SI by 4(LO); {multiply by 16}
AR =SR0;



72

DM(i_line_test lo_a)= AR;

AX0 = AR;
AY0 = 0x0005;
AR = AX0+AYO0;

DM(i_line_test up_a)=AR;

{ current wave shaping Ph B}

I0 =" _offset;

AR = DM(elec_pos_b);
S =AR;

SR = LSHIFT SI by -5(HI); {multiply by 127}
AR  =8RI;

AX0 =10,

AY0 =AR;

AR =AX0+AYO0;

10 =AR;

MO =0,

MX0 =DM(I0,M0);

AX0 = 1000;

AY0 = MXO0;

AR = AX0+AYO0;

SI =AR;

SR = LSHIFT SI by 4(LO); {multiply by 16}
AR =SR0;
DM(i_line_test lo b)= AR;
AX0 = AR;

AY0 = 0x0005;

AR = AX0+AYO0;

DM(i_line_test up_b) =AR;

{ current wave shaping Ph C}

10 ="_offset;

AR = DMf(elec_pos c);
SI =AR;

SR = LSHIFT SI by -5(HI); {multiply by 127}
AR  =SRIl;

AX0 =10;

AY0 =AR;

AR  =AX0+AYO0,

10 = AR;

MO =0;

MX0 =DM(0,M0);

AX0 = 1000;

AY0 = MXo;

AR = AX0+AY0;

SI = AR;

SR = LSHIFT SI by 4(LO); {multiply by 16}
AR =S8R0
DM(i_line_test lo_c)= AR;
AX0 = AR;

AY0 = 0x0005;

AR = AX0+AY0;

DM(i_line test up_c)=AR;
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{************************}

{PHASE A Hysteresis }

{************************}
CALL READ_ADCI;
DM(i_line_test A)= AR,;

AX0 = 0x0001;
AY0 = DM(check_A);
AR = AX0 - AYO;
IF NE JUMP lo_com_A;
up_com_A:
AX0 = DM(i_line test A),
AY0 = DM(i_line_test up a);
AR = AX0-AY0; {find the section according to my note}

IF LE JUMP hi_ake A;
JUMP lo_ake_A;

lo_com_A:
AX0 = DM(_line_test A),
AY0 = DM(i_line test lo a);
AR = AX0-AY0;
IF GE JUMP lo_ake A;
JUMP hi_ake A;
lo_ake A:
AR = 0X0001;
DM(check A)= AR;
AY0 =0x00bf; {3f=0111111}

AX0 =DM(PIODATA),

AR =AX0 AND AY0;
DM(PIODATA) = AR;
JUMP out_test_A;

hi_ake_A:

AR = 0x0000;

DM(check_A)= AR;

AY0 = 0x0040; {20= 0100 0000}

AX0 = DM(PIODATA),

AR = AX0OR AY0;

DM(PIODATA) = AR; {P1O #6}
out_test_A:

{************************}

{ PHASE B Hysteresis }

{************************}
CALL READ ADC2;
DM(i_line_test B) = AR,;

AX0 = 0x0001;
AY0 = DM(check_BY);
AR = AX0 - AYO;
IF NE JUMP lo_com_B;
up_com_B:
AX0 = DM(i_line _test B);
AY0 = DM(i_line_test up b);
AR = AX0-AY0; {find the section according to my note}

IF LE JUMP hi.ake B;
JUMP lo_ake B,



lo_com_B:
AX0 = DM( line_test B);
AY0 = DM(i_line_test_lo_b);
AR = AX0-AYO0;

IF GE JUMP lo_ake B;
JUMP hi_ake B;

lo_ake B:
AR = 0X0001;
DM(check_ B)= AR;
AY0 = 0x00df;

AX0 =DM(PIODATA),
AR =AX0AND AY0;

DM(PIODATA) = AR,;

JUMP out_test B;
hi_ake B:

AR = 0x0000;

DM(check B)= AR;

AY0 = 0x0020;

AX0 = DM(PIODATA);

AR = AX0OR AY0;
DM(PIODATA) = AR,;
out_test B:

{***********************}

{PHASE C Hysteresis }

{***********************}
CALL READ ADC3;
DM(i_line _test C)= AR;

AX0 = 0x0001;

AY0 = DM(check C);

AR = AX0 - AYO;

IF NE JUMP lo_com_C;
up_com_C:

AX0 = DM( line_test C);

AY0 = DM(i_line_test_up c);

AR = AX0-AY0;

IF LE JUMP hi_ake C;
JUMP lo_ake C;

lo_com_ C:
AX0 = DM(i_line_test C);
AY0 = DM(i_line_test_lo_c);
AR = AX0-AY0;

IF GE JUMP lo _ake C;
JUMP hi_ake C;

lo_ake_C:
AR = 0X0001;
DM(check_B)= AR;
AY0 = 0x00ef;

AX0 =DM(PIODATA),

AR =AXO0 AND AY0;

DM(PIODATA) = AR;

JUMP out_test C;
hi_ake C:

AR = 0x0000;

{5f=101 1111}

{20=0010 0000}

{PIO #5}

{find the section according to my note}

{Sf=1101111}
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DM(check C)= AR;

AY0 = 0x0010; {20= 0001 0000}

AX0 = DM(PIQDATZ2),

AR = AX0OR AY0;

DM(PIODATA) = AR; {P1O #5}
out_test C:

AY0 =DMy _sto_A);
AX0 =DM(PIODATA),
AR =AX0 AND AYO0,
DM(PIODATA)= AR ;

{******** FIND TORQUE PH A’ PH B , PH c ******************}
{ TORQUE }
{ TORQUE
{****************************************************************}

AR = DM( line_test A),

DM(stol) = AR;

AR = DM(elec_pos_b) ;

DM(sto2) = AR ;

CALL FIND_T;

AR =DM(TA),

SI = AR;

SR = LSHIFT SI by 4(LO); { MUL 16}

AR =8R0;

DM(TAA)=AR;

Put_DAC(5,AR); { TAA}

AR = DM(_line_test_B);

DM(stol) = AR;

AR = DM(elec_pos C) ;

DM(sto2) =AR

CALL FIND T;

AR = DM(TA),

SI =AR;

SR = LSHIFT SI by 4(LO); { MUL 16}
AR  =SR0;

DM(TBB)=AR;

Put_DAC(6,AR); { TBB}

AR = DM(i_line_test_C);
DM(stol) = AR;
AR = DM(elec_pos_A) ;
DM(sto2) = AR

CALL FIND T;

AR =DM(TA);

SI = AR;

SR = LSHIFT SI by 4(LO); { MUL 16}
AR = SRO;

DM(TCC)=AR;

Put DAC(7,AR);  { TCC}

AX0 = DM(TAA);
AY0 = DM(TBB),
AR AX0+ AYO:
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AX0 = AR;
AY0 = DM(TCC)
AR = AX0+AYO0;
DM(T)= AR;

Put DACB,AR), { T}

{fraction} = CALL FRACTION ;

{**********************************************}

CALL update_dac; {DAC ends}

AX0 =DM(PIODATA);

AY0 = 0xfff7; {77=1110111}
AR  =AX0 AND AY0;

write_dm(PIODATA,AR);

RTI;

{******************************************************}

PWM_TRIP interruptroutine

{******************************************************}

PWMTRIP_ISR:
NOP; {do nothing for this interrupt}
NOP;

RTI;

{******************************************************}

Event Timer Unit interrupt routine }
{******************************************************}

{I will use for speed command later}

ETU_ISR:
NOP;
RTI;
{*********************TA 10*******************}
TA _10:
{integer} CALL INTEGER;
MX0 =DM(u);

MYO0 =DM(u),
MR =MX0* MY0 (UU),
DM(sto2) = MRO;  {u*u}

{fraction} CALL FRACTION;

MX0 = MRO; {U*U}
MY0 = 0x00BC;
MR =MX0*MYO0 (UU),
AR =MR1; {*********************dal1}
DM(dall) = AR;
{integer} CALL INTEGER;
MX0 =DM(u),
MY0O =2

MR  =MX0*MYO0 (UU),



DM(stol) =MRO; {u*2}

{fraction} CALL FRACTION;

MX0 = MRO; {U*2}

MYO0 = 0x6666;

MR = MX0*MY0 (UU),

AR =MR1; {********************dal2}
DM(dal2) = AR;

AX0 = DM(dal2);

AY0 = DM(dall);

AR = AX0-AYO0;

AX0 = AR;

AYO =0

AR = AXO + AYO , {***********************da—l}
MX0 = AR;

MYO0 = 0x0CCC;

MR  =MX0*MYO0 (UU),

AR =MRI;

DM(da_1) = AR; {***********************da 1%0.1}
{/////////////////////////////////////////////////////////////////////// }
MX0 = DM(sto2); {U*U}
MYO = 0x0012;
MR  =MX0*MYO0 (UU);
AR =MRI1; {********************daZl}
DM(da21) = AR;

AX0 = DM(u);
AY0 = DM(u);

AR = AX0+AYO0;
MX0 = AR; {U*2}
MY0 = 0x05FB;

MR = MXO0 * MYO (UU);
AR =MRl;

{********************dazz}

DM(da22) = AR;

AX0 = DM(da2l);
AY0 = DM(da22);
AR = AX0-AY0;
AX0 = AR;
AY0 = 0;
AR = AXO+AYO ; {***********************da—_z}
DM(da_2) = AR;
MX0 = DM(u); {U*0.1}
MY0 = 0x0CCC;
MR = MXO0*MY0 (818)3
DM(stol) = MRIL;
{integer} CALL INTEGER;
MX0 =DM(stol);
MYO0 = DM(stol);

DM(sto2); {U*2}

0x0021;

MR~ =MXO0* MY0 (UU);
DM(da31),—_-MRO; {*****************da3l}



MX0 = DM); {U}
MYO0 0x0036;

MR  =MX0 * MYO0 (UU);

DM(da32) = MRO; { *****************da32}

AX0 = DM(da3l);

AY0 = DM(da32);

AR = AX0-AY0;

AX0 = AR;

AYO = 0; { *****************da33}

AR = AXO+ AYO’ {***********************da—:;}

DM(da 3)=AR; { ql5}
CALL TORQUE;

AX0 = DM(tl);

AY0 = DM(t2);
AR = AX0+AY0;
AX0 = AR;

AY0 = DM(t3);

AR = AX0-AY0;
IF GE JUMP T10 OK;
{fraction} CALL FRACTION;
MX0 = 0x0090,
MYO = DM(v);
MR =MX0*MYO0 (UU),
DM(sto3) =MRI1;
{integer} CALL INTEGER;
MX0 =DM();
MY0 =DM(sto3);
MR  =MX0 * MYO0 (UU),

AR  =MRG0;
T10_OK: DM(TA) = AR;
{fraction} CALL FRACTION;
MX0 = DM(TA);
MY0 = 0x0755;
MR = MX0 * MY0 (UU);
DM(TA) = MRI; {END***¥*x*xt%5%4+TA 10}
RTS;

{*********************************************}
{*********************TA 1 1*******************}

TA_11:

{integer} CALL INTEGER;
MX0 =DM(u);
MY0 =DM(u);

MR =MX0*MY0 (UU), .
DM(sto2) =MRO;  {u*u}
{fraction} CALL FRACTION;

MX0 = MRO; {U*U}
MY0 = 0x0329;
MR  =MX0 * MY0 (UU);
AR =MR1, {*********************dall}
DM(dall) = AR;
{integer} CALL INTEGER;
MX0 =DM(u);

MY0 =2

78



79

MR =MX0*MYO0 (UU)
(stol) =MRO; {u*2}
{fraction} CALL FRACTION;

MX0 = MRO; {U*2)
MY0 = 0x5158;
MR  =MX0 * MY0 (UU);

AR :MR]; {********************dalz}
DM(dal2) = AR;

AX0 = DM(dall);

AY0 = DM(dal2);

AR = AX0-AYO0;

AX0 = AR;

AY0 = 41,

AR = AXO+ AYO; {***********************da_l}
MX0 = AR;

MY0 = 0x0CCC;

MR  =MX0 * MY0 (UU);

AR  =MRI;

DM(da_1) = AR; [FrERERRER R R ER R R R Ry %0, ])
it s

MX0 =DM(sto2); {U*U}

MY0 = 0x0030;

MR  =MX0 * MY0 (UU);

AR =MR], {********************daz1}

DM(da21) = AR;

AX0 = DM(u);

AY0 = DM(u);

AR = AX0+AYO;
MX0 = AR; {U*2}
MYO0 = O0xOBFD;

MR =MX0 * MY0 (UU);

AR = MRI; {********************daZZ}
DM(da22) = AR;

AX0 = DM(da21);

AY0 = DM(da22),
AR = AX0-AYO0;
AX0 = AR;
AY0 =12
AR = AXO _AYO R {***********************da_z}
DM(da_2) = AR;
MX0 = DM(u); {U*0.1}
MY0 = 0x0CCC;
MR = MX0*MY0 (UU);
DM(stol) = MRI;
{integer} CALL INTEGER;

MX0 =DM(stol);

MY0 = DM(stol);

MR =MX0*MY0 (UU),
DM(sto2) =MRO;  {u0.1*u0.1}

!{fraction} CALL FRACTION;
MX0 = DM(sto2); {U*2}
MY0 = 0x0043;
MR =MX0 * MYO0 (UU),
DM(da31) = MRO, { *****************dﬁl}



MX0 = DM(u); {U}

MY0 = 0xO006E;

MR =MXO0 * MY0 (UU);

DM(da32)=MRO’ {*****************da32}

AX0 = DM(da32);

AY0 = Ox1AE3;

AR = AX0+AY0;

AX0 = AR;

AYO = DM(da31)’ { *****************da33}

AR = AXO -AYO; {***********************da—:;}

DM(da 3)=AR; { q15}
CALL TORQUE;

AX0 = DM(tl),

AY0 = DM(t2);
AR = AX0-AYO0;
AX0 = AR;

AY0 = DM(3);
AR = AX0-AYO0;
DM(TA) = AR;
{fraction} CALL  FRACTION;
MX0 DM(TA);,
MYO0 = 0x075S;
MR = MX0 * MY0 (UU),
DM(TA) = MRI; {END***#¥s4 k44455 TA 11}
RTS;

{*********************************************}
{**********************TA 12*****************}

TA_12:

{integer} CALL INTEGER;
MX0 =DM(),
MYO0 =DM(u);

MR  =MX0*MYO0 (UU),
DM(sto2) =MRO; = {u*u}

{fraction} CALL  FRACTION;

MX0 = MRO; {U*U}
MY0 = 0x0382;
MR =MX0* MY0 (UU),
AR =MRI; {*********************dal1}
DM(dall) = AR;
{integer} CALL INTEGER;
MX0 =DM(u),
MYO = 6;

MR =MXO0 * MY0 (UU);
DM(stol) =MRO;  {u*6}

{fraction} CALL FRACTION;

MX0 = MRO; {U*6}

MY0 = O0xEC49;

MR =MX0*MYO0 (UU),

AR = MR]; {********************daIZ}
DM(dal2) = AR;

AX0 = DM(dal2);
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AY0 = DM(dall),

AR = AX0-AY0;

AX0 = AR;

AY0 = 1267,

AR = AXO.{.AYO’ {***********************da_l}
MX0 = AR;

MY0 = 0x0CCC;

MR =MXO0 * MYO0 (UU),

AR  =MRI;

DM(da 1) = AR’ {***********************da 1 *01 }
i

MX0 = DM(sto2); {U*U}
MY0 = 0x0031;
MR =MX0*MY0 (UYJ);

AR = MRI, {********************daz1}
DM(da21) = AR;

AX0 = DM(u);
AY0 = DM(u);

AR = AX0+AYO0;
MX0 = AR; {U*2}
MY0 = 0x2379;

MR =MX0 * MY0 (UU);
AR =MR1; {********************dazz}
DM(da22) = AR;

AX0 = 34;
AY0 = DM(da22);
AR = AX0+AY0;
AX0 = AR;
AY0 = DM(da2l);

AR = AX0-AY0Q; [#xesxsrsrctrexsxetistirdy )}
DM(da_2) = AR;

MX0 = DM(u); {U*0.1}
MY0 = 0x0CCC;
MR = MX0*MYO0 (UU);
DM(stol) = MRI;

{integer} CALL INTEGER;
MX0 = DM(stol);
MY0 = DM(stol);
MR = MX0*MYO0 (UU),

DM(sto2) = MRO;  {u0.1*u0.1 }

MX0 = DM(sto2); {U*2}
MY0 = 0x0048;
MR = MX0*MY0 (UU);

DM(da31) = MRO’ { *****************da3l}
MX0 = DM(u); {U}

MYO0 = 0x00ES5;

MR =MX0*MYO0 (CJ),

DM(da32) = MRO’ { *****************da32}
AX0 = DM(da32),

AY0 = DM(da31);

AR = AX0-AYO0;
AX0 = AR;
AYO = OXIFSB ’ { *****************dﬁ3}

AR = AX0+AY0; {#esxkkkrksiririststrirsdy 3}



DM(da 3)=AR; { qI5}

CALL TORQUE;

AX0 = DM(tl),
AY0 = DM(t2);

AR = AX0-AYO0;
AX0 = AR;

AY0 = DM(t3),

AR = AX0+AYO0;
DM(TA) = AR;

{fraction} CALL FRACTION;
MX0 = DM(TA);,
MYO0 = 0x0755;

MR = MXO0 * MY0 (UU),
DM(TA) = MRI; {END **#frxxrxsxx+TA 12}
RTS;

{******************************************}
{*********************TA_13***************}
TA_13:
{integer} CALL INTEGER;

MX0 =DM(u),

MY0 =DM(u),

MR  =MX0* MY0 (UU);

DM(sto2) =MRO;  {u*u}

{fraction} CALL FRACTION;

MX0 = MRO; {U*U}

MYO0 = 0x00E2,

MR  =MX0*MYO0 (UU);

AR =MR1’ {*********************dal]}
DM(dall) = AR;

{integer} CALL INTEGER;
MX0 =DM(u),
MY0O = 2;

MR  =MX0 * MY0 (UU);
DM(stol) = MRO;  {u*2}

{fraction} CALL FRACTION;

MX0 = MRO; {U*2}
MY0 = OxAS8B7,
MR  =MX0 * MY0 (UU);

AR =MR1, {********************dalz}
DM(dal2) = AR,;
AX0 = DM(dall),

AY0 = DM(dal2);
AR = AX0-AYO0;
AX0 = AR;
AY0 = 2321;
AR = AXO.*.AYO’ {***********************da_l}
MX0 = AR;
MY0 = 0x0CCC;
MR =MXO0 * MYO0 (UU);
AR =MRI;

DM(da 1)=AR, {***********************da 1*01}



s

MX0 = DM(sto2); {U*U}
MY(O = 0x0011;
MR  =MX0* MY0 (UU),

AR = MR]; {********************dﬂl}
DM(da21) = AR;

MX0 = DM(stol); {U*2}

MY0 = 0x0D22;

MR =MXO0 * MY0 (UU),

AR — MRI’ {********************dazz}
DM(da22) = AR;

AX0 = 178;
AY0 = DM(da22);
AR = AX0-AYO0;
AX0 = AR;
AY0 = DM(da2l);
AR = AXO +AYO ; {***********************da—z}
DM(da_2) = AR;
MX0 = DM(u); {U*0.1}
MY0 = 0x0CCC;
MR = MX0*MYO0 (UU),
DM(stol) = MRI;
{integer} CALL INTEGER;
MX0 = DM(stol);
MYO0 = DMf(stol);
MR =MX0* MYO0 (UU),

DM(sto2) =MRO;  {u0.1*u0.1}

{fraction} CALL  FRACTION;
MX0 = DM(sto2); {U*2}
MY0 = 0x0021;
MR  =MX0*MYO0 (UU),
SI = MRO;
SR = LSHIFT SI by -1(LO); { MUL 16}
DM(da31) = SRO; { ***#*ssikrsarrirrda3])
MX0 = DM(u); {U}
MYO0 = 0x0085;
MR =MX0* MYO0 (UU);
SI = MRO;
SR = LSHIFT SI by -1(LO); { MUL 16}
DM(da32) = SRO; { ***##skrdrsnsrkrs|y3n)

AX0 = DM(da3l),

AYD = OxdeSa; { ¥¥¥#sdrsrsrsisissis33)

AR = AX0+AYO0;

AX0 = AR;

AY0 = DM(da32),

AR = AXO_AYO, {***********************da 36}

DM(da_3)=AR; { ql5}
CALL TORQUE;
AX0 = DM(tl);

AY0 = DM(t2);
AR = AX0-AY0;
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AX0 = AR;
AY0 = DM(t3);
AR = AX0+AY0;
DM(TA) = AR;
{fraction} CALL FRACTION;
MX0 = DM(TA),
MYO0 = 0x0755;
MR = MXO0 * MYO0 (UU);
DM(TA) = MRI, {END****¥¥¥xx%%:+%TA13}
RTS;

{***********************************}
{***************TA 14***************}

TA_14:

{integer} CALL INTEGER;
MX0 =DM(u);
MY0 =DM(u);

MR =MX0*MYO0 (UU),
DM(sto2) = MRO;  {u*u}

{fraction} CALL  FRACTION;

MX0 = MRO; {U*U}
MY0 = 0x0004;
MR =MX0* MY0 (UU),
AR =MR1; {*********************dal1}
DM(dall) = AR;
{integer} CALL INTEGER;
MX0 = DM(u);
MY0 = 2;

MR =MX0 * MYO0 (UU);
DM(stol) = MRO; ~ {u*2}

{fraction} CALL  FRACTION;

MX0 = MRO; {U*2)
MY0 = 0x3333;
MR  =MXO0* MY0 (UU);

AR =MR1; {********************dal2}
DM(dal2) = AR;

AX0 = DM(dal2);

AY0 = DM(dall);

AR = AX0-AY0;

AX0 = AR;

AY0 = 2094;

AR = AXO +AYO’ {***********************da_l}
MX0 =AR;

MY0 = 0x0CCC;

MR  =MXO0 * MY0 (UU);

AR  =MRI;

DM(da 1)=AR; {***********************da 1*01}
e,

MX0 =DM(sto2); {U*U}

MY0 = 0x0001;

MR  =MXO0 * MY0 (UU);

AR =MRI; {********************da21}

DM(da21) = AR;

AX0 = DM(u);



AY0 = DM(u);

AR = AXO0+AYO0;
MX0 = AR; {U*2}

MYO = 0x0388;

MR = MX0 *MY0 (UU);

AR =MR1, {********************dazz}
DM(da22) = AR;

AX0 = DM(da2l),
AY0 = DM(da22),
AR = AX0+AY0;
AX0 = AR;
AY0 =59
AR = AXO + AYO ; {***********************da_z}
DM(da_2) = AR;
MX0 = DM(u); {U*0.1}
MY0 = 0x0CCC;
MR = MX0*MYO0 (UU),
DM(stol) = MRI;
{integer} CALL INTEGER;

MX0 =DM(stol);

MYO0 = DM(stol);

MR MX0 * MYO0 (UU);
DM(sto2) = MRO;  {u0.1*u0.1}

I

MX0 = DM(sto2); {U*2}
MY0 0x0003;
MR =MX0 * MY0 (UU);

DM(da31)=MRO, {*****************dﬁl}
MX0 = DM(u); {U}

MY0 = 0x0033;

MR  =MX0 * MYO (UU);

DM(da32) = MRO’ { *****************da:)’z}

AX0 = DM(da3l);

AY0 = DM(da32);

AR = AX0+AYO0,

AX0 = AR;

AYO = OXIDDB ; { ***~**************d333}

AR = AXO + AYO, {***********************da_3}

DM(da 3)=AR; { ql15}

CALL TORQUE;

AX0 = DM(tl),
AY0 = DM(2);
AR = AX0-AY0;
AX0 = AR;
AY0 = DM(3);
AR = AX0+AYO0;
DM(TA) = AR;
{fraction} CALL FRACTION;
MX0 = DM(TA);

MYO0 = 0x0755;
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MR =

DM(TA) =

RTS;

MX0 * MYO0 (UU);
MR1; (END#**#**xxxr+4+TA_ 14}

{#***********************************}
{****************TA 15***************}

TA_15:
{integer} CALL INTEGER;
MX0 =DM(u);
MY0 =DM(u);

MR =MXO0* MYO0 (UU);
DM(sto2) =MRO;  {u*u}

{fraction} CALL FRACTION;

MX0 = MRO; {U*U}

MY0 = 0x01Al;

MR =MX0 * MY0 (UU);

AR =MRI; {*********************dal1}

DM(dall) = AR;
{integer} CALL INTEGER;

MX0 =
MY0 =
MR =

DM(u);
P
MXO0 * MY0 (UU);

DM(stol) = MRO; - {u*2}

{fraction} CALL FRACTION;

MX0 = MRO; {U*2}

MY0 = O0x2F5C;

MR =MX0*MY0 (UU);

AR =MR1, {********************dal2}

DM(dal2) = AR;

AX0 = 2290;

AY0 = DM(dall);

AR = AX0-AY0;

AX0 = AR;

AY0 = DM(dal2),

AR = AXO + AYO ; {***********************da—l}

MX0 = AR;

MY0 = 0x0CCC;

MR =MX0*MYO0 (UU);

AR =MRI];

DM(da_1)=AR; {***********************da 1*0.1}
{/////////////////////////////////////////////////////////////////////// }

MX0 = DM(sto2), {U*U}

MY0O = 0x0027,

MR =MX0*MY0 (UU),

AR =MR1, {********************dazl}

DM(da21) = AR;

AXO
AYO0
AR

MXO0
MYO0
MR

AR =

oo

DM(u);

DM(u);

AX0+ AYO;

AR; {U*2}
0x0565,;

MXO0 * MYO0 (UU);

MRI, {********************dazz}

DM(da22) = AR;
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AX0 = DM(da22),

AY0 = 76,

AR = AX0+AY0;

AX0 = AR;

AY0 = DM(da2l),

AR = AXO - AYO ; {***********************da__Z}
DM(da 2)=AR;

MX0 = DM(u); {U*0.1}

MY0 = 0x0CCC;

MR = MXO0*MY0 (UU),

DM(stol) = MRI;

{integer} CALL INTEGER;

MX0 =DM(stol);

MY0O = DM(stol),

MR =MX0*MY0 (UU),
DM(sto2) =MRO;  {u0.1*u0.1}

Hfraction} CALL FRACTION;

{A}
{A}

{A}
{A}
{A}
{A}

MX0 DM(sto2); {U*2}
MYO 0x005E;
MR =MX0* MYO0 (UU),

DM(da31) = MRO; { *#*####skssrssxsxia3]}
MX0 = = DM(u), {U}

MYO0O = 0x0034;

MR  =MX0* MY0 (UU);

DM(da32) = MRO, { *****************da32}

AX0 = DM(da31),

AY0 = DM(da32);

AR = AX0-AY0;

AX0 = AR;

AYO 2 0x4885; { *****************da33}

AR = AX0-AYO; {***********************da_3}
IF GE JUMP WET2;

DM(sto2) = AR ;

AR =1,

DM(CH15) = AR;

AR = DM(sto2);

AY0 =AR;

AX0 =0 ;

AR = AX0-AYO0;
WET2:

DM(da 3)=AR; { q15}

CALL TORQUE;

AX0 = DM(tl);
AY0 = DM(t2);
AR = AX0-AYO0;
AX0 = AR;

AYO0 = DM(83);
AX1 =1

AY1 =DM(CHI6);
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AR  =AX1-AYl;
IF EQ JUMP DO _SUB2 ;

AR = AX0-AY0; {OLD}
JUMP NNT2;
DO _SUB2: AR = AX0+AYO0;
NNT2:
DM(TA) = AR;
{fraction} CALL FRACTION;
MX0 = DM(TA);
MY0 = 0x0755;
MR = MXO0 *MY0 (UU),
DM(TA) = MRI1; {END***¥¥*xxx***+TA 15}
RTS;

{************************************}
{*****************TA 16**************}

TA_l6:

{integer} CALL INTEGER,;
MX0 =DM(u),
MYO0 =DM(u);

MR  =MX0*MYO0 (UU);
DM(sto2) = MRO;  {u*u}

{fraction} CALL FRACTION;

MX0 = MRO; {U*U}
MYO0 = 0x03B9;
MR  =MXO0 * MY0 (UU);
AR =MRI;  {FFEEeEREsaEsEReRsRRxRda] ]}
DM(dall) = AR;
{integer} CALL INTEGER;
MX0 = DM(u);
MYO0 = 6;
MR  =MXO0 *MY0 (UU),

DM(stol) = MRO; ~ {u*6}

{fraction} CALL  FRACTION;

MX0 = MRO; {U*6}
MY0 = O0x77ES;
MR  =MX0 *MY0 (UU);

AR =MR1, {********************dal2}
DM(dal2) = AR;

AX0 = 1680;

AY0 = DM(dall);

AR = AX0+AY0;

AX0 = AR;

AY0 = DM(dal2);

AR = AX0-AYO0 ; {***********************da—l}
MX0 =  AR;

MY0 = 0x0CCC;

MR =MXO0 * MY0 (UU);

AR =MRI;

DM(da 1)=AR; {***********************da 1*01}
G,

MX0 = DM(sto2); {U*U}

MY0 = 0x0079;

MR = MXO0 * MYO0 (UU);



AR = MRI; {********************daZI}
DM(da21) = AR;

AXO0
AY0
AR
MXO0
MY0
MR

[ | | B S I |

DM(u);

DM(u);
AX0+AY0;

AR; {U*2}
0x2181;

MX0 * MYO0 (UU),

AR =MR1; {********************da22}
DM(da22) = AR;

AX0 = DM(da2l);

AY0 = DM(da22);

AR = AX0-AYO;

AX0 = AR;
AY0 = 21;
AR = AXO + AYO ; {***********************da_‘z}
DM(da_2) = AR;
MX0 = DM(u); {U*0.1}
MY0 = 0x0CCC;
MR = MX0* MY0 (UU);
DM(stol) = MRI;
{integer} CALL INTEGER;
MX0 = DM(stol);
MYO0 = DM(stol);
MR = MXO0*MY0 (UU);
DM(sto2) =MRO;  {u0.1*u0.1 }
MX0 = DM(sto2); {U*2}
MY0 = 0x007D;
MR = MX0*MYO0 (UU);
DM(da3]) = MRO; { *****************da3l}
MX0 = DM(u); {U}
MY0 = 0x008C;

{A}
{A}

A}
{A}
{A}
{A}

MR  =MX0 * MYO0 (UU);

DM(da32) = MRO’ { *****************da:;Z}

AXO0
AY0
AR

AX0
AY0 =
AR =

I

10

DM(da31);
DM(da32);

AX0-AY0;

AR;

0x23D6 ; { *****************da33}
AX0-AYO0; {***********************da_3}

IF GE JUMP WET;
DM(sto2) = AR ;

AR =1;

DM(CH16) = AR;

AR = DM(sto2),

AY0 =AR;

AX0 =0 ;

AR = AX0-AY0;

WET: MX0 = AR; {da 3/3}
MYO0 = 0x0003;
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MR  =MXO0* MYO0 (UU);
DM(da_3)=MRO; { q15}

CALL TORQUE;

AX0 = DM(tl);
AY0 = DM(t2);
AR = AX0-AYO0;
AX0 = AR;

AY0 = DM(®);
AXl =1

AY1l =DM(CHI6);

AR =AX1-AY];
IF EQ JUMP DO_SUB ;
AR = AX0+AY0; {OLD}
JUMP NNT;
DO SUB: AR = AX0-AYO0,
NNT: DM(TA) = AR;
{fraction} CALL  FRACTION;

MX0 = DM(TA);

MYO0 = 0x0755;

MR = MX0* MY0 (UU);
DM(TA) = MRI; {EMDIEs ¥+ RO O
AX0 = DM(u);

AY0 = 232,

AR = AX0-AYO0;

IF LE JUMP NOT OFFSET;
MX0 = DM(TA);

MY0 = 0xB000;

MR = MX0*MYO0 (UU);

DM(TA) = MRI;

NOT_OFFSET: AR =0;
DM(CH16) = AR;
RTS;

{************************************}
{*****************TA 17**************}

TA_17:

{integer} CALL INTEGER;
MX0 =DM(u);
MYO0 =DM(u);

MR =MX0*MYO0 (UU),
DM(sto2) =MRO;  {u*u}

{fraction} CALL FRACTION;

MX0 = MRO; {U*U}

MY0 = 0x046C;

MR =MX0*MY0 (UU),

AR =MRI; {*Frersbrerseerieieirs|a]])

DM(dall) = AR;
{integer} CALL INTEGER;
MX0 =DM(u);
MY0 = 6;
MR  =MX0*MYO0 (UU);



DM(stol) = MRO;  {u*6}

{fraction} CALL FRACTION;
MX0 = MRO; {U*6}
MY0 = OxBET7F,
MR =MX0 * MY0 (UU);
AR -_:MRI; {********************dalz}
DM(dal2) = AR;

AX0 = 2094;

AY0 = DM(dal2);

AR = AX0+ AYO;

AX0 = AR; .

AY0 = DM(dall),

AR = AX0-AYO0; {***********************da__l}
MX0 = AR;

MY0 = 0x0CCC;

MR =MX0*MY0 (UU),

AR =MRI1;

DM(da_1) = AR; {***********************da 1%0.1}
{/////////////////////////////////////////////////////////////////////// }

MX0 = DM(sto2); {U*U}

MY0 = 0x0084;

MR  =MX0 * MY0 (UU),

AR =MRI;  {FFrEssrbrssbriakietda)])

DM(da21) = AR;
AX0 = DM(u);
AY0 = DM(u);
AR = AX0+AY0;
MX0 = AR; {U*2}
MYO = 0x5504;
MR = MXO0 * MY0 (UU);
AR = MRI; {********************dazz}
DM(da22) = AR;
AX0 = DM(da22);
AY0 = DM(da2l);
AR = AX0-AY0;
AX0 = AR;
AY0 = 122;
AR = AXO + AYO, {***********************da_z}
DM(da_2) = AR;
MX0 = DM(u); {U*0.1}
MY0 = O0x0CCC;
MR = MX0*MY0 (UU),
DM(stol) = MRI;
{integer} CALL INTEGER;

MX0 = DM(stol);
MY0 = DM(stol);

MR = MXO0*MY0 (UU);
DM(sto2) =MRO;  {u0.1*u0.1}

MX0 = DM(sto2); {U*2}
MYO0 = 0x0023;
MR = MX0 *MY0 (UU);

DM(da31) = M_Ro, { LA L EEL L L AL LYY 1}
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MX0 = DM(u); {U}
MY0 = O0x007A;
MR =MX0*MYO0 (UU),

DM(da32) = MRO, { *****************da32}

AX0 = DM(da32);
AY0 = DM(da31);
AR = AX0-AYO;

AX0 = AR;
AYO0 = 0xICT5; { *eskersskrirtrirda3z)
AR = AXO+AY(; {*¥rerxkrrtirntsritiritrdy 3)

DM(da 3)=AR; { ql5}
CALL TORQUE;

{integer} CALL INTEGER;
{t3*10} MX0 =DM(13);

{t3*10} MY0 = 10;

{t3*10} MR =MX0 * MYO0 (UU);

{t3*10} DM(13) =MRO;

AX0 = DM(3);
AY0 = DM(tl);

AR = AX0+AY0;
AX0 = AR;

AY0 = DM(t2);

AR = AX0-AYO0;
DM(TA) = AR;

{fraction} CALL FRACTION;
MX0 = DM(TA);
MYO0 = 0x0755;

MR = MXO0 * MYO0 (UU),
DM(TA) = MRI,; ERINID AT S SEx ¥ 371
RTS;

{************************************}
{****************TA 18****************}

TA_18:

{integer} CALL INTEGER;
MX0 =DM(u),
MYO0 = 6;
MR =MX0* MY0 (UU),

DM(stol) =MRO;  {u*6}

{fraction} CALL FRACTION;
MXO0 MRO; {U*6}
MY0 = 0xB23B;
MR =MX0*MY0 (UU);
AR = MR]; {********************dalz}
DM(dal2) = AR;

I

AX0 =0,

AY0 = 2166;

AR = AX0+AY0;
AX0 = AR;

AY0 DM(dal2);



AR = AX0-AY0Q; {FFeerpkeresrctiekbiiizgy 1}
MX0 = AR;

MY0 = 0x0CCC;

MR =MX0*MYO0 (UU),

AR =MRI;

DM(da_1)=AR; [FEREERRERRRRRREERRRR Ry ] %(), ]}
iy

AX0 = DM(u);

AY0 = DM(u);

AR = AX0+AY0;

MX0 = AR; {U*2}

MY0 = 0x2CCS;

MR  =MX0* MYO (UU);

AR __—_MRI; {********************dazz}
DM(da22) = AR;

AX0 =0

AY0 = 200;

AR = AX0+AY0;

AX0 = AR;

AY0 = DM(da22);

AR = AXO_AYO, {***********************da_z}

DM(da_2) = AR;

{integer} CALL INTEGER;
MXO0 = DM(u); {U}
MY0 = 0x0035;
MR  =MX0* MY0 (UU);
DM(da32) = MRO’ { *****************da32}

AX0 =0

AY0 = Ox3E2S;

AR = AX0+AYO0;

AX0 = AR;

AYO0 = DM(da32); {***esskrktrrsirris3zy

AR = AX0-AY0; {##resresetrirretiirnisrdy 3}

DM(da 3)=AR; { ql5}
CALL TORQUE;

{integer} CALL INTEGER;

{t3%10} MX0 =DM(t3);

{t3*10) MYO0 = 10;

{t3*10} MR =MXO0 * MYO0 (UU);
{t3*10} DM(t3) = MRO;

AX0 = DM(13);

AY0 = DM(tl);

AR AX0+ AYO;

AX0 AR;

AY0 = DM(t2);

AR = AX0-AY0;

IF GE JUMP TI18 OK ;

AR = 0;
T18_OK: DM(TA) = AR;
{fraction} CALL  FRACTION;



MX0 = DM(TA);

MY0 = 0x0755;

MR = MXO0 * MYO0 (L'U);

DM(TA) = MRI; {END****** 64T A_ |8}
RTS;

{************************************}
{****************TORQUE**************}

TORQUE:
{fraction} CALL FRACTION;
MX0 = DM(v);
MYO0 = 0x028F;
MR = MX0 * MYO0 (UU),
DM(t11) = MRI;
MYO0 = 0x0333;
MR = MX0 * MYO0 (UU),
DM(t12) = MRI;

{integer} CALL INTEGER;
MX0 =DM(t1l),
MY0 = DM(t12);
MR =MX0* MY0 (UU);
DM(t13) = MRQ;

{fraction} CALL FRACTION;
MX0 DM(t13);
MYO0 0x0CCC;
MR = MX0 * MY0 (UU),
DM(t14) = MRI;
{integer} CALL INTEGER;
MX0 =DM(t14),
MY0 = DM(da 1),
MR =MX0*MYO0 (UU),
DM(t1) = MRO; {FREERRRE R R R R ]
MX0 =DM(tll),
MYO0 = DM(tll);
MR =MX0*MY0 (UJ);
DM(t23) =MRO’ {**************}
{fraction} CALL FRACTION;
MXO0 DM(t23);
MY0 0x0444;
MR = MX0 * MY0 (UU),
DM(t24) = MRI;
MXO0 DM(v);
MY0 0x0666;
MR MXO0 * MY0 (UU);
DM(t25) = MRI;
{integer} CALL INTEGER;
MX0 =DM(t24);
MY0 = DM(t25),
MR =MX0*MY0 (UU),

o

nh

o

DM(t26) = MRO;
{fraction} CALL FRACTION;
MX0 = DM(t26);

MYO0 = 0x0666;
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MR = MX0*MYO0 (UU),
DM(27) = MRI;
{integer} CALL INTEGER;

MX0 =DM(t27);
MYO0 = DM(da_2);
MR  =MX0*MY0 (UU)
DM(t2) =MRO; [FRERRERFRR AR
{fraction} CALL FRACTION;
MYO0 = 0x0147;
MR = MXO0* MYO (UU);

DM(t31) = MRI;
{integer} CALL INTEGER;
MX0 =DM(t31);

MY0 = DM(831);

MR  =MXO0 * MY0 (UU);
DM(132) = MRO;

MX0 = DM(132);

MR  =MX0 * MY0 (UU);
DM(t33) = MRO;

{fraction} CALL  FRACTION;
MX0 = DM(t33);
MY0 = 0x0333;
MR = MXO0* MY0 (UU);
DM(t34) = MRI;

{integer} CALL INTEGER;

MX0 =DM(t34);
MY0 = DM(31);
MR  =MX0 *MYO0 (UU);
DM(135) = MRO;
{fraction} CALL FRACTION;

MX0 = DM(t35);
MY0 = DM(da_3);
MR = MZXO0*MYO0 (UU),
DM(B) = MRl’ {*****************t3}
RTS;
{#************************************************}
INTEGER:
{integer} AR=MSTAT;
{integer} AR=SETBIT 4 of AR;
{integer} MSTAT =AR;
RTS;
FRACTION:
{fraction} AR=MSTAT;
{fraction} AR=CLRBIT 4 of AR;
{fraction} MSTAT =AR;
RTS;
TA_CPL:
{} AX0=0;

{}  AYO0= DM(TA);
{} AR =AX0-AYO0;
{} DM(TA)=AR;



RTS;

{***************************FIND T******************************}

FIND_T:

AR = DM(stol);
S1 = AR;
SR = LSHIFT SI by -4(LO); { DIV 16 =1024 =>1000}
AR  =SR0;
{fraction} CALL FRACTION;
MX0 = SRO;
MY0 = 0x7D00;,
MR =MXO0 *MYO0 (UU),
DM(V) =MR1; {*********************Ia 10A-_—_~ 1000}
AX0 = DM(sto2),
AY0 =25;
AR  =AX0-AYO;
MX0 = AR;
MY0 = 0xA000;
MR =MX0*MY0 (UU),
SI =MR1;, {}
SR = LSHIFT SI by 1(LO); { MUL 2}
AR = SRO;

DM(COU) = AR;

{************************************}
{***#***********CALL*****************}
AX0 =DM(COU)
AYO =2562; {AT1025}
AR =AX0-AYO;
IF GE JUMP DO_CNN;

AR =0;
DM(TA) =AR;
JUMP OUT._T;
DO_CNN: AXO0 =DM(V) ;
AY0 =20;
AR = AX0-AYO0;
IF GT JUMP DO CN;
AR =0
DM(TA) =AR;
JUMP OUT_T;
DO _CN: AXO0 = DM(COU);
AY0 =2500;

AR =AX0-AYO;
if GT JUMP DO_CNI;
AX0 = DM(COU); ‘
AY0 =2250;
AR = AX0-AYO;
DM(u) = AR;
CALL TA_10;
JUMP OUT T;
DO _CNI1: AY0 =2750;
AR =AX0-AYO;
if GT JUMP DO_CN2;
AX0 = DM(COU),



AY0 2500;
AR AX0-AYO0;
DM(u) = AR;
CALL TA_l1;
JUMP OUT.T ;
DO_CN2: AY0=3000;
AR  =AX0-AY0;
if GT JUMP DO_CN3;

nn

AX0 = DM(COU);
AY0 = 2750;

AR = AX0-AYO0;
DM(u) = AR;

CALL TA_12;
JUMP OUT T ;

DO_CN3: AY0=3250;
AR =AX0-AY0;
if GT JUMP DO_CN4;

AX0 = DM(COU);
AYO0 = 3000;
AR = AX0-AYO0;
DM(u) =AR;
CALL TA_13;
JUMP OUT T ;
DO_CN4: AYO0 = 3500;
AR = AX-AYO;

if GT JUMP DO_CNS;
AX0 = DM(COU);

AYO0 = 3250;
AR = AX0-AY0;
DM(u) = AR;
CALL TA_ 14;
JUMP OUT.T ;
DO _CNS: AY0 = 3750;
AR = AX0-AY0;
if GT JUMP DO_CN6;
AX0 = DM(COU);
AY0 = 3500;
AR = AX0-AYO0;
DM(u) = AR;
CALL TA_l5;
JUMP OUT T ;
DO_CN6: AY0 = 4000;
AR = AX0-AY0;
if GT JUMP DO_CN7;
AX0 = DM(COU);
AYO0 = 3750;
AR = AX0-AYO0;
DM(u) = AR;
CALL TA_l6;
JUMP OUT. T ;
DO _CN7: AY0 = 4250;
AR = AX0-AYO0;
if GT JUMP DO_CNB8;
AX0 = DM(COU);
AYO = 4000;
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AR = AX0-AYO0;
DM(u) =AR;
CALL TA_l17;
JUMP OUT_ T ;
DO_CN8: AY0=4500;
AR = AX0-AY0;
if GT JUMP DO_CN9;
DM(COU); '
AY0 4250;
AR AX0 - AYO;
DM(u) =AR;
CALL TA_l18;
JUMP OUT_T;

AX0

mun

DO_CN9: AR=0;
DM(TA) = AR ;
OUT T:
RTS;

{************************************************}

.ENDMOD;
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{bstract — This paper proposes the estimation of online
nstantaneous torque of a 12/8 three-phase switched-reluctance
nachine (SRM). The torque estimator achieved from the cubic
pline interpolation technique. By using this method, we could
-educe the need of too many input data which spending much
ime for data collection. The machine model is simulated in
Viatlab/Simulink to observe the dynamic behavior and also
mplemented using ADMC401 fixed-point digital signal
processing (DSP) to verify the model. The agreement between
simulation and experiment results has confirmed the accuracy of
he proposed model and could be applied in various terque
control applications.

Index Terms—Torque  esitmation,  switched-reluctnace

machine, Cubic spline.

1. INTRODUCTION

The switched reluctance machine (SRM) has been known
for a long time. However, the interest among researchers has
only grown remarkably during the last two decades [1]-{6] due
to the rapid development in microelectronics and power
electronics and the inherent advantages of the motor. In order
to design an efficient low cost SRM motor drive system and
accurate nonlinear analysis by computer simulation to predict
its dynamic performance is necessary.

From previous work [1]; the authors propose the dynamic
model of SRM based on current look up table and torque look
up table. As a result, we found that the current lookup table
used too much time for data collection (101 data for flux
linkage and 115 data for rotor positions) [1]. Therefore, it is
not suitable for optimum design, and it requires large amount
of online storage space [2]. The key to achieve an effective
SRM modeling is to use a methodology that allows the
nonlinearity of its magnetization characteristics to be
represented while maximizing the simulation speed [3]. This
paper demonstrates the development of a SRM drives in
Matlab/Simulink by reducing data collection (15 data for flux
linkage and 10 data for rotor position). Cubic spline
dnterpolation technique has been used for current look up
table. And S-Function block has been implemented for torque
estimation. Section I discusses about the dynamic
characteristics of 2 SRM which will be used in the computer
simulation. Torque estimation is found in section III. Section

0-7803-9296-5/05/$20.00 © 2005 IEEE
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IV is a simulation and the experimental setup. Section V is the
conclusion.

II. DYNAMIC CHARACTERISTIC OF SRM

A dynamic model of a SRM is composed of a set of
electrical equation for each phase and equation of mechanical
system [1]. In typical n-phase SRM, if negligible phase
interaction (no mutual coupling) is assumed, the machine’s
voltage equation can be expressed as:

o dA (i, 6y)
Vv, =Rx.zx+—L‘—1‘;——"—,

where v, is the terminal voltage of phase x,

x=12,..,n. )

i, is phase current,

R, is phase winding resistor,
0

. 1s rotor position,

and A, is the flux linkage.

However, the flux linkage is a function of current and the
rotor position. Therefore, the voltage equation can be written
as:

o1, di 9k do

. 2
oi, dt 00, dt @

v, =R, i, +

Then, the dynamics of phase current can be found as in (3):

di, (3" A
T i 3 I VR i B 3
dat (ai,] (V’ LT a’) @)

The mechanical equations of the SRM are

do,

= 4

dt @ )
do

Tm—'TL(a))'—“-J';t—"‘B.w (5)

and
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Tow =) T:(6,i,) ©)
x=|

where T, is the total electromagnetic torque, T, is the
torque of each phase, T, is load torque, « is angular velocity.
Meanwhile, J and B represent moment of inertia and

coefficient of friction, respectively. From (4),(5) and (6), the
acceleration of the motor is

da J

Thus (3), (4) and (7) will form the dynamic model that is
used in a current loop up table and the simulation. From
current look up table, we use the cubic spline interpolation
technique to eliminate the need of much data collection as
introduced in [1].

a8 =i{2”: T.(8,i,)-T, —B.a)} (7
x=1

It should be noted that the instantaneous phase torque can be
found from co-energy as given in (8):

p 8ch (i.,6,) A
o aex i, =const ( )

W, = _[Ax G,,8,)di ©)
0

6, =const

where

Thus, the phase torque can be represented as:

I, =

aaa ]').,(i,,e, )di (10)
*o

III. TORQUE ESTIMATION

The first step in modeling the nonlinear properties of the
SRM is to predict the flux linkage curves as a function of rotor
position and phase winding current. Static flux linkage and
torque curves of the candidate machine are shown in Fig. 1 as
a function of the rotor position and the phase current. The
curve function has been identified in [4]. Rotor position is
chosen to be zero when it is completely unaligned with the
stator pole. In this position most of the stator flux finds its way
through air. Hence, the resulting variation of the flux-linkages

with current is almost linear. Whereas, at 8 =22.5 , the rotor
is completely aligned with the stator pole. Due to highly
permeable flux path through rotor pole, fluxes cross the air
gap mainly through the rotor pole. This results in saturated
iron core. The general phase flux linkage equation of a SRM is
introduced in [4] as shown in (11).

Ai, 8) = a, (0)i+a, (8)i* +a, (0)i° - (1)
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Figure 1. Flux linkage (a) and torque production (b) as a function
of current and rotor position.

where the coefficients a,, a, and a; are functions of rotor
position. The data of Fig. 1, has been fit to (11) using
MATLAB. The coefficient a, represents the unsaturated
inductance of the coil while coefficient a, and a; represent

the nonlinearity of the core.
Substituting (11) in (10), the torque of each phase
becomes:

_1;2da,(8) 1, da,(6) 1., da,(6) (12)
2 dae 3 de 4 dée

T

Equation (12) represents the electromagnetic torque developed
by one phase of the machine. The other phases are also
represented by the same set of equations with corresponding
phase shifts and currents. The total electromagnetic torque
developed by the motor is the sum of the instantaneous
torques of the individual phase.

From (12), the instantaneous torque of each phase can be
estimated by taking derivative of the coefficients a, , a, and

ay. The values of a; , a, and a; proposed here are

estimated by cubic spline interpolation technique. Let the i,,
piece of the spline be represented by:

Y(x)=a,+bx+cx’*+dx’  (13)

where a;,b;,c;,d; are spline coefficients and x is parameter

3 S |

€ [0, 1]. Therefore, the derivatives of coefficients a, , a,

1136



-

o
™

4
=)

Torque (N.m)
o
S

(MR——.

o
n

1
1
1
25 75 125 17.5 25
Rotor position (deg)

Figure 2. Comparison between proposed torque model in solid line and
FEA in dashed line.

and a, are the derivatives of cubic spline in each piece which
becomes:

Y, (x)=b, +2¢,x+3d,x’ (14)

Using (14) and the spline coefficients with (12) yield the
torque value at particular position. Fig. 2 depicts the static
torque from FEA compared with the results from (12) using
spline coefficients. The fit is quite good. At 10A phase
current, the torque production is about 0.5 N.m.

IV. COMPUTER SIMULATION AND
EXPERIMENTAL SETUP

A.  Computer Simulation

The proposed dynamic model of SRM utilizes the look-up
table of measured characteristics to estimate the phase current
when the input voltage and the rotor position are known. For
torque estimation, the proposed cubic spline interpolation
technique is used to get ride of much data collection. Fig. 7
shows the schematic diagram of the one-phase dynamic
model. It can be noticed that flux linkage as input to the
current look up table can be found in (15):

A = I(vx ~R i )dt (15)

All the models are integrated and the mechanical subsystem is
included, a complete nonlinear dynamic model of the SRM is
shown in Fig. 8.

8
T
1
[
+ = -

o a.o005 0.0 0015 002 0025 003 0.3
Wej

Figure 3. Current look-up table, generated from measure data.
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Figure 5. Simulated torque production from proposed torque estimation.
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Figure 6. Simulated total electromagnetic torque

Fig. 3 shows the raw data of the flux linkage used in the
simulation. These data are obtained from FEA at 10 rotor
position and 15 different flux linkage values. These data are
the magnetic property of the machine. To estimate the torque
production, it requires two input data which are phase current
and rotor position as shown in Fig. 7. Integrating (12) and (14)
provides the torque production of each phase. Fig. 4 depicts
the phase current which is controlled by current regulator at
10A. The estimated torque from proposed estimator is about
0.5 Nm and agrees with the result from FEA in Fig. 2. The
total torque of the machine is simply summing up of all three
phases as shown in Fig. 6.
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Figure 8. Dynamic model of a 3-Phase SRM using MATLAB/SIMULINK.

B. Experimental Setup

The experiment is set to implement the proposed model
using a % hp 12/8 SRM. The machine parameter has been
shown in Table 1. The experimental setup is shown in Fig. 9.
The torque estimation is implemented in an ADMC401 DSP.
The torque estimation has been obtained when the rotor
position are known.

Each phase current has been collected by current sensors. An
encoder has been connected to the shaft of rotor to obtain the
rotor position. The estimation of torque production at 10A
phase current is shown in Fig. 10.

User command i E}:
mind,  DSP[T Lﬂ__é
“0 4 i 5dgsl, Current
Sensors
Encoder feedback M 3 phase DC
| SRM Generato R,

Figure. 9. Block diagram of the SRM drive system.
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Figure 11. Total electromagnetic torque (a), torque of phase A
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Figure 12. Command torque at | Nm (a), total electromagnetic
torque (b), and phase current (c).

Fig. 11 depicts the result of estimation of total
lectromagnetic torque and torque production of each phase
‘here command current is 10A and speed is 250 rpm. Close
»op torque control has been tested on 1Nm of command with
peed of 300 rpm. The result has been shown in Fig. 12.

V. CONCLUSION

This paper presents an analysis of torque estimation of
RM by using torque model integrated with the cubic spline
wterpolation technique to reduce the unnecessary input data.
TATLAB/SIMULINK toolbox has been used to observe the
ynamic of the SRM drives. The estimation has been implem-
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TABLE I: 12/8 SRM PARAMETERS.

Stator pole number 12 poles
Rotor pole number 8 poles
Stator pole arc, S, 15  deg
Rotor pole arc, f3, 19  deg
Stack length 254 mm
Number of wi@gs/pole 24  turns

ented in a DSP. The effective dynamic model has been
developed using current look-up table generated from its
measured data. Both computer simulation and the experiment
are giving satisfactory results. The model is useful in further
torque control design.
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