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o = , 7Y BAS GAds] fE] B dge] Ao
2 e Zglo)ld AlA~Ele AC FEEE(10), EAAA (7009 396 =2#o]A(powder brake)(30)7} HH=Z
AZAFH, DSP 320F28339 71xE & DSP 7= ALY QJAWE(50)(voltage source inverter)”} A=, DSP
715 A AWE GO E A2AAZXNERA AntE 99 EE(smart power module FSBB30CH60)(IGBT module)S
ARgshE RE] =gtelB Al=E(DO] SlelA, DSP 71 A JIMEI(50)E, AC FEEEH0)C tig
IFOC(indirect field oriented control), DFOC(direct field oriented control), Al 1 EKF(Extended Kalman
filter) AAet Al 2 EKF AAlol w2 A& F3sr).
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5379 ¥
37Y 1

LR

BE(10), EAAA(70)9} 396 Bl A (powder brake)(30)7F AHZ 1A¥ ™, DSP 320F2833¢] 7
DSP 715 A9 QW EI(50)(voltage source inverter)Z} AAET, DSP 715 ALY I E(50)=
FHEZA ~ulE 9] ZE(smart power module FSBB30CH60)(IGBT module)S AM&3l= HE =glo]H A
(Dell glolAl, DSP 71 A4 AHWE(50)+=,

[>

Ly
a-
=
fUN

[

o o

AC F=XE(10)°] w3+ IFOC(indirect field oriented control), DFOC(direct field oriented control),
1 EKF(Extended Kalman filter) 7€} Al 2 EKF AAlo] @& A& st A4S EXHS=E st 2H =g

ojH. AJE],

BT 2
AT 16l delA,

DSP 713 e+ SIHE(50)el 98 AC FEXE(10)o] ek REAS} £rFHo HE
= W37](40) (torque transducer)®} A5 (20)(encoder); = 2 o

RE=L B

T3 3
e 1o 1elA, DSP 715 Ag AHE(50) &,

Al 1 WAl DSP EE(module) ZA] A7|RE(51) &Ale]l AZA%+= plugged BFY, 183 Al 2 M7 DSP
F(Chip) o2 A Ao7|HE=(51) 2o 24 dd Ho A E dd gdoz JAg=HY,

A7 R =(51)¢}F IGBT =elelH(52)E THIstE AS 5AOR 3t EE =golH AlxH,

AT 4
A8 1o glolAl, DSP 71 Mkl QIME(50) %,

ofdR AeEs HBEsa AEd TE A7IR=DSP) (5Dl s Aed = = HE A (bit
formez WesiH, 34 A7t D0 AES A7 A% AFAA(53)E Hlsk= ADC(Analog-to-digital

=]
converter) E¥E; & XFE & EFJOF 3t BE Zgo]H A[2EHL
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PE=a g 5ol ovellA 3v7EA e W elol e A 7IR1ste] YgalsEe] A7)
155 F53 F WASE7|=A A4H™, 1.5KQ3 12KQe] F 7He] AFEo] +4V
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of ofs] A= Ae
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AT 16l elA, Al
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3T 8

T Re REER] ARs Ruet T8 RER A7t A &% 20RPMY 12
2 3= RE tilo]lBH Al AHL

o A A

7] & & oF

2 e BE =do]B Aagle] #gk Ao R, By FAFoRE,
A2 715 A9) (indirect field oriented control :IFOC) %
DFOC)ell eJ3te] Al&E#lo]ddste] Algdold ZAAE F53=
ot}

W F o =

FEFEE HAGA A"oln B 243 H27] EA99
A&7)5 71=FAFA (flux-oriented reference frame)o] ARE-¥thd
A4 Ax7] B9kl A (coupling)o]l Fod 4= o= S B

ST B2 (noise covariance matrices)<,

0 0
0 0
0.005 0
0 =
; 0 0.005
107 0
0 0.001
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2 EKF Ao Ao 7H&-3i2talH (noise covariance matrices)-<,

0 0 0
0 0 0
0 0 0 0
N 0.005
10° 0 0 0 R=
0 0001 0 0
0 0 0080
0 0 0 00001
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o] Ao, nA7|F FHFFEA(stationary reference frame)o] HEHE AR HAFAE(stator current
components)< MEE A& E (f lux-linkage space vector) 3]d3b= AMEE 34733 A (new

rotating reference frame)@ W3# T},

didow nAAAENIE, HAAAENLGY AFAEH NSNS TR ASHaFuEe] dEg 9
3o s Bel Aok, aenR, wAAREAEA, AL A ABALT Aol pe AE

Z1EHo g F e & {3 WEAU|EER, A5 % ALV EAAE] ATh. RS EA oA A
=, 339 Ev F49 IdAAEER EHFA 0] 571244 E(the synchronous angular speed) & A4 ¢
) @ FET. A|AEolE ok AF&FA o] flvk

ARNE YA E F74E5EE AEFE Ee ASAAEZRE o715 A&zt 7|Este] Alitdn. 24
H dizste], BHHES 7IAMNESE o] &, Be 852 HHES AREst.

spshe, olAEe 4HHoR o e frdels AFdAsA U e FFHA A5 747 B AC
EREE 9% NEAANES AN A, T Sl NEyEe [F0Csh DFOCe] AAEE Aol

o
=, FEEEE Astr] s Alo] Alz="elA e “—‘}37]%%1]01%40] AREE, 7H HE g WE Ao A4
71%Ao](field oriented control :FOC)C.Z, 7|EAH o7 F /i Fao AA7|&A7F Ik, 2 5 A HA
e A4 7IEA o (indirect field oriented control :IFOC)el®, YH XA F WA §8> AHGAA7E

ey
Aoy (direct field oriented control :DFOC)o|th. AA7|FEA|ofo) ALEH &= 72U dL AR %75 7|5

#F3E A (rotor-flux-oriented reference frame)o]t}.

[¢]

ggoz, AN o FHAise AXE dstA st Aloje) FAHES Aot AyHer HT 109 T
ok, 71AA AAER] o A AL dojgkrt. dZuka e (Extended Kalman filter:EK

[e]
o
PE Agstel $5 AT s,

E

EFK= AA HA A4 ’E}Eﬂ—irxéﬂ(A recursive optimum Stochastic state estimator)o]th. FEREE]

wobdom, Augesl 4w 34 9o TP mAFE W SYLeE0] i HKE) o
Ed yAgon(Radden) il o o,
] AR B B FANFA

1. 34 BE =gho]lHg A3z 9 34 ZE =go]HE AR E(Power circuit and power module for 3
phase motor driving) (53]&UHIE #)10-2012-0079408 %)

2. 94 D.C. ZEY T%& A, t D.C. ZHE EIsteE 75 Ala" 2 gxz =alo] B (Devecie for
driving a multi-phase D.C. motor) (E3]&YUHI #|10-2000-70095793)
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S ds}E = FA

B oA A7 2ARE A 948 Ao, AC FrERE(L.5 Kw), EIAAS 391 B o] (powder

brake)7} FE 2 AAEW, DSP 320F28330] 7|%E ¥ DSP 7] ALY < E (voltage source inverter)® A
A w, DSP 712 ALY AHEE ~9AZAE EH 2utE 39 RE(smart power module FSBB30CH60)(IGBT

module)& AF&3sle], FEXEo that HE7|EAolHe R A 7|ZEA o] (indirect field oriented control
(IFOC) 2 A R\AA 7)1EA o] (direct field oriented control :DFOC)o| &&le] AlEdo]Adte] A& o)A A}
& 53R sl7] 9% B SefolH A|AES AFetr] 9§ Aol

TR, B oago PSP 7l A QIWEE 150Mhz AlAaE 58 7FA IFOC 2 DFOC vk olyel Al 1 3
ZhdE (Extended Kalman filter) AAI(A] 1 EKF A7) 2 A 2 2320 E AA(A 2 EKF A ﬂﬁi Al
ol AIE FAESFEE &7] Y3 RE] =glolH AAulS AFstr] 93k Ao},

2 g2 AlEgolde] w2 IFOC ¥ DFOC W), 12]al Al 1 EKF AA) 2 Al 2 BEKF AAle & f=
TE Ao AeS HudEE 7] 93 FE =glolH A AElS AFE7] 9% Aot}
X

A NE e

719 BAS gAdsty] s B Ewe] AAdd mE RE =fko]lH AlA&®E AC FEEE(10), EIAA
(70)¢} 3+9-t] B#o]A(powder brake)(30)7} A H=Z AAE ", DSP 320F2833¢] 7]2E& & DSP 7|+ g4 <l
WE(50) (voltage source inverter)7} AAE™, DSP 713 ALY AWE(50)= AAAXNERZA AulE 39
X5 (smart power module FSBB30CH60)(IGBT module)S AMg-3l= REE Zgho]B AJ2gl(1)d] dojA, DSP 7|+
A AW E(50)E, AC FE=REE(10)o] o3k IFOC(indirect field oriented control), DFOC(direct field
oriented control), Al 1 EKF(Extended Kalman filter) A<} #| 2 EKF A Ao w2 AoE 33},

0

ojuf, B o DSP 7]FE ALY AWE(50)] 93 AC FERE(10)0] e RIEIS} £z AFE ¢
3to] AR HE = 387 (40) (torque transducer) 9t A5 (20)(encoder); & U F3HetE= Aol wpgbA s},

FH

3, DSP 71 A AWE(G0)E, Al 1 WAl DSP EE(module) 24 AO]7]HE(51)9] 2ol AAHE=
plugged E}Sd, 28131 Al 2 W1 DSP H(Chip) 224 A7|RE(51) 9ol 23 Hd Ho] A== §@ g
o= AW Aol7|K=(51)¢ IGBT =gt (52)E FH|e= Aol ugz s},

TS, DSP 7l AgE IHEGO)E, ofdR ASE AMES AMEHE obdEI AT E A7|RE=(DSP)(51)
o o8 g 4 & HE FA(bit formo R WHEEH, 34 AF DC ALe SAHSY] AT AFAAM(G
3)E H|3}= ADC(Analog-to-digital converter) EE; & X8l Zo] vz s},

g oopdma o 2 E% RELR
ANBE FE3 T WAZEZ2A A49Y, 1.5KQTF 12kQY F MY AdSo] +4Ve PHAYS +0.5VE
7R GELE2 3= AR op Amp, O‘Eﬂﬂolg 1.5V& %71% T EZy R FEo R 1V X 2VE 7;5 ¥
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AR OP-AMP; E ¥3Fah= Zlo] upgbzsict,

w3l A 1 EKF 2 Aol A 2] it d (noise covariance matrices)<

005 0 0 0 0

0 0.05 0 0 0

. 0.005 0
o= 0 0 10 0 0
y 0 0.005
0 0 0 107 0
0 0 0 0 0.001
of 93] Mex= Aol niFZ s},

w3l A 2 EKF A A A 2] HeaEitadd (noise covariance matrices)<,
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005 0 0 0 0 0
0 005 0 0 0 0
0 0 10° 0 0 0 0
. 0.005 0
o- 0o o 0o 1007 o0 0 0 R, = ;
0  0.005
O 0 0 0 0001 0 0
0 0 0 0 0.080
0 0 0 0 0  0.0001

of ela) MeHe slo] uiekd s
.
T3 AC FEEE0):=, F e REEQ ARE nzel TR mew Zbz A<E % 20RPMIF 14 500RPM
oA AojE = Aol wigraairt.

gy E3
B owge] Axee] we ®E Eeheln AAue, AC FERE(LS kv, ELAAs 39T 1) povder

1.5
brake)”} AHE AZEW, DSP 320F28330] 71%Z ¥ DSP 7|15 ALY 2| El(voltage source inverter)® A
AE™, DSP 71E Add AMEHE 29AFAEEZA £AutE 349 EE(smart power module FSBB30CH60)(IGBT
mOdule)% AREEte] . FERE didt WEr|EAoH o R A 7] FAO] (indirect field oriented control
IFOC) A AA 71 A9 (direct field oriented control :DFOC)el 2l3le] A& o]Addte] Al&EHold A}
= 2747t 9l

A

o thE AAldo] mE BE Zgo]lB Al=ES DSP 7]E A AHEZ 150Mhz Al2F 25

7}A = IFOC 2 DFOC %t ofyg} Al 1 g7k E](Extended Kalman filter) AAI(A 1 EKF 2AA) 2L A 2
1

gazivkd e AA (A 2 BKF AADel 98 Algwold 232 g5 & I a3 A3,
Wk ofygl, B owio] U2 AAldo] wE RE ZgolH AAES AlEoelAe] wE [FOC 2 DFOC WA,
83 Al 1 EKF AA 2 Al 2 EKF AAld e FE2E A9 Ase vud = e 2371 9

B ool AAde] W wE Seholn AXM(DEG YEhE BSE % A4 Afdeld g A
B Sefoln AlAE(1)9] 93 vehE Evol,

&= 2% = 19 BH =gfe]B AIAE(1) T Ikg-T BYo]A(30)e] AFR] EANAAS Boled

1
w
rlo
1
—
1o

0
vl

Eghol B A|2E(1) F EAAA(70)] HddS Bolet

T 4+ = 19 EE =glo]r A]~EI(1) 3 DSP320F283359 <AE & ALY <lvE (voltage source inverter
VSR 8% DSP 715 A4 28 E(50) (Voltage source inverter)Z WE = Z=wWolt),

%= 5% = 49 DSP 7l ALY AW E(50)(Voltage source inverter) & AoJ7]|B=(51)¢] F 7] HAES
Bl ol

% 62 & 49 DSP 7] QI B (50) ol A 2] A F A4 (53) (U-phase) (Current sensor circuit using OP-
AP)ell T3t 325 JEhE ot}

= 72 % 6olAe AFAMA(53)(U-phase) (Current sensor circuit using OP-AMP)oll th3F 3 ZoA ZZ At
(V_refs)S A7) 913 A% 7](Voltage follower) 3 2ZE Yelhs= =do|u),

T 88 & 49 DSP 71F At AWE(50)el e DC AYAE SAHS 8 nEEZI e S JeEyE ot

ok

eN
rﬁ
rjg

rr
y

X 9a, = 9b, & 10a @ = 10bx = 19 Ry =gold A|2E(DoA A|Edo|Ad 2709 R=¢] AR
=9} FH-et REoM e IFOCH (a)9h DFOCH (D) AHEE FERE $Eo} fEREH £E2035 el 19
Solt},
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T llate = 19 RE ZgolH AlAul(DoA AlEd ol IFOCH (a)2k DFOCH (b)S AH&-3F 7
o] AAVIEA, & 11be IFOCH (a)9F DFOCH (b) & AFE3E S35} REoAe] MAV|EFE
o}

T 12a% = 19 FE =go]B AAE(D)A AlEwoldE IFOCH (a)3} DFOCH (b)S AF&3F 333} HrzojA]
o A5, & 12be IFOCH (a)d DFOCH (b) & AFE-SH T5-3} R=olA e 4AFE Y= 2 xZelt),

T 13aE = 19 RE =glolB AJAEI(1)A] AE#H A IFOCH (a)¥ DFOCH (b)<
o] $1dHt, = 13bE IFOCH (a) DFOCH (b) S AFE8E F4-3F REolAe] 94d4e YehllE e zo|t,

= 14a9 = 14b2 = 1

Lo

R =dtolH A28 (1)elA ZZF A 1 EKF AA9 Al 2 EKF AAE AFg3 51

H &% FAHES YehlE agzolg.
= 1529 = 15bE = 19 2E =glold AlA®l(1)olA Z}Z Al 1 EKF AAI9F #l 2 EKF AAIS AFE3 R
H £203 F4E5S YehE g Zo|d,

16a9} &= 16bv= = 19 BE =gho]B AIZ=BI(1)oA 7247} A 1 EKF A9 A| 2 EKFAAIE AME-S 917447/

N b

Ae Yells gz o)t}

17a¢t & 17bv = 19] BE =go]lH A Z=EI(1)dA Z47; ] 1 EKF AAleF #| 2 EKFAAIE AHES 913 d+/
F2E YEhE g zo|t),

T 18 YX] & 24= B oury
EFK A7l dis] drgslr] $e Fx agzeln),

AN

ol Alssl(DelA AgHE Al 1 EK A4 D Al 2

1o,
il
>
2
S
=
il
ol
i
[

ols, B wuwe] mAF AN PAE P PE SHES FEatel HYT Aol sl B Uy
2 Angel goid, BHE A /)% Ex A @ pAHe Huel ¥ wme axg Buas 53
Foll o.

=12 2 el Aol uhE RE ol A

AR wE seoln Az

o

1 (20), 9 B o]=(30)(powder brake), EI
transducer), DSP 715 At AWE(50), F 71 AZH(60) 2 EFAA(70)Z FAF ),

TE =glold AlAE(DoA AMREE AC FEEEH10)E 31719 [E 11 2 [E 210 FoJ7 AYx} nj7pis
Sol 34, 4=} 2HP/1.5Kws 7FAaL Qitt.

FZ 1
Description Value Unit
Power 1.5 Kw
Voltage 220 vV
Peak Current 6.0 A
Base Frequency 60 Hz
Base speed 1750 rpm
Nominal torque 10 Nm
Nominal stator flux 0.49 Wb
=2
Symbol Symbol Description Value Unit
7p Number of pole pairs 2 -
J Moment of inertia 0.089 K 2
am
Rs Stator resistance 3.285 Q
Rr Rotor resistance 2.715 Q
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Ls Stator inductance 0.387117 H
Lr Rotor inductance 0.387117 H
Lm Mutual inductance 0.374 H

-5 Bo]A(30)E HIEA ZFsa DO OVellA 24V7hx] 9] Hte] A o3 Alojd & Ut &= 2
AFYY F$u BHyela(30)Y ETFAES HojZr),

s

A7 10 Kgfme] B3 W37 (40)(torque transducer)2} 1024 counts/revE 7FA A=t (20)(encoder)E H3IE
A9t EEFAH ATE st AMgEY. E 32 EFAXAN(70)2] AAAAE BRAgFEr. gAY 10vE A
&= Ao] upgz s,

DSP 71& HsHed JAWE (50)(Voltage source inverter)E = 49} Zro] DSP 320F28335¢] A& & HYd 1
E](voltage source inverter :VSDE F&7}s3stH, DSP 715 ALY AW E(50)(Voltage source inverter)i
TAIE vhe} o] 2719 HEoZ Ao E(51)F IGBT =gheolH (52)& HH|gttt,

Hoalbmol A, Ao}7] HE(51)E Texas Instrument®] DSP 320F28335¢] &AE Fo AAEW | IGRT =&}olH
(52)% Fairchild®] smart power module FSBB30CH60¢] A& o] AA A},

g, = 55 B I ALEEE DSP 71E AYY AHE(0)S] F ol MAES BAFEH. Al 1 M A
DSP EE (module) (= 5a)& Ao7|HE(51)2 Azle]l AZA= ™ (plugged EFY), #l 2 WA DSP H(Chip)
% 5h)S AR E(GD) Yol AFE i Agd® ekl

DSP 71 Aok AWE(50) (Voltage source inverter)@ &= i= DSP 320F28335¢] tialiA Asxnw, DSP&
F-5Aad A (floating-point) AHE SF=dololA a5 YA k= 32°|E (PUSE, F-5 45 (floating-
point) AAFE F=gojolA == & 4= 9l FPU(single-precision 32-bit floating-point unit)E 7}
Atk ¢k, DSP 320F283359 CPUE 8 ©HA wlo]3E@bel FF3(8-stage pipeline structure)E 7FAaL T},
o] &% CPUZF 8719 AAJA}&E (eight instructions)S 3k 71e] A|2®l S5 F7] oA SAld =38 &
JEE ). 150Mhz Al=E] 22 (150Mhz system clock)S &-F Q2@ o€ (on-chip oscillator)9} PPL 3] =&
(phase-locked loop circuit)ell ol& &%},

DSP 320F283352] &4 w| X2+ 34Kx16 SARAM(single-access random—access memory), 56Kx16 Z@l4] W2z
(Flash memory), 8Kx16 ROM(read-only memory), 1Kx16 OTP ™|%.2](one-time programmable memory)<} @A 2~H
(register) 52 A ¥}, DSP 320F28335% =3k DAM(direct memory access)® 725 7FA|aL QJth. DMA W=
(bus)E HolHE tlolHAFEEE S7HA7]= (PUY 528 glo] DSPY] & Fiolx of& Fio= dud
= SACh. DSP 320F28335+= AFA8-5 fle = AASY] wiel, 1AL WE 79 RS 2 gl

i

)
ZS|

oo

dZE 59, 16-2 < (16-chanels), 12-bits ADC X E(ADC module), PWM XE(PWM module)d <=
(encoder module)2 EEAoJ 52 L 9] AHgE = Qlrt.

an}

=
e

5EFY ARBREANELS Aoy 99 UYEYA(controller area network (CAN) module), SCI R E(serial
communication interface module), SPI(serial peripheral interface), McBSP & (multichannel buffered
serial port(McBSP) module)™ I12C =& (inter—integrated circuit module)el] 98] A= 4 v},

96 SlEFE(interrupts)E DSP 320F28335 <J3] A duti=t}. o] AEHE(interrupts)=
(interrupts)E& 7Fs8tAl AU EBI/FSSHAl st
priorities)S AAStaL, CPUA Al QAEIHES] ¥4y

SEELES

2 7l QdHHE
AEHE(interrupts)e] A E(interrupts’

@]+ PIE(peripheral interrupt expansion)ol 23}

o
we -

Uero 2, DSP 7IE A9 AWE(50) AdelM o] opdEa Aol Waj AvH =S it

ADC(Analog-to-digital converter) E& Al
2 4 JdE HE A (bit form)o& WIS ADC RES
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AFAA(53)E Estelhe Ao] vz st
o] 549 Adrv AAHNEAAANAREY 5SS Y8l vlg T8, HAA T dARET] AL EF
o Ake 98] eFHEY. & 62 DSP 71E ALY AWE(50)o 9] AFAl
circuit using OP-AMP)ol W3l 3|25 Yely, o2 A= FASE 25 2=

2

41(53) (U-phase) (Current sensor

=
ARFAA(53)E +15Ve] FFART £4Ve] F2S 7pm vl o7 REDSP)(BD thk obgza o]
HEL Vol A 3v7bA e ®flel g

2 SAJE upel ko], OP-AmpetE HEFE oA (biased)
ATk, T 6olA YHoA ANFTE 23 I P}MKH OP—Amp% HASE7|24 AdH).

T ole HEFELS £4Ve] JHALE +£0.5VE A2 @ET. F odA P-APE JEALS
ﬂ~7h%=ﬂﬂq.WﬂWQ§a%1wwﬂq.ﬁﬂOme<%H%%°§}$ﬂﬂﬂF”HCh
CE 2zt ALFF SZ7](voltage following amplifier)olth. = 6olA 2] HEAY V. refs = 79149 At
F&7](Voltage follower) & AR&Eo 24 dojd 4 Q).

T, DC AN ZE = oA HolF= wESZI2E AMEFo 2 DSPL ADC EE(ADC module)ell 23] &3

Ueos d@datsedl Wi AvEES v

A 5L HAAR 7|4 o] (indirect field oriented control :IFOC), Z1F A4 7)Aol (direct field oriented
control :DFOC), A 1 A Zw+=E (Extended Kalman filter) A A (e]3}, A 1 EKF AA) A A 2 42
D g AA(o]8), Al 2 FKF AA)Z F3d),

Al 1 EKF AAlA, AC FEEH(10)Y EE wi/dsEe] & 4zl 7Hsty 72 BES d&EEFHo
TREG. A 2 EKF AAlAA, REHF A& Bulolyel ngxA g Feart JA] FAgE,

HEAC FERE10) WAMSTel & ed A9l Al 1EK AAE £& Ang wed, G2 5w, 2 )
Awssol & FAAA e A%, RAAAFE A 70802 ARG, Al 1 EKF AAcIAe] wEF 7
S 2ol $4 9 €. e, 004 454 F0] G .

A 2 K A7 A4 W, nAAAG DAL BPAn REE 4EE F45 084 454 24 o o
gy et

24 DAAATE 1.8s F Azl FRE, A 12 A 2 BKF AASE $ERE109] ASEG nEE 5

ol 2 Agee AAm B,
%, A, B oA T A5 BK AWl neldth. Al 1K AAE AE 2RA da4 &
3ol SR, AC FERE10) WANFE] & FeW Ffolvh. ey, AAAT] FHe A4 e
SEAGA N S8 AN FERE AoPPe] SukE 4B QoA Hue Fasih,

DARAAGE BANA AEEde] net War] wiel, Ao FEmolN Aol BT AEL DHAA
3

T =
sfol tigk 2 Ad &g}l w4 <da1e]Z(requires an appropriate online identification algorithm)< S-3+

FEEHEY &5 FAA Aol ngd43e F43517] a8, d2wde e & A & A 2 EFK
AAZE AtE = AHoltt.

shH S RPIE(EKF) & AFES 7|28 HdA SEFAHLE o)t S AndngES AR £5 FAlA FER
H F5rds g Fo3 AAGAER, 1.A19Y9 FE7|AIZ D (the time—domain induction machine model)
of A 2. S HEHTEAYEE Q, ReF po] ©]2kE}, 3. ot ALY Fe Fd, 4. FEAH

2
HE9 Z&(Tuning) 2 o] Fo]XIt}.

sl71¢] [ 3] DSP S320F283357F 150Mhz Al~®l %8 7}A|= [FOC, DFOC, | 1 EKF AA|e} A 2 EKF A7
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[0068]

[0069]

[0070]

[0071]

[0072]

[0073]

[0074]

[0075]

[0076]

[0077]

[0078]

[0079]

[0080]

[0081]

ZIHEd 10-2016-0015014

S 9% AAHE BoFEn
# 3
IFOC DFOC Al 1 EKP A A Al 2 EKP A A
(The first EKF)| (The second EKF)
Comp. time 1,097 3,801 5,022 11,433
(cycle)
Comp. time 0.00731 0.02534 0.03348 0.07622
(ms)

e H E WellA FaEojorsitt, AlxEe] MEYFT]
Eﬂfq, PWM ,ltﬂEﬂ(PWM inverter)] 293 T34+ 10kHzo|t}.

AC FERE(10)E oS 2719 REQl ARS Rl FRE oA [FOCY DFOCE AM&3le] Ao,

ARt oA, 39t Bdo]=1(30) (powder brake)”} #EaFA| et AlAEIZ|F] vyl pAEWHEE
oF 10Nme] A F-3tE HAA Y. FH3 REoM = 39 B o] A(30)(powder brake)”} 2HsslH < 10Nm<]
QIE-E31E WA T

T 9a, & 9b, £ 10a @ & 10b= 2719 REol AR Rl RS moael [FOCH (a)9h DFOCH (b)S A}
43, FERYH &9 %EJA £LC QS HolFET),

% 9a%t & 9bolAM HALE BgEwoln AN AxErolth, AC FERE(10)9] A &% 500RPMSF A&
5 20RPMell A 31 E

i)

g v,
tholl A =34

ﬂo
)
lo
N
o
p
tlo
A5
r1r
o =
>,
é
o
H‘l
o
)
I
b1
rir
e
B
1
lo
)
I
b1
i PO

-+

=3 éT—E_Qj}L 55 Foll 002 ﬁu}. [FOCH 2 DFOCH = thell Aol Addeel A, $Eexbe £3RPNCRE 7
=

eoh, ey Eo} BRSEEEA | [FOCS HEQ A= £8RPUE S7HETY.
% lla® IFOCH(a)¢t DFOCH (b)) AHEE 7R3t REoae] AA7|EAES BolFEd. %= 11be IFOCH(a)$t
DFOCH (b)& AMg3F FTH3} TXorg] XJZ}7]Eéilzz RoFEt, AE&Ld Aol AR EA(electromagnetic
torque) 7} FAvhE wjiTol n&ToA e HMAVIES WU} FY AT}

3l BEoAe] MAZIEDE aidEoA] oF INmolw Aol oF  1.6Nme|th. T3} HEoAe] dz}7]
Eﬂt— A& Ee} AEHE F tho| A ¢F 8.5Nmolt}.

T 12a% IFOCH(a)¥} DFOCH (b)& AFEE A3l RroAe] AAFE HolFth, IFOCHAA, A7 A
71 A& oA oF 4.4A01H | Ao A 1.3A0th. DFOCH A, JAAFY AVlE 1Ex9 AEE & vl
A1 eF 0.4A0|th. & 12b IFOCH (a)¥} DFOCH (b)& AE8t S48} REoAY dARFE B, 3AF
Lo AVEL AR BEel TR RE E oA fARSI

IFOCH A, 178 5e] A7) asmst ASE & oA of 3.2400/tk. DFOCHA, 1ddwFe] A7]= uf

3at™ IFOCH(a)Z} DFOCH (b)& A&8h AE38F REdAe] 7S BofFrh. [FOCHANA, S =
aETo A oF 70Vo]w Aol A oF 30Ve|t). DFOCH A, 9177 <tel 371% LéEoﬂﬁ oF 50ve]m A
of| A C—% 20V°1D}. 13b IFOCH (a)ZF DFOCH (b) S AME3H T3t R=

T ag oA oF 190Ve] ™ AH&melA]l ok govelt). DFOC‘?.MH, %’4%@%9 A7l 1
of| A c.ak 180V°1tt1 A& moll A <k 100Ve] L),

—

A

I I N
o2 o

EFK d7A1e] 7 REE2 = 9 A = 139 A3E 98 AlEdoldelA F3€r,
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[0082] Al 1EKF AAE 2H% 44555 48 +d ARgEc. A 1 EFK AAlel g3 278k ohg3 o] Fojxit).
[0083] %, 44 el 9 (estimated state vector)9] Z7|#k2 3719 [£E2] 1]3 2},
#2141

X (0)=[0;0,0.5,0;0];

[0084]
[0085] agal, FALLAR LY 2T a1 [FEH4 2]k Zr
F24 2
10 0 0 0
) 0601 0 0 0
P(0)=|00 1 0 o0}
00 01 0
00 0 01
[0086] - -
[0087] Ze]al, Al 1 EKF AAll el 7&-FEAa 3 (noise covariance matrices) 31719 [4=82] 3]3} o] Aelg
o},
#2149 3
005 0 0 0 0
0 0.05 0 0 0
B 0.005 0
o= 0 0 10 0 0 RZ[ }
0 0.005
0 0 0 1™ 0
0 0 0 0 0.001
[0088]
[0089] Alz=eld-gulE o] FRANYE Q2 5x5 dFHoln], FALSHE ] TEAYPHE RS 2x2 FHolr}, Q¥ P= Ul
Zrggoeln], Qo 571849 Roll 27 LAaEWe] &4 dar) ot
[0090] St A 2 BFK AAlE g AA R, FelEAe REF AEEE #1802 34357 98 Ab&Hth. Al 2 EFK
AAl] tig 278 ak719 (e 4]9F Zo] Foixith
+24 4
X,(0)=[0;0,0.5;0,0;0;0.3];
[0091]
[0092] alal, FAGHNE 278k ]9 [48H4] 5]9F ).

_12_



[0093]

[0094]

[0095]

[0096]

[0097]

[0098]

[0099]

[0100]

[0101]

[0102]

SIS31 10-2016-0015014

#5945
10 00 0 0 0]
01 000 0 0
00 100 0 0
P(0)=/00 010 0 0
00 0010 0
00 00010
00 0 0 0 0 1]

ok

e]al, Al 2 EKF Al el 7&-FEAa 3 (noise covariance matrices) 31719 [4=82] 6]3} o] Aelg

T34 6
[ 0.05 0 0 0 0 0 1
0 005 0 0 0 0
0 0 107 0 0 0 0
iy 0.003 0
g= & 0 0 100 0 0 0 R = ;
0 0.005

0 0 0 0 0001 0 O

0 0 0 0 0.08 0

g 0 0 0 0 0.0001
T l4a®t = —% Z}Zk Al 1 EKF AAlek A 2 BKF AAIE AMES FERE £5 FAHES vepith, dde 4
A& mghat Ade FHE&Egholth

<Y

T 1529} = 15bE ZHzZb Al 1 EKF AASE Al 2 BKF AAE AML3 §EREH 503 FAHE
A = 159149 AEREE, A 2 EKF AAoMe FAE FERE 2= A 2 EKF AAdAe F4E #

ERE SRR 44 FERE $RES O ) FAw,

Al 1 EKF AANA, FHxe m&modA] oF 5RPMeIH, Aol A 3.5RPMe]t}. Al 2 EKF Ao, 4 e}
= a&Eo| A o 3.5RPMe|H, A& oA 2RPMo| T},

T 16a9t & 16b: 22t A 1 EKF AA9F A 2 EKFAA S A3 AAAF =4S HoEt

T 1729 = 17bx Z4ZF A 1 BKF AAe} Al 2 EKFAAIS A3 9AAF FAHLAE BoFErh, FH0x= A
AFS & FHFTE, A= oF £0.54 o|WolA FAHTY.

T 1 YR & 1794 AEst RE EdfolH A 2E(1)S AC SERE(10)(1.5 Kw), EZAA(70)8F o9 B

o]d (powder brake)(30)7} ZH=Z AA%w, DSP 320F2833¢] 7|%E &+ DSP 7|+ ALY ABE(50)(voltage
source inverter)”’} AAIE T DSP 7|5 ALY AHEHGOE AYAZXNERA AvtE 3¢ R E(smart power
module FSBB30CH60) (IGBT module)S AF&3ht},

A3 E2 IFOC, DFOC, Al 1 EKF AAle} #| 2 EKF Al s Fasm, A2 25E, 282 v Zo.
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[0103]

[0104]

[0105]

[0106]

[0107]

[0108]

[0109]

[0110]

[0111]

[0112]

[0113]

[0114]

[0115]

[0116]

[0117]

ZIHEdl 10-2016-0015014

<

A g2gell TFOCF DFOCS AFE-3H #|oke DSP 7| A AWE(50)] A7 L=(DSP)(51) & vwi$ £ Ao
S Ak, AC FERE(10)E T A9 RESQA A Rrol FH3 wez Zh7h AEE 20RPMY 1
500RPMell A #l| o] & T},

=
=

I~

&S5

FERE $E0akE 558 002 Sttt [FOCS DFOC & TthlA 9] AAAE oA, 4520 £+ 3RPMU ) A]
ARG, a8y, AEES TR BToA], [FOCY %9 3= +8RMIPC.E Z7lE ),

[FOCE DFOCR.Y v wheslar, IFOCe] Al4kAIZES- DRFOCS] AlLMAIZER T 3u7)F A,

T 18 LM = 24+ A3 Al 1 EFK AA 2 Al 2 EFK AAl] dis) ddslr] 93 2z g Zoltl. Bl A
Aoz ¥ 18 Lﬂxl 218 A 1 EFK AAol W&k Aoln | = 22 WA = 24% A 2 EFK A Aol thgk Aojt}.

L 18 Al 1 EFK AAE AMSshe EEHF 445k FAS BHoeEth. A4 AAgela, HHe FAgkelth.
= = Al 1 EFK AAE Agets Z44e 34 ox= BolFEh. 0solA 0.2s74A H
ﬂf‘f}ﬂr. 0.2s S, eat= Hxu AAAECA 002 FHIch. 1solA 1.25s74A
0.25 rad/s®]t}.

T 18 ¥ & 19a0A, FAFS AAES & FH5).

% 19a& Al 1 EFK AAE AMSSE 8zt 2b&7te] A8 Hojerh. AL
T 19bE 3 WA A& 24 e BoFth 0solA] 0.5s71A], %7 27 , .
7HA], FEEAE A7) wie] & 23 Atk 1.5s o, &= AA "k, 0.4s9014 1s7HX19] A3 d el
Al, 82k= 9F 0.1radolvh. 28y, k= 1sol 4] 1.25s7FA] Mool wa] Zhaw

A=A geEtheE 1A A9 Al 1 EFK AAE 2183 REE 7o)

i)
ue
)

%= 2029} & 20bv LA AFA o]
&L F4 QS HolFEt),

DAAAGL BFK Al ARSE AAlgke] 70%ek Zrh. = 2029k = 20belM el AREEE, ks v
Atk AR A Q2= -5rad/s o™, 1selAl &b 2rad/selm], AZddElelA 002 744 k=t

£ 21ash % 20be wAAAG] 2 elAA evhs g A% AHAAZ 24 HAA 457 oA
welEth IAAATE BK AN A LAkl T0rsk 2t

T 22bE uAAATe] F dHAA vk 29 A 2 EFK AAE A REE 7%
F43% A& F4 eaE BolErh. EFK Al ARgE nAAA TG AAgke] 70%eh 2k, v o] 1A}
> AARE & FAGT. 0sollA 0.2s70A], ab= Aa wf§- e Wit ek

2 A elM = 002 sy

2,
rlo

% 239 % 2b wAAAT] 2 AN evhe bgetel SUA A&7 F4% A A% exE
WelETh B A 85I BAANTE 1 AAgel 069 Qe E 2lash E 21be) Ao, 144
A&7t 2o o AARE T A

= 2tais A 2 BCANE ASY 2343 %zg% wolzd, mAAAD 2/ge o AAgel 70%sh
A Tk Las Fol FA@T A Aolel AxE Ao 0o

2 zau}.
T 24b= Al 2 EFK AAS A3 Y¥3lEA FAHS BHoFEth, BFK AAl0 AH8HE nAgxAETe 1 A5k
70%8F ZTF. AAL AAZT AHAL FAZtoltt. & 19bEFE, AL Buzts & FAHe. =3 A

Aze AddeoA 0o Hr),

o4} gel, ¥ WAASE Erol: W wre] wpgrAd AAd] tatel ANsgom, mE 54 Folgo] A
ARew, ol WA € ¥ e WSS 4 AT U9 IS B AT GAL AN 48
E A8 @AstuA S A otk elzlo] AAE A SllE B el /)EH A

Y elEo] MA sbsaths A B owdge] S3h: sl% RoplM B4 A4S

ox
2
=)
oft
tlo
S
HU
(il
F-E nE
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Aol A A E Aolt,

[0118]

30: 39 B o] (powder brake)
40: ¥3 W37](torque transducer)
50: DSP 71& Hsh <AvlE

51: Ao]7] B =(DSP)

52: IGBT =glo]H

531 AF AlA
60: AZH
70 EFAA
54
EH]
E3 vig
AC FERE(10) el (20) (torque trﬁmyslc(!ﬁgc)er)

DSP 7| &= et oM =2fo0|A(30)
Ol E{(50) (powder brake)
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k1

-
N

30
Torque
(Nm)
10
1.25
0 1.0

Current (A)

Exitation (Red)

+Signal (Black)

Exitation (white)
0

-Signal (Green)

20

k1
[
W

Hoj7| =
(DSP)(51)
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@
@
§ 3
o
@

(a) DSP module version (b) DSP chip version

rHe
R2
1.5kQ ﬁz
il
A5V hd A5V
Curent_U +15V
—“ R | w = \L ~ us I_U
12k0 POy i —
+ 150kQ + B 4,R\,§ +
- 150kQ 150kQ D1 33V
L La, V_refs 50k02 e g —P—o
= 2 = a1 —
% i |
! 2
Rs  150kQ =
jﬁukn
EH7
A3.3v
?
+15V
R10 1.5v
AR = 4 V_refs
—
el
-15V
R9
1kQ
=P
c4 104
1
]
R14
AAA
10kQ
-15v
R13  2kQ us
VDC_GND U [ AN S vDC
+ =
— AAN .
vDC_U = Adg D1 33V
c3 ISV
R11 104 D2
10k I ﬁ
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EH9
6
E 400)
&,
-
2 200)
2
@
0
] 5 10 15 20 25 30 35 40
(a) DFOC Time (s)
!
g a0
[N
E
§ 200}
@
0]
0 5 10 15 20 25 30 35 40
{b) IFOC Time (s)
< 9a
EH10
-
: J
&
£ 9 ¥
£ =
5
% -5 g
2
12]
o 5 10 15 20 25 30 35 40
(a)DFOC Time (s)
4
=
o
Z 2 g
g
3
§ of r—d“vawwwwvw
w
. . . . L H .
0 10 15 20 25 30 35 40
(b) IFOC Time (s)

& 10a

Torque (Nm)

25
Time (s)

15 20
(a) DFOC

30 35

Torque (Nm)

15 20 25
(b)Y IFOC  Time (s)

T 11a

30 35 40

Torque (Nm)

Torque (Nm)

601
— f
g g/
&
B 200
3
o
2]
0]
L L .
0 10 15
(a) DFOC
601
=
o
£
b=
2
a
(7]
i i H i i i i
0 5 10 15 20 25 30 35 40
(b} IFOC Time (s)
10
£
© 50) 4
IS
s
-
3
2 50 g
w
0 5 10 15 20 25 30 35 40
(a) DFOC Time (s)
15 T T T T T T T
£
& 100 1
<]
E 50 g
o
3
2 0o V—JMJW,IWW
N
5 L H L H . L .
0 10 15 20 25 30 35 40
(b) IFOC Time (s)

£ 10b

' ' L L L

15 20 25
(a) DFOC Time (s)

' ' L L L

_18_

15 20 25
(b) IFOC Time (s)

T 11b

40

10-2016-0015014



Current (A)

Current (A)

Voltage (V)

Voltage (V)

(a) DFOC

13

5 10 15 20 25 30 35 40

(b) IFOC Time (s)

& 12a

5 10 15 20 25 30 35 40
(a)DFOC  Time (s)

5 10 15 20 25 30 35 40
(b) IFOC Time (s)

& 13a
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Current (A)

Current (A)

i L L L L L "

201

-20

40!

Voltage (V)
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Voltage (V)
=)

5 10 15 20 25 30 35 40

(b) IFOC Time (s)

T 12b

0 5 10 15 20 25 30 35 40
(a) DFOC Time (s)

0 5 10 15 20 25 30 35 40
(b)IFOC  Time (s)
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Motor speed (RPM)

Motor speed (RPM)

60

5004

100

— === Real
- Estimated[]

60

15 20
Time (s)

& 14a

25

30 35 40

= === Real

500+ '&

300- /-

200K,

100

EstimatedH

15 20
Time (s)

T 14b

30 35 40
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Speed error (RPM)

Speed error (RPM)

10,

; :
10 15 20 25 30 35 40
Time (s)

T 15a

10 15 20 25 30 35 40
Time (s)

=150

_21_

SIS31 10-2016-0015014



Current (A)

Current (A)

—=—=—=- Real

— Estimated

Time (s)

& 16a

= === Real

Estimated| |

05

Time (s)

T 17b
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Current error (A)

Current error (A)

Time (s)

& 17a

1.5

Time (s)

E17b
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HE

el
[=)

FH]8

- actual value

estimated value

60

500---

— 400+
300-
200

wdJ) peeds Jeinbuy

14 16 1.8

12

T 18a

0.4

0.2

(sypes) om0 paads senbuy

14 1.6 1.8

12

0.4 086 0.8

0.2

£ 18b
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T T T T T T T T

o] Semm—— actual angle |
estimated anglg

0 0.2 04 0.6 0.8 1 1.2 14 1.6 1.8 2
Time (s)
T 19a

O.e T T L ! T T T

0.5r e
z 0.4
[
5 0.3
®
o 0.2
o
c
©

=
i

(=]

&
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rotor speed (rad/s)
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H20
6 . , , . : ;
e - | ===~ actual speed
e IR - P A estimated speed|

0o, NN /00 SO WOUORON SRS 10, ST SR UL SO O
30 .....
a0k
1064
N S TR O SO SO T % o
0 0.2 0.4 0.6 0.8 1 1.2 1.4 16 1.8 2
Time (s)
T 20a

Angular speed error (rad/s)

-4 ]

,5 -

o 02 04 06 08 1 12 14 16 1.8 2
Time (s)

T 20b
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EH2]
T T I T J T T
- SO S JURURUN. MIPORU . SR SO SO Lottt actual angle [
estimated anglg
=)
g
@
(=]
&
]
&
<
B
L 1 | 1 1 1 1 1 1
0 02 04 06 038 1 12 14 16 18 2
Time (s)
T 21a
1.5 T T T T T T T T T
1
T
£
=05
2
@
% 0
c
]
-0.5
_1 l 1 1 1 1 1 1 1 1
0 02 04 06 08 1 12 14 16 18 2
Time (s)
B2
6 ' T
------- actual speed

rotor speed|(rad/s)

estimated speeq

speed error(rad/s)
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T T T T T T T T T
B : § A - 5 actual angle
: estimated angle
B o : s i - S - =
oy iR e
g i 5
3 A% 1 ]
< g
g 2 it ] §
= BB Y
ot | |
i ; ; Q0. i ;
4] 0.2 04 0.8 1 2 0 0.8 1
Time (s) Time (s)
T 23a & 23b

f
|
i
i
|
i
i
i
|
|
i
i
]
]

Stator Resistance (Ohm)
o

B o

‘% n

Loading Torque(N.m)

0'?0 1;.2 0‘4 ‘1 1l.2 % ol.e ‘1
Time (s) Time (s)
& 24a T 24b
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