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AUMPA SARASIRI: A STEADY-STATE LOAD-TORQUE ESTIMATOR
FOR SYNCHRONOUS MOTORS WITH SALIENT POLES. THESIS
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SALIENT-POLE SYNCHRONUS MOTORS (SPSM) /LOAD-TORQUE

ESTIMATOR /NEURAL NETWORK

Torque measuring instrument is very important in industry due to intensely
using electrical motors. With no matter what types the motor are, the torque
instrument is quite costly. To replace this costly instrument, a load-torque estimator is
proposed for salient-pole synchronous motors (SPSM) widely used in small and
medium industries. The proposed estimator provides very accurate and low-cost
steady-state load-torque estimation. The estimation procedure utilizes steady-state
model of the SPSM together with a two-layer neural network for error minimization.
The estimator is coded in C for 32-bit ARM Cortex CPU, and interfaced with
MATLAB run on a PC. Experimental results confirm the practicality of the proposed

estimator.
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71071 4.5 mamsnameudInInnszua
mM3i 4.1 doyadildnnmanadendiniininszua (ACS 712)

A5 1 Al 2 399 3 A3l 4 aait 5
Liput Vou Lt Vou " Vou Lt Vou Lt Vou
An) | Vi) | (AL | (Vi) | (AL) | (Vi) | (AL) | (V) | (AL) [ (V)
0.516 | 0.094 | 0.590 | 0.110 | 0.610 | 0.106 | 0.520 | 0.089 | 0.440 | 0.068
0.967 | 0.177 1.100 | 0.194 1.100 | 0.191 0.980 | 0.171 1.130 | 0.270
1.740 | 0.320 1.490 | 0.254 1.460 | 0.274 1.470 | 0.265 1.410 | 0.256
2102 | 0389 | 2010 | 0.348 | 2320 | 0.423 | 1.960 | 0.356 | 2210 |0.421
2456 | 0.454 | 2.400 | 0455 | 2740 | 0.510 | 2730 | 0.409 | 2.570 | 0.463
2.890 | 0.534 | 3.170 | 0.567 | 3.160 | 0.594 | 3.060 | 0.550 | 3.00 |0.532
3.538 | 0.657 | 3.620 | 0.673 3.540 | 0.697 | 3.430 | 0.612 | 3.470 | 0.690
3900 | 0.716 | 3.940 | 0.713 3.940 | 0.728 3.810 | 0.714 | 3.900 | 0.675
4.500 | 0.815 | 4.510 | 0.803 | 4.530 | 0.821 4.450 | 0.807 | 4.430 | 0.870
4930 | 0924 | 4.780 | 0.867 | 5.120 | 0.930 | 4.900 | 0.920 | 4.820 | 0.931
6.260 | 1.154 | 6.100 | 1.120 | 6.050 | 1.090 | 6.740 | 1215 | 6.160 | 1.107
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usasufien USITUIDIANA (V. )
I8nniimes
v_) adaii 1 a%aii 2 a%ait 3 adai 4 adai s
10 0.102 0.103 0.103 0.109 0.103
25 0.257 0.254 0.257 0.255 0.256
50 0.512 0.51 0.512 0.514 0.512
75 0.767 0.767 0.768 0.764 0.768
100 1.025 1.021 1.023 1.02 1.033
125 1.284 1.277 1.282 1.277 1.281
150 1.541 1.54 1.539 1.538 1.542
175 1.798 1.792 1.798 1.795 1.796
200 2.062 2.05 2.051 2.052 2.055
225 2.309 2.305 2.31 2.3 2.314
250 2.568 2.57 2.565 2.567 2.567
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START

read data : n(rpm),i(A),v(V)

1 & RS &, . P
calculate ]rms Y Z llf ) Vrms = Z vlf ) P=- (vk lk) ) S= Vrms . ]rms ) pf =
\/ no n n S

t—

calculate pfangle ¢ = cos™(pf)

no ileading v yes

Y Y

calculate torque angle (9) ?

I, (Xq cos(p)-R sin(q)))
v, -1 (R cos(p)+ X, sin ((p))

calculate torque angle (9)
I, (R sin() + X, cos(¢))
Vrm\ - [rm\‘ (R cos ((0) - X‘] Sin ((0))

f=tan™ .

6 =tan

A A

calculate back emf (£,) calculate back emf (E,)

sin(p+6)

‘Eo‘ =V_ cos(d)—RI

rms rms

COS((D - 9) - Xd]rm\ Sin(gD - 0) ‘EO‘ N Vr/nx COS(Q) - erm.\‘ COS((p + 9) + Xd]

rms
| b |
L O

calculate electromagnetic torque (M)

£,

V‘/”S 2
1 sinf + l L_ L Vm’\‘ sin 26 0, = 272._”
X, 20X, X, 60

Y
calculate mechanical resistant torque (M)

M,=Pla,

m = tm

o2
4]

m

\/

»| calculate load torque (M,)
M, =085M,-M,)

Y
<display result : M, >

JU% 4.15 Anumsaanusaalvan
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float Irms=0,Vrms=0,pf=0,Prms=0,
S=0,y=0,0d=0,0q=0,t0=0,
lead=0,lag=0,E0 real=0,
EO_Img=0,Ereal=0,Wi=0,
Q=0,1g=0,1d=0,M=0,E=0,
n=0, EImg=0,R=4.736,
Xq=44.15,Xd=80.327,
Pin=0,Ma=0,Mm=0, Mr=0,
Vrms0, Irms0,PrmsO0;

int Pf lead=0;

unsigned long previousTime=0;

volatile unsigned long encoder = 0;

void capture_pulse()

/1 Usemaaanlssemnaunaney

] Y '
AlgmsmuandounimruaausuduYea
WIS A0TUDINDS

[ [ o <
//dsemaanilslssnndauiiui gy

Y] o <
/lsemaainlsdsznnaudnuivgy
321 liAanToarueg

9
@ (3 [J

/ gimstudgaauuiudg liiFoss

{
o & o ! d‘ '
++encoder; /l Adainauaeiieaas ly
}
(M Tsunsumssemaainls
void setup() i/ gufiuasusudums i
{ // AAUANLIBIAVYDIFDIDUNADUIADST TAIA

pinMode(1, INPUT);
attachInterrupt(1,capture pulse,RISING);
}
void loop()
{ if(millis()-previousTime>1000 ) {
previousTime = millis();
Call_ RMS();
Call_Display();
encoder = 0;
i

}
void Call_Display(void) {

1 Hasauing: Taa lufauiioma
Sumessldlarsuiiaos lisummaiinefuas
laifimsAua , Tnua RISING
Radumessldieiinsnavuasin <omifu <17
/I qﬂmsﬁnwuﬂzﬁmuﬁimﬁmmaamam

// Sasmsgudynna 1310

// Amuaseuiuia luuaazseufe 1 3u1i

// QURedMTUNMIATUINNIA rms
VOINTLUAUASUTIAY LA
gilgesdmTuuaaInIMI AN

/1 qUgRAMTULAAIMMI AN

{ @ @ ]
) Tsunsumadhdedoyan lasunndinsninauG,
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float RPM=0,Freq;
Freq=encoder;
RPM=(Freq/9)*60;
n=RPM;
Wi=(0.1047%*n);
SerialUSB.print(n,0);

SerialUSB.print("\t n ");
SerialUSB.print(Vrms,3);
SerialUSB.print("\tVrms");
SerialUSB.print(Irms,3);
SerialUSB.print("\t Irms");

i/ sgmeaunlsisznnaunenioy
[ Ao JAa a Jo o
/Rudgyananiadninamsaumessid
// MMIAUINA rpm
@ <] 1 %
Tudansaeanusilunfuseuseni /7 Wdmls n
Vv W o 3 a
MINUAIT RPM 8051515 10N190a 271/ 60
/ ManFudaininioasdoyasonnianesnoynsu

Sondauils uag Mvuaduruanaiouguid g

J/ fuagiuuninaasmifinthoeeduissa n >
/Fondutsusadulamenion 3 A

// AR IFUDIT DU
/Send)snszualimenion 3 Auma

// HAAIAINTZUTDNTIDNID

J =] @
(M) TsunsumMsuaaImeIsoNDaUDITIAULAE NI

if(Pf_lead== 1) {SerialUSB.print("1");}  // $1d1l5znoumaanty leading taaan 1

else{Serial USB.print("0");}

Serial USB.print("\t lead lag ");
SerialUSB.print(pf,2);

Serial USB.print("\t pf");
SerialUSB.print(E,3);
SerialUSB.print("\t E");

SerialUSB.print(to,3);
SerialUSB.print("\t torque angle");
SerialUSB.print(Mr,3);
SerialUSB.print("\t Mr");
SerialUSB.print(M,3);
SerialUSB.print("\t Me ");

/81 Pf Lead My 1dnilsznoumdantu
lagging T¥uanen 0

// WeAR9e leading n3o lagging
/15enaaulsnszuanation 2 A

// wEaamalszneunias
/Sendautlsusedurhidmnduneien 3
AU

/ waraauns g Tlwhdundy
/5endamlsyunsadianaion 3 Aum

AT CRGRGUTEAST

/5enalsuselia lviaanailon 3 @unug
// waaenusada Tvan

/1 Sondanlsusadiauiman lwvPmeiion 3
A1 /7 vaasaussiauiman T

@) Tsupsumsuaasnanmsmiuiaussla lvaa
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SerialUSB.print(Mm,3);
SerialUSB.print("\t Mm")
SerialUSB.printIn("");

} // 911 Call_Display()

void Call RMS(void)

{

float VoltSampling,SumVolt=0,
SumI=0, PO=0, VO=0,
VO1=0,RatV=0;

double SumP=0;

unsigned int lenght=2000;
for(int j =0;j<lenght;j++)

{

=) 7 a Y 9 a o 1]
//15endususatadiu Tviaa lanadey 3 S umia
// WAAIAMTITAITIANIUIFING

2 v a 1 o
/ auusine lwinluuaazussne

[ H o [ o R
/5engiliesnldfiuauninszuauazussduensiouod

7 dsemadiulsdssinnmunatioy

//dsemaaulsiszmnneanatenanuazideaasani

// fruaa 1 A1 vosgiladunszuduazisay
/- MIMIAUINIUTOUIUDN 2000 501

@) Tlsunsumsmmuaiiuiudeyavewssauuaznszuan lannmsguia

//==== Sampling Input Voltage ==—==//
VoltSampling = analogRead(15);
VoltSampling = VoltSampling*3.3/4095-
1.65;

VO1=VO;

VO = VoltSampling;

SumVolt = SumVolt

+VoltSampling*VoltSampling;

//==== Sampling Input Current ===//
VoltSampling = analogRead(16);
VoltSampling = VoltSampling*3.3/4095-
1.65;

Suml = Suml +

VoltSampling*VoltSampling;

/1 fumeriaendunadiv 15

// ATUIUNMITUUAULTIAU 3.3 V W38
(22 Z1) andieusaiuiiua 1.65 v

1 damiidmiuasininf lead nio lag
// MMIATUINAIA sampling
Tunaazyald vo

2
// MIMSTTINAWTIAUNINUA 1Y 2000 e

~

2

RG]
Uy bl
a

// SuAPUIABNDIUNATIU 16
// AUIUNINMIULITITN 3.3 V 11388
(22 —1) AUAIBLIIAUNILIN 1.65 V

Y
// MSTTINATIAUNINUA 1Y 2000 e

9
Voya

@) Tsunsumadndaussaunagznszuain ldvninmsguia
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//==== Sampling Input Power=—==—==//
PO=VO*VoltSampling;

SumP=SumP+PO;

RatV = VO-VOlI;
if (RatV>0)
{
if (VO >-0.001)
{
if (VO <0.001)

{
if (VoltSampling > 0) {Pf lead = 1;}

else{Pf lead = 0;}
H
§
}

j
I I/

delayMicroseconds(2);
}

/| Y3894 VO = 1159AY, VoltSampling =
nszua tude Adal
AT AU NI ZILE

1 mssamaAas lBiaualy 2000
YAdola

/wnganluseumsniau a1 193 2000
J/ HSIFUIOUNOUALAIBUIIAUTOUADIN
// 81 RatV 11071 0
// 81 VO 1R -0.001

9 9 v
// 91 VO Usan -0.001
/ Tuaaans sauegi -0.001 99 0.001
dnszuauIngn 0 vueanu pf ufy
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/[=======Calculate RMS =======//
Prms0 = SumP/lenght;

Prms0 = (513*Prms0)+7.5;

Vrms0 = sqrt(SumVolt/lenght);
Vrms0 = (95*Vrms0)-0.65;

Irms0 = sqrt(SumlI/lenght);
Irms0=5.4*Irms0+0.0042;

S= Vrms*Irms;

/|=======Average Value ======//
Vrms = Vrms*0.7 + Vrms0*0.3;
Irms = Irms*0.7 + Irms0*0.3;

Prms = Prms*0.7 + Prms0*0.3;
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// msUFugaus U NoATIdIuAINTI;
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/ m3lSugunszuanuens1dIuiINg 19y

/ wmad Ivbusadou
// V(n+1) = 0.3*V(n) + 0.7*V(n-1)

] 0 Y1 d' = =~ J
/mfumslafames 1¥anesnuianus oy

TagnAA linear constant coefficient difference equation

ATz 13 ey e v

° o w : o w A 1 J 3 (%
(1) Tdsunsumsmuiumaunne mmwﬁau ANDIDNIDTUDIULIIAULUASNTSIUT

if(Pf lead == 1)
{

pf=Prms/S;

if (pf>1){pf=1;}

y=acos(pf) ;
EO0 real=Vrms-(R*Irms*cos(y))
+HXq*Irms*sin(y));
EO0_Img=(R*Irms*sin(y))+
(Xg*Irms*cos(y));
Q=atan(E0_Img/E0_real);
to=atan(E0_Img/EQ _real)*57.2958;
Iq = (Irms*cos(y+Q));
Id = (Irms*sin(y+Q));
od =1.5707962-Q;
0q=Q;
Ereal=Vrms-(R*Irms*cos(y))
-(Xq*Ig*sin(oq))
+(Xd*Id*sin(od));

// 81 Pf_lead 1A 1
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EImg = -(R*Irms*sin(y))
-(Xd*Id*cos(od))
-(Xq*Ig*cos(oq));

E = sqrt((Ereal*Ereal)+(EImg*EImg));
M = (3/Wi)*((E/Xd*Vrms*sin(Q))
+(0.5*%((1/Xq)
-(1/Xd))*Vrms*Vrms*sin(2*Q)));
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//aumsinulu Caleulate Leading

o a T < o @
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else

{
pf=Prms/S;
if(pf>1){pf=1;

y=acos(pf) ;
EO_real = Vrms-(R*Irms*cos
(- yD+Xq*Irms*sin(-y);
EO0 Img = (R*Irms*sin(-y))
+HXq*Irms*cos(-y));
Q = (atan(E0_Img/EQ_real));
to = (atan(E0_Img/E0_real)*57.2958);
Iq=(Irms*cos(y-Q));
Id=(Irms*sin(y-Q));
0d=-1.5707962-Q;
0q=Q;
Ereal=Vrms-(R*Irms*cos(-y))
-(Xq*1g*sin(oq))
+(Xd*Id*sin(od));

// 81 Pf lead lamiy 1
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Elmg = -(R*Irms*sin(-y)) smsanans sy Ilhidnduauves
-(Xd*Id*cos(od))-(Xq*Iq*cos(0q));  §1unuFIToU
E=sqrt((Ereal*Ereal)+(EImg*EImg)); // Arnasasu IvPidundummnzaiuasa
M = (3/Wi)*((E/Xd*Vrms*sin(Q)) /1 s atiauiman vl
+(0.5*((1/Xq)
- (1I/Xd)*Vrms*Vrms*sin(2*Q)));
¥ // aum3n19u U Caleulate Lagging
/[=======Load Torque ======//
Mm= 19.40/Wi; // AansalaFeanIuFna
Mr=(M-Mm)*0.85; // Mudansidalvan
} // M3 lugil Call_ RMS
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6.3.1 Tlsunsidnaou
A o @ 1 4 S 9
iiio MATLAB hmssumainwesaeynsuvedluTnsnouInsameiuda lu
msmuradead Tsunsudnaou uazTisunsunaadov 11 MATLAB  Neural Network
Toolbox Mdan 1 lumsadiaunsov18Ae net = newff ¥z sasaInsavredlovnuylal
y A o 9 vy o & Y 9 Y} A vy o &
Wi iWemsaialnssvieaemaetiadundl azasanageunsevie lanlemde y =

. { o I o { ' o @ (% I
sim(net,p) TaeNda11s net 1Wudusnldannmsadruniovrearemas newtr dauls p 1ilu
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a A Y Y I 4 1 a o o = 9
DUNANADINITNATOU wazauls y Lﬂummw‘ﬂmﬂiﬂsww NATMIANTY newff FIVLHI

a 3% oo & A

Taswinenlianuas ngiminlszamuas lusaisududlonigy aniuilonagounudung

q

4 ¢ H ' v g so A
luvazll iodnwa laveansamaan lanee lidu ldathuuensedandundeants
= ] g/} Yo o . A o A a A
TumsdnaouTasevieruaz 15a1a9 net = train(net,p,t) laenawls p Ao dUNA uaz t Ao
1 ] a o R g @ { <
Fmueiidesnis i laseaineous Tastnauda dauils net FuudalsTassadeiny
= A Y] = a o A Y (o ' = 9
s1vazeaveuniote 13 alivisdimeinelunanniolslsuuainsinasuaudosnis

Y
& uaaeseazdeamsmeuTlsunsuldaeil

clear all
clc;
pth ="E:\MASTER_PA\AI\AI Update\ANN\Test ann\SumDATA\wb\; /58 11/5un5UExcel

pt = xlIsread('Sum_Data.xls','sheetl','al:a80:i1:180")'; // “L]ﬂfﬂ"ﬁj’em”aExel izuﬁmauﬁﬁ’ﬂuamm

YooY
Nm=pt(1,[1:80])/1500; / Mvuamveya luaiuvesduna uaasmnemuaoaul lu
Excel

V=pt(2,[1:801)/230; //ﬂ]”aagaﬁuwﬂﬁﬁ’a?;u 8 Toya 15znoUAIE ANWIET LSITY NTZLE
Ta=pt(3,[1:80])/1.6; JNFANTEHETIII 01 Ed 6215 noumas usatiauuman
L=pt(4,[1:80]); /Ml usaia@eaniudana ussiia Ivaa auaiau 1diiem
PF=pt(5,[1:80]); Jrgagasunalundazasaiiinmstoyaiiolidoyaiia i
M=pt(6,[1:80])/4; 7 1 Iadanudunusianuduladsunsuag

Mm=pt(7,[1:80])/2;
Mr=pt(8,[1:80])/4;
4 A 1 1 A a d' 9 d‘ A (%

delta=pt(9,[1:80]); // @IAWA D ATANITULUANAN (e) GIJ@\TLL?\TLI?]I‘Waﬂ‘ﬂllﬂﬁnﬂmiﬂﬂllﬂ?ﬂ
Meusundunla

p=[Nm;V;la;L;PF;M;Mm;Mr]; // ﬂ'wmﬁuwmﬁﬂﬁ@u

1 4 Y

t=delta; // ﬂ”l"'l]’f]\u@WW!@!“]JTWNTEJ

tic // 5UFVIAN

net = newff([0 1;0 1;0 1; 0 1;0 1;0 1;0 1,0 1],[30,1],{'logsig','purelin'},'trainlm")

/7 TAT980D 2 FulasFumslaauuy logsig 11ag purelin

net.trainParam.show=100; // 91UIUTDUNILUTAINAMIHNADOU AD 100 T8

net.trainParam.epochs=1000; // Suseugegalunmsinaey Av 1000 501



70

net.trainParam.goal=0; // ManuEanarat Mg Av 0
net.trainParam.min_grad=1e-30; // 1 error
. o o = ]
net = train(net,p,t) / mdalumsinaouInsave
a 7 {0 g 1 A o
time=toc /! wuwnmﬁmuhlﬂml,mgmsmmam

'
= °

pth_Train_Sum_Data="Sum_Data logsig purelin 30 1.mat'; // Lﬁwﬁ’ayam 211 l1nageu

pth_train_mat Sum_Data=[pth pth Train_Sum_Data];

save(pth_train_ mat Sum_Data); // Fuiinanlu pth_train_mat Sum_Data
disp('=-------=- Trained ---------- )/ udaawamsizous
a=sim(net,p); ) dalniBeudouns
delta_test=t; /1 Ahwane
. v A Y
delta_train=a; /T ONTYUY

err_pt=[delta_test;delta_train];

t4

Sum_error =sum(abs(delta_test-delta_train)) // SAAAANAIAET uyIal

wl=net.IW{1}; i vhmdndseamifonsud |
w2=net LW {2};  imlszannidfensui 2
bl=net.b{1}; TS aa |
b2=net.b{2}; e TS aa 2

a 1A @ o 1 1 a
WIUININHATIWAAANA AN TBIVDIAIAINIANANYDILS DA Tnan M Tasld
1 1 g’/ o J v
misieud Insainelseamiionnuy ldwihlaseine 2 vu wagnaaeuiuiendumsuilas 4
v v A a a R . a s Y v @ 14 4 .
LUVABAUAD FRUBBLLVABNT3I MY (logsig) TnuesauvUdududa lawlosTuats (tansig)
[FUAT9 (purelin) LA UATIVIN (positive linear, poslin) IH¥MITHNABUIVY Levenberg-
. . % g a A {
Marquardt algorithm, trainlm Fuilumatiafldnarlunmsdnasuesiga lananiinaaou
o ' [ ¢ o A a ¥
Aa3199 6.2 Haszneu ldeendumsulawuugauesuuuaonis iy luguusn uaz 1y
Jd v 9 3’, ~ 1A o L4 o
Wandumsudasuuduassluguiaes wasmmianaiaduysal (jsum error|) nagdiuau

FOUMTAIUIN (counts)



{ o a a d v {
A1519% 6.2 HaNSNATOUTIUIUTIToALAS FUAVOININTU NI TN
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Node Function sum err0r| time(sec) counts
10:1 tansig, purelin 0.8161 19.8154 1000
20:1 tansig, purelin 2.1661x107" 7.6947 303
30:1 tansig, purelin 1.4072x107" 8.1085 192
10:1 tansig, poslin 18.4476 3.0322 68
20:1 tansig, poslin 33.2850 1.3335 1
30:1 tansig, poslin 33.2850 2.2909 3
10:1 tansig, logsig 18.7199 20.1939 1000
20:1 tansig, logsig 18.7170 38.1984 1000
30:1 tansig, logsig 18.7170 33.2688 1000
10:1 tansig, tansig 1.8834 20.6746 1000
20:1 tansig, tansig 0.8985 29.0166 1000
30:1 tansig, tansig 0.8980 45.0273 1000
10:1 purelin, tansig 13.5824 3.0395 119
20:1 purelin, tansig 13.5824 6.0424 108
30:1 purelin, tansig 13.5824 4.8108 92
10:1 purelin, poslin 21.3889 2.2954 74
20:1 purelin, poslin 21.4059 2.4618 58
30:1 purelin, poslin 21.4209 4.6950 91
10:1 purelin, logsig 21.7357 1.8459 51
20:1 purelin, logsig 21.7357 2.5205 31
30:1 purelin, logsig 21.7357 5.0458 90
10:1 purelin, purelin 13.9192 6.8039 73
20:1 purelin, purelin 13.9192 3.9870 75
30:1 purelin, purelin 13.9192 2.5900 24
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A15197 6.2 HaNSNATOUTIUIUTIToALAS FUAVOININTU NI TN (919)
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Node Function sum err0r| time(sec) counts
10:1 poslin, tansig 13.5824 3.5110 96
20:1 poslin, tansig 13.5824 3.1130 101
30:1 poslin, tansig 13.5824 3.7426 90
10:1 poslin, purelin 4.8255 2.1587 53
20:1 poslin, purelin 4.3889 2.0047 39
30:1 poslin, purelin 2.1361 3.1314 55
10:1 poslin, logsig 21.2557 1.8629 46
20:1 poslin, logsig 33.2850 1.4385 11
30:1 poslin, logsig 33.2850 1.3231 2
10:1 poslin, poslin 21.4236 1.9039 47
20:1 poslin, poslin 20.9406 2.0161 39
30:1 poslin, poslin 33.2850 1.2172 5
10:1 logsig, tansig 1.3520 15.5456 1000
20:1 logsig, tansig 0.8980 26.3276 1000
30:1 logsig, tansig 0.8980 35.0662 1000
10:1 logsig, purelin 0.4152 14.6772 1000
20:1 logsig, purelin 2.6152x107" 15.4323 714
30:1 logsig, purelin 1.1568x107" 8.6928 239
10:1 logsig, poslin 18.3752 3.5151 155
20:1 logsig, poslin 18.0442 3.8392 123
30:1 logsig, poslin 18.4270 3.7753 59
10:1 logsig, logsig 18.7170 15.8395 1000
20:1 logsig, logsig 18.7170 23.2843 1000
30:1 logsig, logsig 18.7170 33.039%4 1000

P o A du & o 7w ~ Y 1 2
ANATTINN 6.2 V]Tﬂ”li!ﬂi’)ﬂﬁ\‘]ﬂﬂfl!ﬂ\i 4 1y IﬂﬂﬁaUﬁ\iﬂ%ﬂiﬂﬂ”ﬁﬁﬂugll@ax%u

- o o a < o & A o a < o A
Tagluruusnyinisisuniseadlu 10, 20 uaz 30 42 yudRaeslsuirseatlu 1 @2 1e

@ ' ' D) o o Ay = v 1A o s
TUNANAIN Iﬂi\?““1ﬂL!UUiﬂiﬁWaaW‘ﬁ@nﬂJV]@]@Qﬂ”ﬁ G]N@]@\‘l&lﬁWaﬁﬂﬂJﬂTWﬂWﬁTﬂﬁNuimmﬂﬂ
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v 1 ] ] ] Y
usedatoenge Fannmamsnadouluaisned 6.1 wua winganuiauingealduiniu

Y
vz lvimaveanis

Indifesnudoya

A o 9 1
diehimsasialnsedie
s ¥ A & ¢ 7w A L i a A
eIANA (FUT 2) B9 1 11ananazlandunisuas Ao purelin aanaaalugii 6.7 sunah
Yourhgruduna

ﬁﬂwamﬁ’uum(|sum err0r| ) voausaiiatios

9
a

U
4

U

= Y A g
N1 uazsun 2 1l

w1 =netiw{l}

1.449
2.677
-0.972
5.458
-0.608
-2.639
-3.928
3.855
-1.411
3.024
-2.495
-0.972
-3.957
-0.966
7.157
-4.641
-5.523
0.355
-5.784
-4.863
2.113
-0.245
0.602
3.870
4.360
1.025
-0.321
-7.057
3.854
5.455

=

iToUg

A

nt

[

It
HANU

10.290 0.930 5.216

5.600 -2.329
-7.624  5.571
-8.567 -5.887
-6.047 5.491
-7.383  3.008
2.161 -2.631
-5.191 2918
2.970 -3.704
6.212 -6.529
-1.872  7.449
0.679 4.026
6.697
-3.773 -2.827
-1.034 -8.438
4.383 -4.543
0.377 -3.343
-2.987 10.588
3.663 3.514
-4.712 -1.927
6.110 4.477
-4.006 5.060
-8.113 5.590
-3.474 5278
3.970 1.449
4918 -5.743
-0.809 -5.050
5.523 7.664
4.587 -0.845
-0.390 1.869

-3.970
3.673
-6.830
-6.320
3.957
-7.292
-2.706
-6.641
-3.516
1.537
5.224

4.284 -11.163

6.078
4.309
5.130
6.399
-8.243
-2.112
3.757
2.241
9.348
4259
4.801
-6.314
-1.905
-3.467
-4.349
-3.614
3.549

9

% 30 H250@ AUTUFUUTALAY

nga

bl =net.b{l}
0.004 -2.884 2.941 5234 -12.399
6.308 -5.260 1.796 3.408 7.523
6.547 2.150 1.515 3.563 4.040
1284 0.854 4.942 4.987 4011
0312 4380 4.768 -7.678 3.185
4568 2346 2749 2.634 3.991
20.652 2.363 5.149 10.290 2.606
6481 1.014 -7.486 5.600 4757
4483 0434 11.592 -3.842 -5.103
3.842 3.931 -7.472 -5.763 -1.237
-5.763 -1.836 -5.829 -7.274 7.392
7274 0.338 -8.089 3.634 7.087
3.634 -3.763 6.010 7.892 -1.725
2550 3.913 8551 4.008 -4.232
3.007 0.877 1205 2.170 0.800
1610 -1.715 4.709 1.519 53
-0.896 2.607 -0273 -1.592 -0.205
0.012 -4.816 1374 -4.255 2.353
0.478

6.049 -5.179 -0.820 5.622
0.468

4305 1.192 -1.833 3.401
-9.969

3779 2304 3254 4.766
4726

5674 1.042 2284 -1.490
0.614
2.847 4.164 -1392 2.988 31
1.568 1.519 -0.522 -3.675 0975
1.968 0378 -1.482 8.454 9,005
6.126 -2.984 0.113 7.234 7162
2.978 4705 -5.354 -1.222 7699
0.950 2.719 0.479 3.657 2773
1932 3332 4.295 5.665 1315

3.097 2.547 -4.560 2.809

w2 =netIw{2}

2.167
-4.835
4.895
5.096
5.483
-2.894
4.986
4.008
2.170
1.519
-1.592
-4.255
3.911
-3.224
-3.659
-2.795
-4.669
-2.372
1.078
3.702
-2.984
-2.937
0.134
-0.337
3.884
-3.913
3.451
0.515
-0.599

6.687)"

[ Y a o v ° Y 1 A Ay ¥

GLﬂalﬂfNﬂ‘Uﬂ'J’]llﬁﬂﬂﬂ’lﬁ ‘Vl'lﬂlﬁﬂ'lﬂ'J’]iJl!ﬁﬂﬂ’N"’U’[’)QllﬁQUﬂiﬁﬁﬂﬂllﬂ
9| 2 o Y 1A @ I’ A

ﬂulﬂ’n’ill']ﬂ "INEVI'IGL‘WWﬁ3']1]ﬂ’]Wﬂ‘W'ﬂ'lﬂﬁllylﬁﬂlm@ﬂlliﬂﬂﬂﬁﬂﬁﬂiﬂmﬂw'lz

= Jd o A . y
Hlansunsutasne logsig tazyu

A g’/ cs' =\ a 1 a = 1 = Y 1
(VIOBUN 1) U8 DUNA uAAZdUNALAIIZHIN 0 D1 1dmasIum

~

s 1 %l Y v g’J
Taslianhmindseanuas ”l‘uaﬁeuawu

b2 =net.b{2}

{-1.224}

ﬁ' F) o a 1 %’ @ o A @ =) )] [
Llli’)]lﬂ‘VﬁnJ UIUNITea MUY szan Llagnl,']_li’)ﬁvllﬁﬂ1$ﬂllﬂﬂﬂ”lilif]ugiﬂﬁﬁﬂnﬂ

Uszeamimeonaz Idinan laaq lddaauaeaTsunsunaaon
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Input 3

N,
N0

S

SV
AN

Wl

XYY
N

KA
SO

N Output ()

7

N7
NS
S
S

A' A\
N AR

\
oL

i\

1 Y
1 6.7 Tnsenolszamidionuuy lvihae ey

6.3.2 ilsupsunaaen

cle

clear all

pth = 'E:\MASTER_PA\ADAI Update\ANN\Test ann\SumDATAWbY;  // Wa'lWdnrnaeu
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pth_Train_Sum_Data="Sum_Data logsig purelin 30 1.mat’; // Fenmnyimsinaey
pth_train_mat Sum_Data=[pth pth_Train_Sum_ Data]; // Fande ya Taseuedszeaniney
load(pth_train_mat Sum_Data); // Tiande ya Nlnaou

. A A & 1
name_capture=input('Input file name [Num of %] : ','s");  // izu%"lwamﬂmﬂumimﬁau
dot xls='xIs"; /7 fuanlu g Excel

pth_capture=E:\MASTER PA\AINAI Update\ANN\Test ann\SumDATA\Capture\'; // MAua
nagol

. ~ ay -]
Filename capture=fopen([pth_capture name capture dot xIs],'a"); /13 ﬂmﬂﬂ"lWamﬂmay,a

Test_port = serial'COM1','BaudRate', 19200, Terminator','LF',' Timeout',10); //L?JﬂWE]%G]E)‘L;‘!ﬂiSJ

A 4
felose(Test_port); /1 Aanoinoynsu
A 4
fopen(Test_port); /anoineynIu
i=0; // HUMSIUTOU
while(1)
i=it+1; /NUINTeVNAY 1

Test_data = fscanf(Test_port);
[Nm1,V1,Ial,L1,PF1,Mrl,to,M1,E.MmI]=strread
(Test_data,'%d% 1% %d% %% %% %f,'delimiter'," '); // DIUNDS apYNTILIAL NS
9

Uo3a pl=[Nm1/1500;V1/230;Ia1/1.6;L1;PF1;M1/4;Mm1/2;Mr1/4]; /! ﬁ1ﬁ1‘ﬂ’gﬂ’s:fﬂmﬁﬁ

A A ya =l 1 a
LW@%%%iﬂﬂ@@ﬂNWﬂJﬂﬂMﬂu

1 al=sim(net,p1); /e sz aimensinsszuiana
d I 4 v A

Load1=V1*100; /1 oS IFUALTIAUNNA

Mrture=Mrl1+al; // MUIUHIALTIDA 1A 9

fprintf(' Nm = %d\t V = %.31\t I = %.3f\t L = %d\t PF = %.2f\t @=%.2{\t E0=%.3f\t Me=%.3f\t
Mml = %.3f\t al = %.3f \tMr=%.3f\n',Nm1,V1,Ial,L1,PF1,to,E.M1,Mm1,al, Mrture)

)/ daasmmsmuransatia Tnaadae Tnssiiedssamiion
fprintf(Filename_capture,'%d\t %.31\t %.3\t %.31\t %.2f\t %.21\t %.3f\t %.31\t %.3\t %.3f\t
%.3f\n',Nm1,V1,]al,.L1,PF1 to,E,M1.Mmlal Mrture);  // gadunmisiaaamiitiudinlulug

Excel
end / dugalusunsu
fclose(Filename capture); // ?Jﬂmiﬁuﬁﬂ%y,alu"lvdﬁ Excel

a 4
felose(Test_port); // danesaaynsy
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Y
fclose all; // AUMIIMNIUNIHUA
disp(‘'Finished)  / dUMINUTUD
Aav A a o’dy 9 A @ a Y] 1
TuadseInertinusi lamunsdsuannnuranaia Tagerde Tasavielsyean
ey i luarvvesmssmuiaa luTdsunsun Idivaue 13udr1uluunn 4 awnse

@ouuwunwmsmmlnivasnn lamudiuvesInsenedszamiiounda 1aTugh 6.8

START

| read data : n(rpm),i(A),v(V)I
1 n 2 1 n 2 1 n . P
calculate [rms = _z Iy s Vrlm =\ Vi s P= —z (VA Iy ) > §= I/rms x [rms > pf =<
n n nts S

k=1 k=1

calculate pfangle ¢ = cos™ (pf)

no i leading v yes

! ‘% '

calculate torque angle (9) calculate torque angle (6)

0= tan"" L (X, COS(‘P)‘RSin(.‘/’)) 0= tan”! I, (Rsin(go)JrX‘, cos((/)))
Vo =L (Reos () + X, sin(p)) Vs =L (Reos(p) = X, sin(g))
calculate back emf (E,) calculate back emf (E,)
|Ey| =V, cos(0) = RL,, cos(p~0)~ X, I, sin(p~0) |Ey| =7, c08(0) = RI,,, cos(@+0)+ X1, sin(p+0)

=?<

calculate electromagnetic torque (M)

E\V,
" _i{lolismgg[i_%m; Sim} .
" q i

o, 4 2( X, 60

Y
calculate mechanical resistant torque (M,,)
M, =P, lo,

!

> calculate load torque (M,)
M, =0.85(M, - M,)

!

transport "Af, " to ANN library

display result : A,

~ = ° ' = A ' Iy A
glhfl 6.8 ﬂ'lilellflu}llillﬂillﬂ1u’3mﬂ1ﬂ1y'lcmla$lwuﬁluﬁ3uﬂiﬂaﬂﬂ31NWﬂwa1ﬂ
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6.4 wamsnagavlsulysmanudanaausidalvaalaglassviglszam

A <Y ° A [l = a ~
ﬂ’]ﬁﬁﬂﬁQQﬂﬂﬁﬂ!ﬂ@\TVI']ﬂ'ﬁLWiJIﬂﬁ\jsll']fJﬂﬁgﬁ']ﬂW]fﬂﬁ]’]ﬂlﬂmalu VBDIUNN 5 dINTD

9 ]
uaasmiaaaaginsallalmilugii 6.9

LHAAINA

M ¢ 12-ia

s 1 L4
Wf)iﬂE]‘L!ﬂillﬁ\ﬁ?ﬂvllliﬂiﬂﬁ)ui“ﬂimaﬂi

W lagevienlsseniiey

Toolbox @MATLAB
A

N r2-ia

Tylasneulnsaaes
(Maple - 32 bit) o«
(ADC)

Av

-Iﬁamaﬁﬂimﬁ |s5';maﬁ]°smﬁu| |ﬁam'm§’m1m§'s

L4
§| HaeI

@—J v2 Ul}l FIF2 I~

Y

fmasiamaaluv (pf)

Tvian

V2 Vi
w2

UG RIEIIE]

W1

3ph-source

gilnsaiia
useiinTvan

9
%

d' a o (Y] 1 a
319 6.9 Mmifansgilnsainadeudlszansia Tvan

o (Y a ' @ A 1
mmsnageudldseunausidalvan luwiaussauaneslugiu 80% ﬁ\‘] 120%
v Y 9
VYDIUTIAUNNA (230 Vrms) ﬁ']ﬂTﬁ‘1/1ﬂﬂ'@UI@ﬂﬂ?ﬂjﬁaﬂLWNﬁUﬂﬁﬂagﬂi$N1m 0.5 N-m ‘ﬂuﬁ\‘]

o =} [ A A
4.0 N-m T@ﬂmmﬁmaaumuauﬂumim’daummm"l,'ﬂuuww 5

6.4.1 wamsnagaullszinamusalialviann 80% VoITIAUNNA
P 1% I'd 1 [ Y v A v
NAAOUNDIADTNUTIAUAAADTUAUNINY 80% VOIUIIAUNAA (184 V_ )
I [} 1 1 1 1 [} 4 1
Usuusedunszuaasaveuradnisldiauninu 100 Tnadanasovvyaalaauin uazilou
Y 1 <3 s A A ) Y o ]
NITUENTEAUAUUILMAN 0.3 oS enadouTunstinnszumihmins gy uazliy

[ 1 1 1 T W 4 1
lLiQﬂHﬂi%L!ﬂ@liﬂﬂl@ﬂl!ﬂﬁQﬁ]WEJGlﬁIfIﬂHﬂWﬂU 60 12aAANATONYARIAT U Llﬁﬂ’j@uﬂigllﬁ
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9 2 s A A v o o
AITAUTUILLNNAN 0.2 touulls monaaouluNIANNTLUAAWAIITIAY LAAINANIT
naaaulua1ined 6.3 ¥asznoudleaiusiialvanannsoalota 4aza1NNITAIUIN

= 1 A A k) =} 9 ] =} a A a da!
DA & fldnnnszuaumsiseuivesInsenelszamifioutazanuianaininayy

v 9

wunlunsainszueihmiussdalvaaanmsmuiadiulvaiiandosniusea Inaaain

=

A A o I Y = a 1 W 1 = (% = Y o
A0l IAIANTRY UAMNAANAIAIRAININD 2.913% HRINIuNIANISUAdINAY
Aa ° ' Ay ' a A A v 3 Y Y
usaiaTvaannmsfnudiulugiianiosniusdalnannnsesiiedaanities Tagla
ANuAANAIRAIIND 2.041% e lanTunsdinszumimihus sdumannuranaingini
Tunsainszuadma ihdoyaussiialnanluasied 6.3 univauelugiuuvveensild
naaaluzii 6.10 WisuiisuamssiaTvannnmsinsesiodn (duii) uazduiuang
UszanaawsaiiaTvaa (duilsz) Tunsdinszuaimibussdu (U7 6.10 n) naznsdinszua

[ @ { 2 ] [ ' a
amdanseau (iU 6.10 v) idunslnsaeuduie ldniududeinuaasasiwsaia

Tviaainaaou

A13199 6.3 LEaInsItia Tana NIl Ia LHAaZINMIAMUIUNUTIAUNNA 80%

AsdiNTLuari M (Leading) ATAINTLUAdINA (Lagging)

ussiialvian usafin Tnand usiialvian usefinTnand
ﬁ’jyﬂ (N-m) e AU %error ‘17!;’31&5] (N-m) e AU %error

(N-m) (N-m)

0.540 -0.632 0.525 2.778 0.550 -0.341 0.557 1.273
1.020 -0.536 0.988 3.137 1.025 -0.244 0.968 5.561
1.520 -0.476 1.501 1.250 1.555 -0.095 1.499 3.601
2.000 -0.47 1.926 3.700 2.010 0.035 2.001 0.448
2.535 -0.375 2.49 1.775 2.520 0.079 2.446 2.937
3.025 -0.4 3.013 0.397 3.030 0.185 3.028 0.066
3.505 -0.379 3.436 1.969 3.505 0.2 3.451 1.541
4.020 -0.978 4.122 2.537 4.005 0.088 3.969 0.899
m?"lEJﬂ'W Yerror 2.913 méﬂ?h Yoerror 2.041
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80% Voltage (Leading) 80% Voltage (Lagging)

Mr (N.m)

ME— Mecasurement (load torque}

MPE— Mecasurement (load torque}

05 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
4} ===+ Calculatc (load torque; 4} ==+ Calculatc (load torque;
8.4 0!6 O.‘S i 1!2 l.‘4 1.‘6 0 0.‘5 i l.‘5 2
I (Arms) I (Arms)
{ o Y o { Y [ o
(M) MSNAFOUNNTLUAUIHULTIAY (1) MINAFOUNNILUAAINAULTIAY

(J

A = ' A 9y A A W o Ay ¥
i 6.10 manfFeudieuszniemneilannnsesiodauazmsmuiui laninds

Y]

1 a 4 [ I'd 1 1T W v Aa
Uszaanusata lvaa ousIaUaames UA NN 80% VYoLTIAUNNA

6.4.2 Wamanaaaunlszinamusadalviani 90% VD IUIIAUNNA
r{' [ 4 1 1T o v Aa o
NAADVNDIADT NUTIAUTIAADTNAUNINY 90% VDIUTIAUNAA (207 V. )
[ [ 1 1 1 1 @ 4 1
USuusedunszuaassveiuradnisliiauniny 120 Tnadanasouyaalaauiy uazilou
9 Vg s A A A ° 9 o o
NILUANIZAUTUIWLININED 0.4 tou)s Menadoulunsannszuaimiusay uazlsy
[ 1 1 1 1 @ o 1
U3 UNTZUAATIURIriasne i A UNIAY 60 Tnadanasonyaalndul tazilounszua
Y v d s A A A Y] o o
AIzAUAMINUNIMAN 0.2 wonulls menadoulunsANNITUTANAUITIAY LAAINANIT
d‘ & 9 1 a d’i =\ v o
naaoulua1s19n 6.4 F9sznoualenInsata l1and1nNiAToauedIn LazIINNITAIUIN
=2 1 . AyY ~ P ' ~ a Aa X
swdea é nldannnszurumsiSoudveslasaielseamiisutazanuianaininayy
wunlunsdinszuaiimiingiusita I1nanannseaio auInAAIUIUIINAIU T
a a d' Id' 1 = 9 v A a
usadalvaa Taganuranaiamasegn 2.992% diulunsainszuaaivas Yanuranain
A 1A U a a ~ Y =~ o Y A 1
mAvegh 1.783% vgwunanuAanaiausedalvaah Ia lunsdinszuaimiliswinni
uaziiohdoyaussdalvanlu a1519 6.4 vniuauelugluuvvesnslduaaslugla

6.11 ieumeuniusitialvanainmsnisalodn (duny) taziuinunalszuian

a ) [ { y I
usedalvan (duilse) lunsainszuamimihussau U 6.11 ) idunsmnsdeuduilu
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] v [ @ { e
duvuuinuantios uaz lunsainszuadmaansean (U9 6.10 v) dunsinsaoudu

3 @ [ [ [ a $
Audulaalndruunaude lathududenunaoasiausia lviaaninaaou

A3197 6.4 LAAIAILTINA THAADINIATOINDIA Az TA9INNMIAUIUNUTIAUANA 90%

nsainszuaivi (Leading) ATAUNTZUARINAY (Lagging)
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1 wamanaaaumdszanamssialviani 80% VBIUIIAUNNA

ﬁ1ﬂ1mmauuamagﬂsmﬁﬁmﬁﬁﬁusqﬁ'uﬁmma%'wiﬁu 80% UDIUTIAUN

UFIAUNINDY 184 Vrms ATZUFTUIN 0.3 A UTIAUTUIN 120V

A A 9 A A o oA v Ao .
137190 N.1 Llﬁﬂﬂﬂ'lﬂulﬂ%']ﬂlﬂiﬂ\‘luﬂﬁﬂﬂ 80% UDIULIIAUNNA (pf leading)

95

(Y

nNa

load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
0.530 1526 183.9 0.516 57.1 95.0
1.005 1526 183.9 0.634 81.4 117.8
1.575 1526 183.4 0.809 115.6 148.4
2.005 1527 183.2 0.930 139.9 171.9
2.505 1526 182.9 1.086 168.2 197.5
3.025 1525 182.9 1.357 194.5 246.0
3.500 1525 182.7 1.482 220.6 270.4
4.025 1526 182.4 1.635 250.6 300.0
a131971 0.2 weraeadi 1qann1sIni 80% voaussauiing (pf leading)
load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
1.098 1525.6 187.791 0.525 67.239 98.590
1.508 1525.4 187.104 0.646 91.861 120.869
2.041 1525.8 187.645 0.805 123.864 151.054
2.456 1525.2 187.733 0.933 149.232 175.155
2.879 1525.2 187.881 1.074 174.342 201.784
3.444 1525.4 187.388 1.343 204.350 251.662
3.878 1525.4 186.508 1.475 231.083 275.099
4.346 1525 186.648 1.630 260.426 304.236




lil = T Aa U a til a o
A15199 .3 fSeuneunianain (%error) voun sz sda lvani 80% VoINNA

11590U (pf leading)

%error
load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
107.170 0.026 2.116 1.744 17.757 3.779
50.050 0.039 1.742 1.893 12.851 2.605
29.587 0.013 2.315 0.494 7.149 1.788
22.494 0.118 2.474 0.323 6.670 1.894
14.930 0.052 2.723 1.105 3.652 2.169
13.851 0.026 2.454 1.032 5.064 2.302
10.800 0.026 2.084 0.472 4.752 1.738
7.975 0.066 2.329 0.306 3.921 1.412
Lﬂa‘ﬂ%error 32.107 0.046 2.280 0.921 7.727 2.211

o 14 o A @ J 1w v A w
mma‘nﬂﬁaummeﬁﬂﬁzu’dé’mmﬁuimuﬁmmaimm‘u 80% UDILUITIAUNNA

UFIAUNINDY 184 Vrms ATLUTAUIN 0.2 A UFIAUTUIN 60 V

d' 1 dl 9 d’ A 1Y d‘ v A v .
M3 19N N4 memw"lﬂmmﬂimumw 80% UDILIIAUNNA (pf lagging)

load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
0.510 1526 183.3 0.425 63.0 78.0
1.000 1527 183.4 0.567 85.2 102.1
1.540 1527 183.2 0.752 114.0 141.0
2.020 1526 183.0 0.930 138.4 169.3
2.510 1526 183.0 1.156 170.0 210.8
3.010 1526 183.0 1.388 199.4 254.6
3.505 1526 183.1 1.688 234.4 308.1
4.000 1526 182.8 1.958 269.9 357.0
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load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
0.921 1525.6 188.161 0.429 68.613 80.721
1.233 1525.4 187.596 0.562 89.193 105.429
1.647 1525.6 187.404 0.751 116.815 140.740
1.992 1525 186.931 0.926 140.209 173.098
2.448 1525.6 187.299 1.150 171.454 215.394
2.851 1525.2 187.252 1.379 199.346 258.221
3.306 1525.2 187.473 1.664 230.847 311.955
3.854 1525.6 186.944 1.956 267.665 365.662

= = A o A = o
A1519% 0.6 WTsueunAanaln (%error) voumUszanaussdalvaai 80% VouLTIAU

WNA (pf lagging)

%error
load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
80.588 0.026 2.652 0.941 8.910 3.488
23.300 0.105 2.288 0.882 4.687 3.261
6.948 0.092 2.295 0.133 2.469 0.184
1.386 0.066 2.148 0.430 1.307 2.243
2.470 0.026 2.349 0.519 0.855 2.179
5.282 0.052 2.323 0.648 0.027 1.422
5.678 0.052 2.388 1.422 1.516 1.251
3.650 0.026 2.267 0.102 0.828 2.426
méﬂ%error 16.163 0.056 2.339 0.635 2.575 2.057




n.2  wamanaaaumdszanamssdalviani 90% VBIUTIAUNNA

98

MININATBUNOIADS NIZUAUININNUTIAUTALADS N1AD 90% VYDILUTIAUNAA

UFIAUNINDY 207 Vrms DILUATUIN 0.39 A UTIAUFUIN 115V

A A 9 A A o oA v Ao .
ATNN N.7 Llﬁﬂﬂﬂ'lﬂulﬂ%'lﬂlﬂiﬂ\‘luﬂﬁﬂﬂ 90% VDAITIAUNNA (pf leading)

load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
0.505 1526 206.5 0.686 64.7 139.1
1.015 1526 206.6 0.750 91.4 154.4
1.520 1526 206.1 0.855 116.0 175.9
2.015 1526 205.4 0.964 143.0 196.6
2.510 1527 205.3 1.071 169.6 220.6
3.000 1527 205.3 1.183 192.8 242.1
3.515 1525 205.0 1.309 220.0 267.6
4.000 1527 205.0 1.521 249.3 312.4

a131971 0.8 weraem 1qa 1R 90% Yeaus IS (pf leading)

load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
1.444 15252 210.963 0.697 83.519 147.041
1.771 1525.6 210.745 0.753 103.784 158.691
2.184 1525.8 210.233 0.850 129.020 178.698
2.624 1525.8 209.818 0.957 156.621 200.796
3.032 1525.4 209.600 1.067 181.151 223.643
3.427 1525.2 209.056 1.179 204.576 246.477
3.874 1525 209.449 1.307 232.687 273.750
4.395 1525.2 209.817 1.508 260.084 316.404
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d' = 1T Aa % a d‘ v
A15197 0.9 1WTeueuAIRaNaIn (%error) vosmlszaunaussdalvaai 90% VoTIAY

WA (pf leading)

%error
load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
185.941 0.052 2.161 1.603 29.087 5.709
74.483 0.026 2.006 0.400 13.549 2.779
43.684 0.013 2.005 0.585 11.224 1.591
30.223 0.013 2.151 0.726 9.525 2.134
20.797 0.105 2.094 0.373 6.811 1.379
14.233 0.118 1.830 0.338 6.108 1.808
10.213 0.000 2.170 0.153 5.767 2.298
9.875 0.118 2.350 0.855 4.326 1.282
Lﬂa‘ﬂ%error 48.681 0.056 2.096 0.629 10.800 2.373

o J o A @ d 1w v A v
“VnﬂTi‘V]ﬂﬁ'ﬂ‘UiJf)LGIEJSﬂﬁ%&!ﬁéﬁﬁaiﬁllﬂﬂuﬁlmﬁﬂim1ﬂﬂ 90% VBIULITIAUNNA

UFIAUNINDY 207 Vrms ATZUTAUIN 0.2 A UFIAUTUIN 60 V

d' 1 dl 9 d’ A [ d‘ v A v .
13190 .10 Llﬁﬂiﬂ'l‘l’]ulﬂ%WﬂLﬂi’E]\‘liJ@’Jﬂﬂ 90% VDILIIAUNNA (pf lagging)

load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
0.545 1526 206.9 0.599 67.7 125.9
1.000 1527 208.1 0.688 90.0 142.8
1.510 1527 207.5 0.814 117.6 168.4
2.010 1526 207.3 0.960 144.3 198.3
2.500 1527 206.8 1.120 170.6 2323
3.020 1527 206.3 1.323 198.4 272.6
3.505 1527 206.1 1.531 228.4 313.8
4.015 1527 206.1 1.796 254.8 370.0
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load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
0.810 1525.4 211.946 0.602 68.389 127.591
1.140 1525.6 212.431 0.682 89.824 144.878
1.564 1525.6 211.619 0.813 116.991 172.046
1.938 1525.6 211.295 0.955 142.058 201.787
2.279 1525.4 210.953 1.114 165.911 235.002
2.693 1525.4 210.518 1.311 193.192 275.989
3.094 1525.6 210.456 1.517 222.206 319.262
3.551 1525.2 210.502 1.772 253.646 373.010

= = 1A o N = o
AITNN N.12 Lﬂ%ﬂﬂl%ﬂﬂﬂ?ﬂﬂwa"lﬂ(%error) voullszuuusedalnann 90% VoILTIAU

WA (pf lagging)

%error

load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
48.624 0.039 2.439 0.501 1.018 1.343
14.000 0.092 2.081 0.872 0.196 1.455
3.576 0.092 1.985 0.123 0.518 2.165
3.582 0.026 1.927 0.521 1.554 1.758
8.840 0.105 2.008 0.536 2.749 1.163
10.828 0.105 2.045 0.907 2.625 1.243
11.726 0.092 2.114 0.914 2.712 1.741
11.557 0.118 2.136 1.336 0.453 0.814
méﬂ%error 14.092 0.084 2.092 0.714 1.478 1.460
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3 wamanaaaumdszanamsstalviani 100% VYdIUIIAUNNA
MNINAFTOUNBIADSUHINUTIAUFAUADSINIIAY  100% VOIUTIAUNNA LTIAU

1101 230 Vrms ATZUEAUIN 0.35 A USIAUAUIY 120V

A A 9 A A o oA v Ao .
13197 n.13 Llﬁﬂﬂﬂ'l‘lflulﬂ%WﬂLﬂifJ\‘]iJ@ﬁﬂﬂ 100% VUdUTIAUNNA (pf leading)

load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
0.500 1527 230.0 0.344 67.4 79.9
1.010 1527 230.3 0.453 89.7 103.4
1.540 1526 229.5 0.579 111.6 129.9
2.010 1525 229.3 0.702 135.5 161.4
2.510 1524 229.3 0.840 163.7 191.2
3.020 1525 229.9 0.983 192.8 225.3
3.505 1526 230.8 1.149 217.7 265.8
3.965 1526 230.1 1.319 247.1 303.6

M15199 1.14 M519UaAIA1N 1A9ANTAIUIUN 100% YOIUTIAUNNA (pf leading)

load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
1.141 1525.2 234.424 0.345 74.244 80.876
1.510 1525.4 234.318 0.457 95.732 107.083
1.917 1525.8 233.814 0.578 118.927 135.144
2.352 1525.2 233.932 0.704 144.926 164.688
2.746 1525 231.604 0.834 168.047 193.158
3.247 1525.4 234.044 0.977 197.106 228.661
3.788 1525.2 234.590 1.142 227.181 267.902
4321 1525.2 235.049 1.307 258.056 307.209
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d' = 1 Aa U a d‘ o
M3 .15 WSeumeumuanain (%error) voemszanaussda Tnani 100% YoIusIAY

WA (pf leading)

%error
load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
128.200 0.118 1.923 0.291 10.154 1.222
49.505 0.105 1.745 0.883 6.725 3.562
24.481 0.013 1.880 0.173 6.565 4.037
17.015 0.013 2.020 0.285 6.956 2.037
9.402 0.066 1.005 0.714 2.655 1.024
7.517 0.026 1.803 0.610 2.233 1.492
8.074 0.052 1.642 0.609 4.355 0.791
8.979 0.052 2.151 0.910 4.434 1.189
Lﬂéﬂ%error 31.647 0.056 1.771 0.559 5.510 1.919

o 14 o A @ J 1w v A v
“VHﬂTi“VIﬂﬁ'fJ“UiJ@Lﬁ@iﬂigllﬁgWﬁaQ“ﬁlli\iﬂuﬁmmaim1ﬂﬂ 100% UDIULTIAUNNA

UFIAUNINDY 230 Vrms ATLUAAUIN 0.2 A UFIAUTUIN 60 V

d' 1 dl 9 d’ A [ d‘ v A v .
f1319N N.16 Llﬁﬂiﬂ'l‘l’]ulﬂ%WﬂLﬂi’E]\‘liJ@’Jﬂﬂ 100% VUBULTIAUNNA (pf lagging)

load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
0.540 1526 230.2 0.771 74.6 179.9
1.010 1527 230.1 0.854 102.1 194.8
1.535 1526 229.6 0.947 128.4 219.1
2.030 1526 229.9 1.075 155.2 245.8
2.505 1526 229.0 1.205 181.1 275.1
3.010 1526 229.1 1.370 210.1 313.4
3.515 1526 228.8 1.536 237.8 350.5
4.010 1526 228.6 1.740 267.3 497.2




M13199 n.17 uaaeai 1A InmMsmuInh 100% YouLsIAUNng (pf lagging)
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load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
0.661 1525.2 234.177 0.760 65.495 177.975
1.070 1525.4 233.510 0.846 91.663 197.549
1.465 1525.4 232.827 0.950 118.113 221.186
1.842 1525.4 232.984 1.065 142.425 248.128
2.193 1525.2 232.828 1.198 166.241 278.928
2.591 1525.6 232.766 1.351 193.712 314.467
2.941 1525.2 232.085 1.521 217.449 353.001
3.353 1525.6 232.759 1.746 247.902 406.397

A ~ 1A @ a ~
$137190 N.18 WisuneyaIHanaIn (Yerror) voalUseurmusela lvaah 100% U®

USIAUNNA (pf lagging )

%error

load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
22.407 0.052 1.728 1.427 12.205 1.070
5.941 0.105 1.482 0.937 10.222 1.411
4.560 0.039 1.405 0.317 8.012 0.952

9.261 0.039 1.341 0.930 8.231 0.947
12.455 0.052 1.672 0.581 8.205 1.391
13.920 0.026 1.600 1.387 7.800 0.340
16.330 0.052 1.436 0.977 8.558 0.714
16.384 0.026 1.819 0.345 7.257 18.263
méﬂ%error 12.657 0.049 1.560 0.863 8.811 3.136




N4 wamanaaaumdszanamsstalviani 110% VYdIUIIAUNNA

104

MNMINATOUNDINDS NN IAUTAADS AU 110% UDILTIAUNAA 1TIA

1101 253 Vrms DIZUAAUIN 0.42 A UFIAUTUIN 180V

A A 9 A A o oA v Ao .
13190 N.19 Llﬁﬂﬂﬂ'l‘lflulﬂ%TﬂLﬂifJ\‘]iJ@ﬁﬂﬂ 110% VU2USIAUNNA (pf leading)

load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
0.520 1527 253.2 0.314 50.1 79.3
1.005 1527 253.6 0.411 78.1 103.9
1.530 1527 253.8 0.515 103.0 130.0
2.010 1527 254.1 0.622 126.8 158.8
2.515 1527 251.7 0.736 151.3 185.4
3.025 1527 252.2 0.866 182.3 220.2
3.500 1527 248.6 1.192 207.0 299.0
4.005 1527 246.6 1.311 238.9 322.2

a131971 1.20 uaaami 180 InMsAuIAi 110% Yeaussduiing (pf leading)

load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
0.983 15254 255.395 0.326 61.945 83.259
1.408 1525.4 255.634 0.419 88.045 107.111
1.826 1525.4 255.859 0.520 113.090 133.047
2.232 1526 253.085 0.636 136.818 160.962
2.617 1525.6 253.858 0.739 159.086 187.601
3.129 1525.6 254.332 0.873 190.059 222.032
3.954 1525.4 249.883 1.206 232.046 301.359
4.359 1525.6 249.427 1.300 256.162 324.255
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= = " a o A =
M3 n.21 WSeumeumianain (%error) voeaaszananseda lviaain 110% Vo3

USIAUNNA (pf leading)

%error

load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
89.038 0.105 0.867 3.822 23.643 4.992
40.100 0.105 0.802 1.946 12.734 3.090
19.346 0.105 0.811 0.971 9.796 2.344
11.045 0.065 0.399 2.251 7.901 1.361
4.056 0.092 0.857 0.408 5.146 1.187
3.438 0.092 0.845 0.808 4.256 0.832
12.971 0.105 0.516 1.174 12.100 0.789
8.839 0.092 1.146 0.839 7.226 0.638
Lﬂa‘ﬂ%error 23.604 0.095 0.780 1.527 10.350 1.904

o J o A [ J 1w v A w
“Vnﬂﬁ“ﬂﬂﬁ'f)ﬂuﬂmﬂiﬂigllﬁgWﬁﬁﬂﬁLlﬂﬂuﬁlmﬁﬂim1ﬂﬂ 110% UYDIUTIAUNNA

UFIAUNINDY 253 Vrms ATZUAAUIN 0.31 A USIAUAUIN 120 V

d' 1 dl 9 d’ A [ d‘ v A v .
139N N.22 Llﬁﬂiﬂ'l‘l’]ulﬂ%WﬂLﬂi’E]\‘liJ@’Jﬂﬂ 110% VUBULTIAUNNA (pf lagging)

load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
0.520 1526 2533 0.470 60.5 120.8
1.015 1528 253.7 0.536 84.7 135.6
1.530 1527 2533 0.631 113.2 160.9
2.015 1528 2533 0.725 138.3 183.5
2.505 1527 253.2 0.817 163.5 209.2
3.000 1527 253.2 0.925 187.8 235.1
3.505 1527 2534 1.062 215.7 270.4
4.005 1527 252.9 1.185 239.5 298.8




M135199 1.23 a1 1A InMIAUINN 110% YouLsaaunng (pf lagging)
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load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
0.512 1526 255.427 0.479 50.408 122.350
0.916 1525.6 255.534 0.539 76.304 137.733
1.352 1525.6 255.431 0.629 103.790 160.666
1.694 1525.8 255.484 0.718 126.572 183.438
2.043 1525.4 255.052 0.815 149.249 207.867
2.361 1525.6 255.076 0.917 170.750 233.905
2.741 1525.4 255.102 1.051 196.794 268.112
3.058 1525.4 254.816 1.167 217.675 297.370

A ~ 1A @ a A
137190 N.24 wWSsuneuaidanaln (%error) voualszuimusstalvaan 110% U3

UIIAUNNA (pf lagging )

Y%error

load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
1.538 0.000 0.840 1.915 16.681 1.283
9.754 0.157 0.723 0.560 9.913 1.573
11.634 0.092 0.841 0.317 8.313 0.145
15.931 0.144 0.862 0.966 8.480 0.034
18.443 0.105 0.731 0.245 8.716 0.637
21.300 0.092 0.741 0.865 9.079 0.508
21.797 0.105 0.672 1.036 8.765 0.846
23.645 0.105 0.758 1.519 9.113 0.479
méﬂ%error 15.505 0.100 0.771 0.928 9.883 0.688




5 wamanaaaumdszanamsstalviani 120% VYoIMIIAUNNA
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ﬁTﬂTﬁVlﬂﬁ’élﬂilf]!,ﬂ’é]gﬂ'ﬁZL!ﬁﬁﬁ/iﬂ?ﬁl!iﬂﬁﬂﬁlﬂlﬂ@iﬁ?ﬁﬂ 120% UOULTIAUN

UFIAUNINDY 277 Vrms ATZUTTUIN 0.6 A UTIAUTUIN 210 V

A A 9 A A o oA v Ao .
13190 N.25 Llﬁﬂﬂﬂ'l‘lflulﬂ%WﬂLﬂifJ\‘]iJ@ﬁﬂﬂ 120% VU2UIIAUNNA (pf leading)

[

neA

load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
0.500 1526 270.6 0.495 44.5 134.5
1.015 1529 270.4 0.551 69.7 149.3
1.530 1529 270.2 0.626 93.7 167.0
2.040 1529 269.7 0.711 119.7 192.4
2.520 1528 270.1 0.802 143.6 217.2
3.020 1528 270.2 0.897 173.0 241.1
3.525 1528 269.5 0.986 195.5 266.3
4.020 1528 269.9 1.210 226.6 322.0

a131971 1.26 taaami Id0nmsAuIai 120% YeausIAuRta (pf leading)

load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
1.251 1525.8 269.446 0.511 71.873 137.687
1.636 1525.6 269.255 0.565 95.841 152.129
1.982 1525.4 269.240 0.624 117.604 168.006
2.414 1526 268.719 0.717 143.348 192.672
2.813 1525.6 268.914 0.807 167.100 217.014
3.221 1525.6 269.226 0.895 191.320 240.957
3.573 1525.2 269.157 0.978 212.694 263.236
4222 1525.4 268.600 1.183 247.848 317.754




= = " a o A =
M3 n.27 WSeumeumuanain (%error ) vouaaszanansea lvaain 120% Vo3

USIAUNNA (pf leading)
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%error
load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
150.200 0.013 0.426 3.232 61.512 2.370
61.182 0.222 0.423 2.541 37.505 1.895
29.542 0.235 0.355 0.319 25.511 0.602
18.333 0.196 0.364 0.844 19.756 0.141
11.627 0.157 0.439 0.623 16.365 0.086
6.656 0.157 0.360 0.223 10.590 0.059
1.362 0.183 0.127 0.811 8.795 1.151
5.025 0.170 0.482 2.231 9.377 1.319
Lﬂa‘ﬂ%error 35.491 0.167 0.372 1.353 23.676 0.953

o J o A @ d 1w v Aav
“Vnﬂﬁ“lflﬂﬁﬂ‘uZJ@Lﬂ@ﬁﬂﬁ$Llﬁ'igh‘l”iaQﬁlliﬂﬂuﬁlﬁm@il‘l’nﬂﬂ 120% VBULIIAUNNA

UFIAUNINDY 277 Vrms DILUAFUIN 0.31 A UTIAUFAUIN 100 V

d' 1 dl 9 d’ A 1Y d‘ v A v .
139N N.28 mem‘ﬂ"lﬂmmﬂimumw 120% VUBULIIAUNNA (pf lagging)

load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
0.555 1526 270.3 0.678 57.3 183.7
1.040 1526 268.9 0.696 79.0 185.6
1.515 1528 271.1 0.743 103.2 201.3
2.020 1527 271.1 0.793 1304 215.2
2.510 1526 270.6 0.858 152.2 232.0
3.010 1527 269.8 0.937 177.4 254.1
3.505 1526 269.3 1.040 206.0 272.6
4.005 1526 268.2 1.158 232.1 309.1




M13199 1.29 a1 1A INMIAIUINN 120% YouULsIAUNNA (pf lagging)
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load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
0.062 1525.2 268.997 0.664 29.293 178.614
0.420 1525.6 267.047 0.677 51.345 180.791
0.686 1525.8 269.229 0.733 69.071 197.345
1.121 1525.2 270.087 0.781 96.610 210.938
1.437 1525.2 267.536 0.856 117.254 229.011
1.825 1525.6 269.055 0.927 141.667 249.414
2.258 1525.6 267.594 1.037 169.827 277.495
2.612 1525 268.089 1.141 194.546 305.890

A ~ 1A @ a A
137190 n.30 eumeumranaln (%error) vouseuauseta lvaan 120% U

USIAUNNA (pf lagging )

Y%error

load torque(N.m) n(rpm) Vrms(V) Irms(A) P(W) S(VA)
88.829 0.052 0.482 2.065 48.878 2.769
59.615 0.026 0.689 2.730 35.006 2.591
54.719 0.144 0.690 1.346 33.071 1.965
44.505 0.118 0.374 1.513 25913 1.980
42.749 0.052 1.132 0.233 22.961 1.288
39.369 0.092 0.276 1.067 20.143 1.844
35.578 0.026 0.633 0.288 17.560 1.796
34.782 0.066 0.041 1.468 16.180 1.038
méﬂ%error 50.018 0.072 0.540 1.339 27.464 1.909




MANUIN U

¢ A

a v P4 v
ﬂTi‘V‘Ig"i]ullN!!iQUﬂ!!ﬁ%!!‘Nﬂull‘V‘l‘V‘hﬂ1uﬂﬂ‘U

Q



111

v.1 myfigarinm 0 lunsdinszuadmaans i

Ey=V-IR-jIX, Tawi E,=|E|20° : T=|l|z-e=1,/-¢
v=lz0=,,20

= |E| 20" =[7| 20-R(|T| £~ &) jx, (|T] £ - &)

=|E| 20 =V, 20-R(1,,.2~2)-jX,(I,.2~¢)

=|E)| 20 =V, (1£26)-R1,, (1£-¢)- jX,1,,,(1£~¢)

rms q- rms

NnANUAUWUT VDL
p=c+0dntu (1£-¢)(1£-0)=1L-(e+0)=1L-¢p
=

Ey| 207 =V, (1£6)-RI,, (1£-¢)(1£-6)(1£0)- jX 1, (1£-€)(1£-0)(1£6)
:> A(‘) ZOD = (I/rms _RIVI7ISZ_¢_jXq1r17154_¢)(149)
: A(‘) ZOO = (Vrms _ermsl_go_jqurmsé_q))lH
I/rms _IQ-II‘WISZ _¢_jXq[I’ﬂ1SL - ¢ 7 ‘Vl‘lﬂS _le_li"}‘ﬂs'Z - q)_ jXq[rva - ¢‘ Z _0
= |Ey| 20" =, ~ RE,, 2 = 0= jX 1, L~ 9| £~ 0)(1£6) " —0+60=0
:> E(‘) = I/rms _RI}”W!SZ_¢_‘]’X(11}’W!SZ_¢|
an(_0) - m(V,, ~ R, 2=p-jX,1,.2-9) X I (Rsin(p)- X, cos(p))
Re(I/rms _R[rmvé_(p_ .]qurmvé_(p) I/rms _Irms (R COS((p) + Xq Sln((ﬁ))
= et IrmS(Rsin(go)—Xq cos(go))
v.. -1 (R cos(p)+ X, sin(go))
O an L. (X, cos(go)—Rsin(go))
v -1 . (R cos(p)+ X, sin(go))

=V, —RI, cos(@)+ jRI, sin(p)-jX I, cos(p)-X,1,, sin(p)
= Re(z)=V,, —RI,, cos(p)-X I, sin(p)

rms q- rms

=V, 1, (Rcos(p)+X, Sin(¢))

rms

= Im(z) = 1, sin(¢p) - X,1,,, cos(p)

q” rms

=1, (R sin (@) - X, COS((”))
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a d o U
v.2 Myigauma 6 lunsainszuainvins i

E, =V -IR-jIX, T E,=|E|20° ; T=|l|ze=1,.z¢
v=p|z0=v,,20

= |E,| 20" =[7| 20-R(|T| 2¢)- jix, (/7| 2¢)

= |E)| 20" =V, 20-R(1,,25)- jX,(I,,2€)

=|E)| 20 =V, (126)-R1,, (128)- jX,1,,,(12¢)

NAANUFURUT VO
p=c—0dniu (1£e)(1£-0)=1L(e+(-0))=1ZLp

= |E| 207 =V, (120)-R1,, (12¢)(1£-0)(1£20)~ jX I, (1£)(1£-0)(1£0)
= A(') ZOO = (V/mv _ermségo_.]qulmsZ(D)(lle)
= A(') ZOO = (V/mv _ermslgo_JXq]rmslq))lH
I/rms _RI}”I?ISZw_jXqI}”mSZ@ = VVIHS _R‘[rmbé¢_jXq1rme¢‘4_0
= |Ey| 20" =([V,,,, ~ BRI, £ 0= jX L, £ = | £~ 0)(126) o —0+0=0
: E(') = I/rms _RIrmv4¢_jXqums4¢|
an(6) - m(V,,, Rl 2p-jX,1,.29) "\~ (Rsin(p)+ X, cos(p))
R I, (Rsin((p)+Xq cos(go))
I/rms _Irms (RCOS(¢)—Xq SIH(w))

= I, (R sin (@) + X, cos(q)))

v, 1. (R cos(¢)- X, sin((p))

Vi —RIL, 2@ jX 1, 2Z0=V, —RI, (COS(Q)) +jsin((o))—jqurms (cos((0)+ jsin(q)))
=V, —RI,, cos(p)— jRI,, sin(p)=-jX I, cos(p)+X,1,, sin(p)
= Re(z)=V,, —RI,, cos(p)+X 1, sin(p)

rms q- rms

=V -1 (R cos(¢)- X, sin(go))
= Im(z) =—RI,,, sin(¢)- X 1, cos(p)

q” rms

1, (Rsin{o)+ X, coo)



A d [ (Y] (Y] Y]
1.3 myfigaumnmsauIwihdundy (£,)lunsdinszuadivdasani

E, =|E,| 20

I=|1|2-¢ = I=I1 /-¢
V=|r|z0 = V=V /0

I, = ]‘I‘sm(—g) = I, =—jI, sin(¢)
‘q = ‘I‘cos(—e) = Aq =1, cos(¢)

Ey=V—IR-jX,I,-jX I,
= E,20 =|7|£0-R|I|2-&- jX,I, - jX,I,
= E,£0 =V, Z0-RI, /—c—jX,(-jl,,sin(s))-jX, I

rms q- rms

cos(¢&)

= E, /0 =V, /0-RI,, /—c—X,I

rms rms

sin(&)— jX,1,,, cos(&)

q~ rms

= E,£0 =V, (cos(0)+jsin(0))—-RI, (cos(e)—jsin(e)) - X1, sin(&)—jX I, cos

q" rms

=

113

(¢)

E, /0 =V, cos(0)+jV, sin(@)—RI cos(e)+ jRI, sin(e)—X,I, sin(&)— jiX, Ao cos( &)
|EO| +j(0)=V,, cos(6)—RI,, cos(e)—X,I,, sin() +j(Vm, sin(@)+RI,,, sin (&) X1, cos(g))

:>|E0|=VIWCOS(9)—RIA cos(&)—-X,1,, sin(¢) e=p—0

rms rms

‘EO‘ =V cos(@)—RI  cos(p—0)—X, I, _sin(p—0)
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v.4 wmnwssau Iihdunay (£,) lunsainszuaihvinssdy

E, =|E,| 20

f:‘f‘ég = I=1 /&
V=|r|z0 = V=V, /0

I, = jmsin(e) = I,=jI, sin(¢)
fq = mcos(e) = fq =1, cos(¢)

Ey=V—IR-jX,I,-jX I,
= E,20 =|7|20-R|I|Ze- jX,I, - jX I,
= E,Z0 =V, Z0-RI, L&—jX,(jI,,sin(s))-jX,I

rms q - rms

cos(¢)

= E,Z0 =V, Z0-RI, Ze+X,1, sin(e)-jX, 1

rms gL rms COoS (8)

= E,20 =V, (cos(0)+ jsin(6))— Rl (cos(e)+ jsin(e))+ X, 1, sin(&) - jX 1, cos(&)
=

E, 20 =V, cos(@)+jV, sin(@)—RI cos(e)—jRI, sin(e)+X,1I, sin(&)— jiX, Ao cos( &)
|EO| +j(0)=V_ cos()—RI  cos(e)+X,1I sin(g) +j( V. sin(@)—RI sin(g) X1, cos(g))
= |EO|=V,W cos(9)—RI,,, cos(e)+X, 1, sin(é) ;e=0+0

rms rms

‘EO‘ =V .cos(@)—RI  cos(p+0)+X, I sin(p+6)

rms
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d‘ = \ 1T a v 1 3
MTNN A.1 L’L[%fJ“]JL“VIfJ“]JﬂWﬂWWﬂWﬁWﬂ‘mﬂﬂﬁﬂ3‘Uﬂﬂ! 0.85 u,as”lmﬂiug]m 0.85
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HIIAY A 0.85 luqw 0.85
This i naq mae i naq DAY
80% 32.107 16.163 24.135 55.420 31.231 43.326
90% 48.681 14.092 31.387 74919 20.539 47.729
100% 31.647 12.657 22.152 54.878 11.892 33.385
110% 23.604 15.505 19.555 45417 7.087 26.252
120% 35.491 50.018 42755 59.401 41.198 50.300
1Ny 27.997 g 40.198
Mrx0.85 [l Mr No X 0.85
60 l I I l Yeerror IO?d torque I ] ] I
S SN N S s B S N N R —
oM A\ 4 N— e | - _
N N VR R - AR - 1 - _
20l - - - - 1 B i
ol - - | - . | . i
i - - - i
0% 90% 100% 110% 120%

3

[

1

%voltage at test
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Abstract

Torque measuring instrument is very important in industry due to intensed use of electrical motors. No
matter the types of motors. the torque instrument is quite costly. To replace this costly instrument, a load-
torque estimator is proposed for salient-pole synchronous motors (SPSM) widely used in small and medium
industries. The proposed estimator provides very accurate steady-state load torque estimation. The
estimation process utilizes steady- state models of the SPSM together with a two-layer neural network for
error minimization. The estimator is coded in C for 32-bit ARM Cortex CPU, and interfaced with
MATLAB run on a PC. Experimental results confirm the practicality of the proposed estimator.

Key-Words: salient-pole synchronous motors (SPSM). load-torque estimator. neural network.

Notation list:

I armature current (A,) @  phase difference between [andV or
I,  direct-axis current (Apyy) power factor angle
) @  electrical angular speed equalto 27 f
I P quadrature-axis current (Apy;) (rad/sec)
I 7 field current (A) Q  mechanical angular speed equal to
271/ 60 (rad/sec)
voltage (V,
e (Vius) frequency (Hz)

v
Eo voltage back emf (Viy)
P pole pairs equal toP/2: when P is

R armature resistance (Q) number poles
Xd d -axis reactance () 1 synchronous speed (rpm)
X, g-axis reactance (Q) M, electromagnetic torque (Nm)
P >
0  phase difference between Ejand V or M, load torque (Nm)
torque angle M »n Mechanical resistant torque (Nm)

& phase difference between Ejand /

1. Introduction

Torque measurement is necessary for industrial drive in which force or torque control is aimed for.
Unfortunately, torque measuring instrument is costly. This situation pushes engineering design and
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development to seek for accurate and reliable torque observer or estimator. Such estimators have been
developed widely for asynchronous and dc motors. While synchronous motors (SM) are also commonly
used in industry, not many reports found in literature present the development of torque estimators for SMs.
Although there are a few types of SMs available, this work considers salient-pole synchronous motor
(SPSM) as it has been worldwide used in small and medium industries where high speed is not required. As
early as 1968. Henricus and Jong attempted to formulate accurate models for SPSMs (Henricus & Jong,
1968). The models were computationally useful for estimating torque. However, due to flux leakage was
not properly considered. torque estimation results were erroneous. Joseph and Thomas (Joseph & Thomas.
1989) proposed an improved model under saturation condition. The model was accurate for starting period,
and not suitable for torque estimation during steady-state period. Volt-second-ampere method for
estimating electromagnetic torque of a SPSM was proposed in (Ojo et al.. 1990). Unfortunately,
experimental results did not agree well with theoretical ones. Estimating maximum and dynamic torque of a
SPSM was possible, while accuracy was limited to low speed (Pyrhonen et al., 1998). Later in 2004
(Masoud et al., 2004). motor models were shifted to ones based-on dq-axis framework. Noticeably.
accuracy of torque estimation was improved (Masoud et al.. 2004: Sergelen. 2007).

This work attempts to provide an alternative for steady-state load-torque estimation of a SPSM based-on dq
models. Our proposed estimator will be particularly useful for sensorless drive and many other industrial
applications. We review the motor models in Section 2. Section 3 presents identification of motor
parameters. Implementation of our proposed technology is described in Section 4. We show by experiments
that using model-based estimation alone results in a great amount of errors. Incorporating an artificial
neural network (ANN) as an error corrector brings about very accurate estimation. Practical results are
presented in Section 5. Section 6 provides conclusion.

2. Steady-State Models of a SPSM

A Salient-pole synchronous motor (SPSM) is considered by this work due to its widely use in small and
medium-size enterprises. The SPSM provides a moderate speed, and operates in either leading or lagging
power factor regimes. Figure 1 depicts a simplified diagram of this type of motors with two poles. To start
the motor needs variable frequency ac excitation for armature (stator). It also needs another dc excitation
for supplying field circuit (rotor). When the field current ( ;) is in phase with the armature current (/) and
the motor input voltage (7). a SPSM operates with unity power factor. With an increase in  till the back
emf ( Ep) is greater than the voltage V. a SPSM operates with leading power factor. i.e. I leads V. On the
other hand. I lags 7 or lagging power factor operation occurs when I is decreased till the back emf. Ej is
less than the voltage V. Figures 2 and 3 depict the phasor diagrams for leading and lagging operational
regimes, respectively. The former case is considered as “over™ excitation, while “under” excitation for the
latter (Fransua & Magureanu. 1984: Toliyat & Kliman, 2004: Kothari & Nagrath, 1985).

Three-phase ’
a ——— ! ‘l_rDCrolor
supply ° excitation
(armaturc) o supply
A (fieldy

Figure 1. Simplified diagram of a SPSM.
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:d-axis

q-axis

Figure 2. Phasor diagram (leading pf case).

ol Iy ‘-/ 7 g-axis
/
/

d=anis

Figure 3. Phasor diagram (lagging pf case).

To estimate load torque of a SPSM requires accurate steady-state models of the motor with parameters. The
corresponding model is reviewed as follows.

The mechanical speed and the load torque of a SPSM are expressed fundamentally as

20
Q=— 1)
P
and
M,=M,-M, )

. respectively. Such mechanical quantities correspond to the stator electrical power expressed as

P=P+P, )
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d and ¢ in the above expression represent direct and quadrature components, respectively. Referring to

the phasor diagrams in figures 2 and 3. one can obtain the @ and ¢ currents as

4
- E, 'cos 0 @
X,
Vsin@
I = (3).
7 .
X,
Since 3-phase average power is
P=311, si110+3V1q cosd (6).
according to 4 and 1 q in (4) and (5). one can rewrite the average power as
[Ey
P=3 = sinc9+l(i,—i_]stinZt9 ).
L X, 2 { X . . ¢
Actually, the powerin (7)is P = M, Q.ie. M, =P/ Q. Therefore.
M = i E sinf + l L _L V2sin 260 (8) (Fransua & Magureanu, 1984).
¢ Q'L.Yd 2 Xq X,
The mechanical load torque can be expressed by
M, =085(M,-M,) )
where the resistant torque (1) is
M, =M,—(31Vcosp) (10).

The constant 0.85 in the above expression represents motor efficiency (motor power < 2-3 kw) (Toliyat &
Kliman, 2004).

The steady-state models reviewed so for will be used in estimation process for the load torque . This

will be described in section 4.
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3. Motor parameters
To utilize the motor models presented in section 2 needs to know the motor armature resistance (R ). and

the d, ¢ reactances (X, and Xq ). These parameters can be calculated from

R(ac)=1.6xR(dc) (11)
- V,(atl,(min))(/ine) 1)

o \/510 (min)

(13) (Kothari & Nagrath. 1985).

v - V,(atl,(max))(ine)

! «/glﬂ (max)
We applied a conventional slip test for a SPSM of LUCAS-NULLE (1500 rpm. 1 kW. 1.6 4, . 230 Vm
(stator). 220 Vdc. 0.6 A, (field). type SE2662-5M). Figure 4 illustrates recorded voltage and current

waveforms during 0.5 s.

100

Vaitage (V)
°

15 L L L L L L
0 005 01 015 02 025 03 035 04 045 05
Time (s)

Figure 4. Tested results for obtaining motor’s ohmic values.

We can obtain required values for the equations (11)-(13) from the recorded waveforms. Therefore, we
obtain the following ohmic parameters of the motor: R=4.736 Q.X, =80.327 Qand

X, =40.150 Q.
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4. Experimental setup

display
monitor
i

ANN

{12-!)“

| ARM Cortex 32-bit CPU

7y with 12-bit on chip ADC [~

(72 MHz clk)
v

voltage sensor speed sensor

pf measure

SM
w ‘}1 F1 F2 8
viow
s b
3ph-source L *
va®
torque
transducer

Figure 5. Block diagram represents our experimental setup.

Figure 5 shows a block diagrams representing our experimental setup. The main component of the
proposed estimator is a 32-bit ARM Cortex CPU running at 72 MHz clock. Our proposed estimator has
been implemented in C based-on “maple-ide” compiler. Estimating algorithms utilize the steady-state
models described in section 2. and represented by the flow diagram in figure 6. Load torque estimated
purely on the motor models possesses a considerable amount of errors. The errors can be drastically
reduced by using an artificial neural network (ANN). ANN toolbox with MATLAB has been used for the
purposes. ANN has been applied because it is an universal approximator, and its
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START
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s

¥

1

calculate load torque(M,)
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]
| twansport "M," 10 ANN library

é

M, =M, +é

Figure 6. Flow diagram representation of the proposed estimator.

usefulness has been worldwide accepted (Irwin et al.. 1995). Forward ANN applied by this work can be
represented by the diagram in figure 7 for a multi-layer type. While weight and bias are set equal to 1. our
ANN error corrector contains 2 layers and 8 inputs. i.e. motor speed., rms phase voltage. rms armature
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current, leading or lagging phases, power factor. electromagnetic torque, mechanical resistant torque and
first estimated load torque. The ANN has one output which is estimation error (€) to be minimized. Its

first layer employs 30 neurons with sigmoid transfer function. One neuron with linear transfer function
appears in the second layer. Experimental results and discussions are presented next.

Figure 7. Multi-layer forward ANN.

5. Results and Discussions
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Some of experimental results are illustrated in figures 8(a)-(c). In each subplot. there are four insets. The
upper two insets display the results of leading operations with and without ANN error corrector. Similar
arrangement appears in the lower insets, but for lagging operations. The figure gathers the results for 90.
100 and 110 percent rated voltage excitations. The curves show similar trends in that very satisfactory
results are obtained from our proposed estimator with ANN error corrector.

18
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Figure 8. Experimental results for different excitation voltages.
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Figure 9. Comparisons of estimation errors.

Figure 9 shows bar graphs summarizing load-torque estimation errors for leading and lagging operations
with and without ANN error correctors. The non-coloured bars indicate errors for the case without ANN.
For percent excitation in the range of 80-120%, the average estimation error is 13.792% and 2.333% for the
cases without and with ANN error correctors, respectively. This indicate that our proposed load-torque is
practically useful, and provides estimation errors within 2.5%

6. Conclusion

A load-torque estimator for salient-pole synchronous motor (SPSM) is proposed by this paper. Torque
estimation errors are reduced by using an ANN. As a result, an accurate load-torque estimator is obtained.
It provides very uniform estimation errors bounded within 2.5%. An actual estimator is implemented in C
running on an ARM Cortex 32-bit CPU, 72 MHz. Estimation results can be obtained in real-time.
Experiments based-on a 1 kW SPSM with 80-120% excitation confirm the practicality of the proposed
estimator.
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