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High Efficiency Switched Reluctance Motor Control
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Student :  Yeh Wen Lee Advisor :  Prof. Jwu-Sheng Hu

Institute of Electrical and Control Engineering
National Chiao-Tung University

Abstract

This thesis proposed a novel scheme for current control of switched reluctance
motor by using multi-rate filter pulse width modulation to improve the efficiency of
traditional pulse-width modulation. We utilized a filter to compensate the error current
for reducing the error current and generating an asymmetrical pulse width modulation,
which is the combined by two PWM signals produced by multi-rate system. This
method can reduce the switching loss of power transistor and decrease power
consumption. Thus, the temperature of the power switching element will be reduced
and provide a long life span. In addition, we also developed a high efficiency angle
control strategy, the purpose is to lower extra copper loss, simultaneously able to
achieve constant torque controlled conditions. In order to verify the feasibility of this
method are used as the basis of theoretical operations, through systematic analysis of
verification under certain conditions, this method can play a maximum efficiency. The
implementation of our system is using a low-cost 32-bits controller and a three-phase
asymmetric half bridge inverter. In our experiment, we compared the various speeds in
the same load with different current control strategies such as PWM, APWM, FPWM
and MRFPWM. The results showed that the efficiency of MRFPWM is better than
other control strategies, it also lowered the number of switching doubled for protecting

the surface of power transistor and increased the efficient of power transistor.
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22 G ARILE EHERY
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o LA Bl RE RS e 25 SRS AN TR AR
%ﬁ’%%@iﬁiﬁﬁiéiw@+ﬁﬁ%@mo@¢y¢i;¢@@@£,
S RBRREEY BRI A R 8RR o R
SR FRIAIERLR LR AR SRS A

FEhA AR P PERPEE P AER > R FRFRTR ] A R ES o doR

BHEE T FREC FLL TR BB E LG PREERE T TR

22-1 7m0 G H e NEIES Y A AR REER P LA A BEERY 3 A

4 f;LPRé‘ ;\- o

Bl 2.2-1 Hipr e NpIe B 0% A A Bdh kAF d

- BAE pHE L B Rl G - LBl R R EsER W
B bldo— S Lz UM S 2 AT S H S el S (6/4
1)~ (12/8 &)~ (18/12 1&) & E{ B bkt e A NI S i A5 T
F oS RS 5 E (816 18) ~ (16/12 1&) ~ (24/18 &) -



(b)

Bl 22-2:12/8 tE*7 IR S 2 Bif o (a) &+ a pEE - HE () L5 a Apo T AHE

Yom 22-2 ¥7F b B =Ap 12/8 fEdcerr d NEIRE d o b R R
ARE BT ) oRi"E MR e 2 o AR s A gL E fRlch &R 0 A
Rk T3 falicg g S jRlcE o & AF IR FE S 2SN 7 AP iR i
et (2-1) Ao 2-2) TSt R A AR Pipdlicg 7 2 R b e /S R chiE

o EPE S RRE L oy SR Rk T b 2 2271 R
N, =2pN (2-1)

2p(Nyy=1) N <N, for N, >0
N, ={N, =2p(N,,+1) N, >N, ,for N, >0 (2-2)
N, =2p ,for N, =1

F022-10 ok R choip dodp $ U T 1S fR i ¢
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231 ARBTRMA

HENEELEZ EEDE I BRI AR BT S TS
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TREES ARPHMABALLRE G 231 @) LT ACHEABEIEAE
- B ERERSTE R 231 (D) LAAPLF AR LEES L AHETR

e -
LEEE SR SR X e LN E R N L S

hind o G B ArB2.3-1 (D) 41T O By BB A B RS B AR

TFIBEARES AWM T T R L > P& 40T 8 (2-3) 254 (2-5) #oF e

2w

erp - N_ (2_3)
2

9rp = N_S (2-4)
A

0, =—— 2-5

=2 2-5)

l'LL o ﬁ*}é :E‘—'QL i‘&ﬁ#’%%ﬁ’;ﬁf-%‘fi?;\ (2-6) ~ (2-10) uL,—%\ﬁ. [1] }"Jr},{%l%]
ER 6y fr 0 BFEBF 2 IH e 0, FHFEILS IR 2IHE

(Fully unaligned) =% & ©Og -

6,~20,~(5.+5,)] (2-6)
'92 = 91 + P (2'7)
0,=0, +(ﬂr —ﬂs) (2-8)
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o L AR REERT AR AR AN P A RPN ot
Bl ERRFDOREAT A4 231
2231 @I LARRHRELA
R E R TR E L&
0-6, L, (1) 1L TR = B THFBES 2 25 HE (Fully
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2. PRE R E P AR o
0,0, | dLGD 1 @3 EFamap etz 2 8% TR L F o
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kB oo
2. PRI IR FPESE -
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| P AR T ROHAFR

L TR VIR ER - FIE Ak

S SRR 8
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Bl 2.3-20 f A il MRS Ak i o (a) e (b) BEEE (©)

R dump
((q) switch/phase Bifilar
Split dc supply
C-dump
@ﬂ) switch/phase C-dump with freewheeling
Miller Converter
@.Sq) switch/phase Share switch per two phase(q:eve@
. Asymmetric half bridge
<(2q) S ESS Series/Parallel type(passive) >
<(4q) switch/phase>—>< Full Bridge Converter >

Bl 2.3-3; AP B M BA S RN E i B

2.3.2.1 (Q+1) BBk B34 ®

TR B Z RS - fpdcs - BREMUE - BEY OB 4oB 234 7

Foo APRCLHE L F R ES G (D) BB Y B xR R S
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Feff A o HAp g R Z BIHRFUREFRE S D AP LB E- K - A
TR e > A p 2 B E A 2 a4 §E Sdkc (Torque sharing
function) %z zE - #rriA fple R AL F e A iRt MG - B R M i
TS AR P U PR L LA o doB) 235 #FT T g

BAROBGEOT I ERBFE R APR Lt g R FAL f B (29 B8)-

SEIUE R R G SR RS

<
i

B 234 Z i F Bird E
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2.32.2 20 B ARFLHRIEE

PaipdlrH N RE s SRR LR PR E L EHELHRNE > TR
B FHlF - Apenz B c UTEHHA RISl R IGEFHGBERP
d Bl 236 T 2B B R TN VT REB M s R A B

Bdtl B2 L ang A E R HTE o A 7 (Hard switching) R @ 3 0 F

b

ForEIE Bk dp Rt d g BT RIEREE RIEL T A PS5 B
Sp PRI EMTREH» LRA FTAFELET A S 2 S, b
PR ERATRENE DT RAE A HEAY R 2L AT RAEE S £
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EEH P FEM ORI L TR A i R AR
807 3 g v ) 2 4% (Soft switching) » v = R fEFRF @ 0 R fe s S A
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B 236 A LG T o () HApm LE (0) A7 K0d () 473 K
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PHEIEREEEH AT D THRERAIGRARP 0 Bl 24-1 R

FE B kA BA R A Z B AL "ﬁ-’i\;‘ TEROEEJYTRBRET R ET
Rir > HP wEgmeraE s nFriegRaE (KVL) EsFmx g

2 KCL); - At iBH MM R B PR FFL E/EHES
T RAIF B L w2 258 (Maxwell’s equation) kip it 24l B BR YT H
S R M B fs - R PSR kA & )y 24 g 2 (Newton’s law) X £ 7+ 5
éﬁi’]ﬂﬁi’ﬁ/" B R HEE R AEE T2 B A BEE SR T W Ae®
BEsald DAL RE A R EBREE FEF N AL R TS

4@mx§f§i|1£0§r@m,,. m% Pr"glé f"@\iéjﬁ\m% L»ﬁ t.’;_i.g_"_a °

AR HENAERS E2 e B v o E AL R - AP EM S ESE

BERT e YV RSAA R A AR NEIR S R - A R M SR

0,

Z&j;ﬁ”]a,ﬁ/;"ﬁﬂlrig‘!;’ )IJ' /;)’jié;’*w’?'lﬁﬁ;?—ﬁﬁ’?,@%fi;\
HESEEE T RN Ed BEELTRSOT RS AN gk EH 6

4 A
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R RS N 4 [# e 4l
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J .
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241 HIBEIEBSERRTR

PRHNBIES LM I R BE DI T RACR 24-2 o 0 B8

S LRT LRI T R R B R

dy (6,1
ML) (2-11)
dt
BT B AR R RS T TR L A
w=L(6,i)i (2-12)
g3 (2-11) v oA EETE N
dy (6,
v=Ri+ ‘//(9')
cl dL (i (2-13)
=T
dt do

P 218) PR AR AL NS AR R TR REE A R BT EE
MR BT ERRT AN (214) s XY i dl/de BT AaE R R ELTT N
S B, TR N (2-13) A7 AN § g T Ao B 2.4-2

17 0 N (2-13) bt~ T8 5 B s R e T W n

dL(8,i
e=iay, ©.) (2-14)
do
He SRy ud g i A S 2T
=099, (2-15)
o, dt
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W 2.4-2. HAgp>r ke b i B0 B R

dRETASRL LT LFIIPRE R » e 0 R S n] G Ay

% ~ ¥+ 50 (Field co-energy) ~ 12 2 § A5 I o

1 d[L@.0)i*] 1., dL(0) (2-16)

do dt
Lo, =i dLég") f (2-17)
4 | I dL(8,i)

do

)-Ti (2-18)
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242 U HIEELEREI I AN I RBRE

o B e v A s R M KRG REDE R R ED R 2
BogEsS 238 [1~3]- FE5 1 » 7RIS O L 2ER T A

o B il #T”‘Mim&o+$23$e%ia~%mﬁ%@@¢@ﬁ’uf

BB LR DB RN R

F ko i M d R kAN B AR 243 () T o A R

R R EEPLR U SRS AET R HENE R LB AT G

FRT T U EREE AN R RE RARRKNTFA T TR BE T E S B
R e (2-19) 0 L REE § @ DR R
R OAleLal
2 (2-19)
AR DRAFEIEI B I R FEusFE OU diG8 » d 23 B 7
§F P APBEE R A E iy, @ AR F OU e 2R G
ouczlLunfn
2 (2-20)
B3 EAHET = 2 HELF UA it £ s
W =0UA= TA¢9—1| ﬁAa l|2AL
2"do 2" (2-21)
H49
AO=IA=0,-6,
AL=L,-L,
i UA BRIZFIE dL/dt 2 20 00 #101ie48 € 5 F BT &4 kR £ 4 1 0

¥
T 5 ABCU > it £ 5 ¢

eiAt = ABCU =i2o, IE A9 _jzaL (2-22)

mmdea)m m
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(2-23)

(2-24)
k=2 (2-25)

d S EEEOREAEN A EfenEE kE o B PR E S
- L ERER S PR E cOUC REEZ ¢RIEEET LRI RT
b A I Gy PRRIE o A 3N (2-25) Pk dt ] - BRARE Y 4 F iR Aeay
B - L) - Lo ,Th{?uitéﬁl Gfodrr g b i 10 B0
B FHEIBRIEN G 5 BB AT 5 M F A 2o F ?E—*#'?r%'
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rHENEESE LAY 0 5 & 1979 &d  Ray and Davis &g
NAfTIEEN R E Y @R et [34] - > K EA IR %G, g
3 - iﬁ%%@i’é@wﬁ%} »F F - X T ﬁ*‘wﬁ B et o 2R R < 4

AZ 5 e

LA e BV LA T 4o B 2.4-3(b) 1m0 A W E 3k (Field energy,
W) # it (Co-energy, W) ¥ rt 4 Wl dom & 34 (2:26) frit (2:27) #% » 07
R0 HY W =00l 24-3(ab) B F o B R H o B AR
SERFFELEN RN P oY RE K 6 S HRG o R ER T

O FOL R -

W, = : idy (2-26)
W, = "y (2-27)

Bl 24-4; i R pEes LR
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BEPREET D SR B ach £ 7408 2445 K A 23 B 2hP E

- - dw } B ]
AW, :J.eldt:J.'Edt=j'dl//— ABCD 2.2
BN O RV LA A
AW, =0BC —OAD (2-29)
Hd st (2-28) g15¢ (2-29) m WA/ FehR £ %5 OAB o deT AR

AW, = AW, = AW,

= ABCD - (OBC - OAD) (2-30)
= OABCD -0BC
=0AB

Fu (2-30) EEEE AB &£ 2 X A0 r’ﬁ%f{f% » 4 'E\l#'Jiﬁlf AO >0 P
?@%:{Efﬁ»? IR ‘5\;5\: (2-31) o -Qr']g] 2.4-5 *17 ;‘_a ,)Nq,r - ';-'é_/iir;ﬁ'% ;\: .

Foor NI S B g iR i AT o

e {awc } (2-31)
60 i=constant

oW,
|: aem :|iconst.
6, =const. (Wf )

el &5 v FE I
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FZR THRIRESERIIRG

PHFABESEDEFZER DS E VR - R BHIARBEH S EN
-z pEMEET 0 BH e 4] (Field-Oriented Control, FOC) » 41 # 4
Bl N7 R EBR RS RA E AR X AL - B
ﬁ%’ﬁhﬁﬁamﬁéﬂﬂ%ﬁé%&ﬁEEW%i’@ R EArC YN 3
4 — B8 B¢ g a2 (Cascade torque generate) ; 1* R R AR e
ERAZ IR FeraE, - LAARZ BEHARE TG F (£ A 7 ik
Mgk o % FRIHENBIES AP E L G I E S RS i
il ¢ - FIR AT fR S o SRR g VRIS e R0 AR
EL o5 - FRIE RS S LG o FIL B ER RS )

FTHAF R NARES TR E A F e Aa et s B od ekl

Eas]

FEG OB EER N E R R AR SRS I i NS
BhFEEfl> 2o F Ry HES LR

TR BELADT R o2 2 b A3 VR TTE e 4] (Direct

e g Fak o> VA JRS B e % — #F

5

E“}\

Torque Control, DTC) » & ¥ % pF & s=4 4 # 4] (Direct Instantaneous Torque
Control, DITC) ; ¥ ¢k - @F/j*aﬁ Bk Bpedlc BB it 2 eEE R o )
PEELTARBERTINOTMERZITFISE 0 2T A R B R

I o

3.2 el

d 3§ AR R R L BB R T 2R T A om RS R o
S RGERET IR R N R B R o Eaei

BLAR AT LR 54D R € WA D ATF e R

26



AAHEALNIEFNZLSBRE > ¥ I3 P2 BREAPpDFRETH KR
& JE s * AR E fp A 04 (Torque Sharing Function, TSF) & "% 1448 4

Ak HH - Ak B R R 4] ek o J]‘}{H_, et I N ESEN P g2 g

CE RS TS SR

3.2.1 T BES

Tref ATerr ;F'_, ﬁwﬁiﬁ'] Lﬁi“% I; [O 1]
t O
T i ber G .
= (BTN L R) (mmylptptomy "
34 4 ’

Bl 3.2-1: v pr E Fefb ey dlie 527 SR

EREREESGS TR R 2 e Rl WK
& Rl T AEde®] 3.2-1 A4 TEEEDGRIAZEFRPT AL ERT

Wz agE— R ARG E 2 N R AL L (3-1) T
o g F T 4] (Hysteresis Current Control, HCC) & 2% A 5 A % B
e d @3 & R TR ST R0

AT, =Ty — T, (3-1)

k-1 k+1 K
eoff eon eoff

Bl 3.2-2: BiFipdl sz = B % F o7 LR
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TEIBEESEOFIRE AR A Z B A B e KRR sd e

FrAgS [-1 0 1] BFHFIBHETHF=Z BFEE AE~0 & —AE 2 iv*
AANENHAIRER BV AL BRFAH 322 977 L PHEEAT F

SRR e a1l T DI A N
I. WA 1% Kk 4p3%cs i€~ 48 (Incoming phase) » st pF 3 i e Jf 30 i@
2= 5> @ 414 4p (Outgoing phase) =13 in i dr4l & 2AE 2. B> 1T

AL EF SO o

fo
-1 AT,, <-AE
ffi=<0 AT, >0
1 AT, >AE (3-2)

-1 AT, <-AE
ff={0 AT, >0
1 AT, >AE (3-3)

iii. %R 3 RE 145 0% k 4psudics Outgoing phase » %]t H 7

E IR SN TR F AL REFSEhTE o

&
\
=)
(=
(%;_

=0
-1 AT, <-AE
fiHt = ATerr >0
AT, > AE (3-4)

DITC #“ip#lRin™ ¥ BFird] » Flt 237 H e BRI FH
LR EERF OFERER A €T [24]o 8 A BB 57 "E Mg aEid

- KRB F AR o DREAEHEPE VERRTIAIARATAD R

R B sk B R S HE S S g % end A
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3.2. 294 F 1 H]

A3 Husain * 1996 = ¢ di A E4pH] [22] 0 7 % M A5 dp 2 B E

0.5[1-cos(k(60-6,))], 6,<0<6,
1, 6<0<86

(6)= [1+ cos(k (6 )} 91 < 92 Hz (35
0, otherwise

Ttotal =Tref fT (0) (3_6)
£ (0)=2 1, (0)~1 37)

(éf; ?;?fij}g) by | i o e s
E— - ‘ﬁ PWM * m%ﬁ 7:1'3% =~ ¢

3ad &
A A A I

msr

*

T

m

G(s)] L
* E a)es
o, —:J“:_ t do

A

W 3.2-3: e Eird] Sz ]S R

d B 3.2-3 Arm A A AEES EEAIE o HvrRsa r GRYEHEE B
BRI OE R Y T g s ol FAE mh A (#

FT—EA R —T 00 ) 7 NV E 3 p”}ﬁ'ﬂ;"b’ BTG T O E o
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k-1 k k+1
f/ A f

e(i(ff_l (b) Q:n"'l g(i(ff

Bl 3.2-4: (a) spigses ¥ Sk (D) 524 #Es £ Sk

Wl s A A S BT A T S M e Bicke st (3-8) tror o e B

e NP R 2 AP M AN SolicE 2 AT e T sk chd i

vy (3-9) T R G RTFErRIBEES TSN AETREZ RS

H g o Eird] o d [15] R ERMBE B RS ] Sl W Sk
Flr - R RE DR E I F pRE B hd o S Bkl G

BAIE ARt o

__pk
ka,Iinear = ers 90” (3'8)
aoverlap
_pk
kacosine =1 1-cos ers 00” 3 (3-9)
’ 2 eoverlap
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A L (3-10)

ka+l — 0 (3_11)

Tref o SYA :}7% Tm

£ 4 4 YA 4% &
T | 16,
ﬁ% iRl I msr gm &2
(R it R) (i " ET T L g
A4 i

Bl 325 FREBEHlE L EE SR 6

A3t [15] thipd] 3E e W 3.2-5 4 o 7R d 8 £ TS B el o
A WP R ER LR LR R AR e s e
FI2AF Y F T K e - M (R R) B A e ST EEL A

T B a4 o degt (3-9) A7 o Ao fFR] A A Sk o

g g e

m(k) m(k+1)
e 3-12
- Im(k) Im(k+1) ( )
o a b?
Hoe o,
._ [ 200,
ALy (01
v [ 200,

2o 70 ok B na M S et A5k & R AUR Ui A A B S0l T L iR
RIS ER PR d o A AL SR A AP fp2 BT b4l S 4p

o 70 0 d *% Outgoing phase 7R R € i ~ *% Incoming phase T g

B 0 AT R S Incoming phase s U i@ i FIK T2 AR o
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Bl 3.2-6 L & &7 s B3 koI e d R Outgoing phase T 7w %
Incoming phase & /it gL B R e § 53 AR TR E BRI EAER P B4 L B
Flif €< S0 72 Outgoing phase 77 Iy '3 e Incoming phase 7 i
Lngery A A0 % EAZE T4 % 2 1134 & Outgoing phase & 77 @ i £ F1 R A&
@B PR auE 2 R SUIRF BT B0 % > 102 Incoming phase fhR i R i eh
Z2 S ME R F AT R R G R ER > P B4 L, BRI e
A > F % _Incoming phase it In,g.q) ] Outgoing phase &7 Iyg) AL >

FAARET LR (W] 3T F) BB K Outgoing phase 7 7= » Outgoing phase =
TR R TR 0 AR F R AR 2 o

B 32:6: AApE it b LY EEsy REET T DT R
d >+ DTC ~ DITC ¥ TSF ‘r‘;'i'% BHed oAk T- L84 45
B TIPS B AR AR R R B A A R -
’F‘ij‘:;{qi&_/‘&w% #Jm‘lax,],g"#: BH L TR B3 ,Lg‘_)—}‘;?ﬂ
ﬁ;l] o
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3.3 B & RV

% 32 #¥EP T BREEEFN AR ITRIZ ok & H P4 ﬁd“)f‘\’» B
AEREZPESEIEY HP s HHE - BEIBFEIT NG EROPL R ED
LA E o Bl EAFROES] ) AR ERA SAoP R F A 5V R Rk

iR R E B REDS NEP LA
3.3.1 B HE &34

TR P A - B YR EE A B T
St A R B ARG TR Y S RT BT LS F e 0 A &

TR LIRF RRBF T & o F A il F R B E O T i i SR
R A I (2-12) TR R L R R

di(i,0) do _ L oA
do dt  Ad,,

| ),
901 = %
dc

Vpe=L——=
(3-13)

HY > AQ,=0,=0-0; "M EREB/T AL IREFINEBLERL T ARE

Hhig R g E e TR e

La

eon 90ff 9q

B 3.3-1 ¥ - pppi i in o LR
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3.3.2 B G ¥ sy

B b4 AN P L RS R R e R L HIMP R
AR ERRELL FIAMP L RIPTIA P2 T L Hp0A0 - 19355 [17]
PREANS BIELAERGCEL L pA S PEPRBIMDRE N T RE
HoEgd A A TR B S et (3:21) &

d Bl 3.3-2 7 0 BErAlRA A RGN A A5 RiE 2 KT E Oy

2=l

BALRTF 6, —0, 0 Witd PEARARINER, SPFEFAATEET R 5]

\P‘“

Flob g 2 hlend 7 5 5 (B-14) 0 m B B AN 0, B LA om0 (3-15) » g

Yoo W, Frldona B B & RGuL BB 4ot (3-16) FiaT o

Wy = Luid (3-14)
vV
y, = Jube (3-15)
a)l'
Wehobi (3-16)
Yy ‘901
TRoon R BB P L T UG E G B fg2 50 et

(3-17) #F7 » @ F - {ABA AT TR 4o r A 4p2 Fendk B X o (3-18) o

Yo a)en 011
i (o-a)-0.Jov @19
o 1

b ERAY B G Bk TRTINEY 0, IR ML RL

I A - U
Ay =06, =06, — 0Ok (3-19)
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eci(n Hlk Hé(ff 6 9:

B 332 T peisata jpe o

s it d B b B L (319) N0 IR M T B B R

o k
wwwa@—ﬂg&j (3-20)
u¢=wﬂ=%a (3-21)

Mo AR A R R B A B - X i A R R A B 6, s 4hgp

ood 54 (3-21) or5v (3-20) RN AR O ARG
0,0y +% (3-22)

T Ok o #-5 (3-16) ~ 54 (3-20) et (3-21) Ror 5% (3-18) 0 T oudn B iF e
i (MF) &R >

O =0, +(20, -6, ){1— %} (3-23)

e
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3.3.34& BRAT K4

ZAERET RA AWl 33-3 UTF 0 AT LS

REEREHL AR o d N (3-13) 22

FEYERDLE T LR A
RE B R & %ILO

FF @15) Pew g hia BER O fr 0, gEF RIS LESE

B AR H S 20 AT D K pehT g aE o

_ 1 i<m
Ik(n)_aglk’ |k(n—1)>lk>o
I, (n) =T (n—2); else (3-24)

He [>0>00 L 8@ AETINOMHERE > F R0

VAR T 5T i ek R £ Bor s i

5
5
|
Vi

|
L, 7 .
: HHHHHHHHHHHH——
eoff

Bl 3.3-3: £ AH K r LW
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§TEDIE AT D S s R SRS AN RS S (326)
Fl o HAF e &7 0047 258 (3-27) o
A001,err = 0_01 (3-26)
Oy (n) =0y (n _1) — KAy err (3-27)
PHT & RAT O iAo 3.3-4 (1) o f RrE T - LT s

CESE S T RO TR S TR SR S S Y

RS R BRE A REPFIT R o

Bib 0, S RRELF 2 R Lo A5 N E Oy APy § TR

FEARE AR o )22 YR 3.34(b) “iF o

0.=0-0 (3-28)

I j - = j >[ !_1 { 8 - 01 Aem,e” 901 (n _1) - KaAHOLerr 901 (n)
T (n-1) - 0 ] [ ]
)

(@

l. ) < 1
j >[_! P[(g - Qoff ee >[ 6, +(26, —099)|:1_901} Ort (n) .
0 j | : J

(b)

B 334 R ENHE (@) AHFBRTETE D) HEMP &R

37



3.4 Bk & RBEH

$ 33 &A1 Ao s BN AR NRED ke
d 38 (3-23) VH A EHE ARy L (Tumonangle)s Tint = & dec g g
(Bpr) R T badeeRE 0,) T MG AT T EAPTR EHPH G o

BF A Rl A AT RARAE Aot (3-28) A Apdp e i L AR

TR R YR z»,%‘_.«é’p%F’* BE % o

P = 12.R

c,loss ms’ ‘s

> & .rmztrs S — 2tr < lirmztf j (3-29)
t 3 3

) t, +1L;
= IS
3t,,

o] 34-1 d AP FUEFEE R FrlamE AR A R FEhE R
2V

TRMA S FF RSB LS § AL i e ¢

\

bR e (34 (B4 47) S F

L. k‘ k+1
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B 341 4 pmas &R L AL I T LR

R RS R F AN SRR TS 0 AR EIMP AR

i# ¥ Outgoing phase cPE it R *h 3 AZE O, pH UG R Hp O AT A ET O

LA 4 EEGRF EE 0 4oB 34-2 #7 o Outgoing phase T it ki d B 6,

&0, g oA A AT N

eekrr 62k_0c|4(
EEAR A UGl Aty BirFIMBPE AR > oA &
oo A B PR EE LR EFEDR IR EE S

k k
0k+1 0 +1 0 +1

adv

K k+1

(3-30)

i B il an
:I,’;E all %tg ﬁ-.

(3-31)

Bl 3.4-20 % A A ApE T B T ]
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16, +0,,, 656, 0!

O
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eerr 2 0 ?m
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B Q<0 - BT ERGUP| LB p o E I ERT RS HFE 0 FIAT N

TR LB MehpEE > 2 BB R o 4] $ vk 4o 3.4-3 #75% » Outgoing phase
T RSB R IR AR GRS N H AR > d % (3-30) URELAA BHF kF
ek ERGFAACTARNT ORGSR AL 60 0 AT §F R R

FRARELI DR ARG  AFRDRAE R FTA AR ALE 0, g0 -

G ()
6%n
[CunentTaH | ¥
l»Da%mr I
|

B 3:4-3: & At 0 F L4 2 A0 T A o )

Outgoing phase ¥ Incoming phase ~ %] & ¥ 4|7 /2 24 2 %ot > § 74 &
B FR AR QRN E B ORI d] R e R e S gp ARk - B
THFE BRITRFIAAT - Fo pend fpz g 2 v i 2 a8 T 00

A e bl s e

e =1 (K)+ 15 (K+1) (3-32)

jud
heS)
.
+
[y
fiﬂ

Incoming phase # 4 € & % L 7 o 73 o 2 auik i o
@iz TR A LS = 2 Vg0 @ Outgoing phase & #f B4 & i i@
TS TR o wART RIS T LA T AT 58

“k+1

_ Ak
m=al’ +bi (3-33)

a,b=1, 6,<6<6,
a,b=0, else
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~\

id + Iref Curr_ent — 1 (k)
>CP Sharing " (ad
- Function > (k+1)
m Torque

Estimation

PERT AN T RTR LA RAL D REiE R a & b LS £ R

T30 0, 8 0, 2 B B E i zac§] 344 S o % ki ERA fp B
R0 287G on TR E My BT TR R B L BT
1 Sl fp AR B S RS U (85 R L R E i

B Skt Al e A e A A i B R AR L AT

Kiﬁa&‘g—%’%g&jﬁﬁﬁﬂ@ﬁ°;ﬁ' vESkESTR Apent AT R EMmE A S ¥

(3-34)

$ 33 EUASRPELLET T YRR BT FT DT R AT HH
FRF BT HHE D S THER AR kPP F o d S (213) RERE A LD

B IINIT R Vg 0 " oon iAo AT

Vdc = Rsirm + I-r ﬂ—i_ irma)m %
dt do
di_ (R+oym). vy
. - L (3-35)
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TU" Bes S A2 o PR S TR PR S G T K ek 40T 0 T o

-t
I(t)=Ae * +B 336)
HeY > R Y E#T L &7
T = L,
r_(Rs+a)mml)

A Fh 045 5 B h PN 2, 2 H ook s \ oo 2l ¥ By 2 2l Y .
SRR R BB B e F1T A S R H AR by,

DA -V

1(0)=0=Ae’+B=B=—-A
) ) (3-37)

; 4
ﬂ — _i Ae z'rt
dg” 7,
1
~ —il[Ae e AJ+ A}
z.l'
- Lip-La
fr o (3-38)

§ % (3-35) 1% (3-38) chdori- ML ESN S FLT UG A ALK

_(Rs +w,m) Az\i
L, L
Ao Ve
(R, +@w,m,) (3-39)
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Bz ki ~ N (3-37) ek g iE 3]%.‘? NI S

e ::1_£_i___m_ilhl (3-40)

Fora T m T PR cnfi g b A R A 00 B B - R S g - o

TRE Vo d 3 (2-13), BaLHET

_Vdc = Rsirm + LI’ ﬂ + il’ma)m d_L
dt do
di_—(Rtom), Vi
dt Lr rm Lr (3-41)

Bl 345 A pEHTE T DT IEHT LB
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Po b A TE R B B R R PRI T A D E R AR E o de T A

I(t;)=0=Ae"+B=B=-A
1 L, (3-42)

FOUAANIE R B R R 0 LM, T RN R T T SRR E AR e

T

= In[1+—(RS +w’"ml)lrm}

Ve (3-43)

BT m et A PR A BT PR 2 TR AR B e h B e B

A

AP R EN TR AR B T AR AR R - X R

[T.ﬂ

f_’éi ’ '&‘(["T ;\A :

goverla
L, =L| 6 +2e0
2

L. = L(@ goverlapj
f 2_T

He o Sl L 2 LR 2Rt R

(3-44)

L6 -L6,-6(L, -
L(o)- 1 u@_@( L)
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<k

e b RITFIOP IR R TS0 (345) eniE 2 TR R 8 b Rl Y

tr = tf < toverlap (3_45)

_ eoverlap — 02 _91

overlap

t

[0 Q)

r r

BOOET I anT SR SR R R 2 iR G b
FiTHE AT 0 4oBl 34-6 () T B Rt AR o d 4 (3-35) # ¥ A
HP AR T R i A o he]3.4-6 (b) FTR 0 2 BT T R
Pl E kg X F o R b chpd % 4@ 346 (C) #h7 c AAIE T B

RMEFRBE DA BT ORE GRRFE L c U AL RS

i ki 5 400 0pm pF o d B] 346 (a,b) ¥ o A RIS 15 A M i

‘E\L\

i 3% (3-45) g i o v & § i A 400 rpmorAp o ® OBk ot 49 1) 15
Acd 5% G5B 526 50l AFHRIPZHCBEILE E T 0D Ao

ol dibok e R B 10A e {e o

1. R A 600 rpm fpEiE o o B 34-6(C) T LS DA 4p £ dp enpE A
GE 1528ms F AR T O PR A% LY (3-45) eNiE T o
TAT LE ] 10AC F > T A G etk s i A 600 rppm L p
F BT A RIPAIA SRR 0 A L B IR 0 U R R I EIES

IS j o
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Magnetize Current Rise Time

Millisecond
N
o

2 /
15 -
//_/
=
1
% [ —
[—
i
05 R
—
e
L
0
0 2 4 6 8 10 12 14 16 18 20
Current(A)
()
Demagnetize Current Fall Time
35
—Tf0
—Tf-100
gL/ —Tf-200
——Tf-300
—Tf-400
Tf-500
25— Tf-600
—Tf-700
— Tf-800
o —Tf-900
2 2
o
o
[
2
15
1
05
O0 2 4 6 8 10 12 14 16 18 20
Current(A)
Two phase overlap interval
10
9 \
8 \\
7 \
5 6
=
3
5
°
=y
3
2
\
1 |
OO 200 400 600 800 1000 1200 1400 1600 1800 2000
Speed(Rpm)

(©

Bl 34-6:(a) Rt LEF (D) 2ET AL AER (C) AAPE U T B PR
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E:‘ti gﬂ/&/ﬁt%ﬁﬁ»i‘ﬁ%

41 =

‘0“‘.

- AR SRS TR B T B T R G TR R

ﬁﬁﬁ%%mfﬁﬁﬂmmm}iéﬁ £E -éi%ﬁﬁﬁﬂ%ﬁ%ﬁ
FER A E AN R R (ROt B R R BB A o T &

SEAREYRATANR AIMIRATADLE - 7 VRATREA
FERUEMEMELIATIBALA LN FRB PHMT o APEE R4
T BAR AT RADBREL AR FLAE R A PR HE - AFERENL

SRRA T RN RN EHF AT AARBIFE AH R DD E F gk BER
A B R % (Multi-rate filter pulse width modulation) s o A%< £ % & i it 4
FlRw s T 5 Fgk BARE R T P Mg T Bl 1t 2 PO R R T
Bing A o BB P B M ol tr L AR AR L L EA

B A 4 R g EH 2 et AT
42 BHARATRBRT EH

Pod A AN RE RS RA T AR Y 4B 42-1(ab) 5 Hf
PEgHFLen N Y e N H A IR - % PWM Gk o
B EAL L TRA TR s Tt & S BT A R AR

P-4

P BFEA A R PWM Bt E  R7550 0 4 )’I&L{,ﬁ_ # PWM ZF# 5 {
o YRR REIRRE S 20 AdERY o 2 RREY DAL S

FRMEIAEIN - BHIESF fo Fp s A7 VR AMATRADEIEITR

N

SRR HR B R TR A - B f R oA R R T

LT TS w
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k&

i+ ok
[+ <

™
—ﬁ \\\Xr
™
—.‘sf\& \\\Xr

«—1/f

(a)

B 42-1: () EFAHPERATAEDIR (b) ¢ FHFERATADR

Kk sAg g (f =48kHz) &1 P-f47 & (f, =48KkHz) » &~ { A7 5 & 4

KHz » "% 3 % 3 % /347 & 5

(0]

=3

b=4-bit p5 (48KkHz = 3kHz x 2*) > td A H F ¢

EEAD S (4D) 1 5 008125 F pd ki RdateT 0 B RA 4

B A oo B0 MBS  BRF ST F A A R TR
R S R g iE A R A B R MO o
1
EDR = 2b+1 (4_1)

421 AHAERATH R
AR TAD R AR D BN BPHERATAD R - BT R o M

BT AT AR R AL T R [35] 0 4o 42-1 (D) “im o HHBG &

- BRATEARSDFYN LI LT TR BTR S 2b+1 @ 9 Fs’?éﬁ«f;ﬁé_mr%

= o
=
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#0421 ¢ BHEF%A A% (Symmetric Central PWM, SCPWM) & @ /&
PEEFLR L B % (Asymmetric Central PWM, APWM) 2 vt g o
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3042-1 R LS AR TR DR

AR TN R PEEFLR L B R
{ ATik & fe 2f.

N ek L R 4 gt

sp e 4F 4 -

L ATiE -

1Pl PARAR S| R R B - %

7 }JE A Pgy toss Psw,loss /2

43 5 FRLERA TR SR

Ao BN E R [20] R AR B R A g
S et SR P SRR T I BT R L I TR LA 1 e

LI
4ol 4.3-1 77 & Z 4P 2EE T G = B4 B (Voltage Source Inverter,

VSI) > Uy ~ Uy ~ Uy & % H 2 han LR SZFHTEANT BRI G ¥ 1282 T 47

Wz

50



b

W 431 = Ap2LHHAE LA TR R R

R 2

AREAP LD T ALGRBMEE BB ARk T AL TR S
TROEF S APIL I RES THERMEL (BE) 2#RES 10 = >
Wi s s=[51 S22 ST muisaBMaeE s {01} Flptv ukipd

R B o H R AT T

U, 1.0.0 s, )
LJ2 = O 1 0 X SZ =SCS (4_2)
U3 0 01 S,

Bt NS LA - Al t TR S e E e o B

/'5"] (Duty ratio) 37 0 ;\: (4_2) TS A

U, o )
U2 = |3 az = (4_3)
u, o,
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e £ 4
ne 2] + T
. A I
S - .%rm, . i 3
At ):F_ pPams
mm llnn_._n'm A4 m
g=| T8I T
OO bmme
= 4 4

pEN S -

hu

3

PWM -z 3%

A

7
~

TR a7 2

> U

B 4.3-2:41
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Bzt T ooy, 003 €0 1] 5 BB F E b F oA F R T 4
PO RETRPRAMEEF fL B AR D A FIR B RATR G
1/(f;x2P) A 84F 5 (fi X

2Y) Hz» @ @ o) F 52 1/20 effde » o

(4-4)
3 “3(k)
Bl 4323 B 4 CABHATE TR & BRMIL- B2 R

i Bz v g 3B BB a8 ants JeN B8 F e J B B

BiiRL (2 RA) B IEE L @A g FS LR EARMY T a0 @

R EfeR BN B O (L RL T

. HmFF’E\‘°
FoBEHERATRAOASF AL b =~ BHLEHR N LATHES S
(f. x 2P) Hz » )t = e ~ EHP ATA 2 03 TR
5, 133 .. 134
V(k)=—b V(J)=—b S(J) (4-5)
2 j=0 2 j=0

v A () =k n0) 0] Rk &S 6

HA4 - BWmEFHPA T UEREEL > L E LM

z)[R(z)-V(2)] (4-6)

Ez) : £+ & e(k) o Z a5
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R(z) ﬁg?]" w® r(k) e Z #E3A550
V) : T30 R (k) o Z HEA5

W(z) :3x3 gk B4t & 45+ (Diagonal filter matrix) -

& p Fgi i/fadi
W(z) 24 éELL 75 - 4ps pibdost (A7) #7752 w(z) 72

S fic (Weighting function) 1234 5% & — 4p & Mg BLeat > 2 @ w(z) Bk

Bz B
1 3 (4-8) ¢
w(z) 0 0
W(z)=| 0. - w(z) (4-7)
0 0 w(z)
w(z)=d+c(z|—a)flb (4-8)

#¢ >aeR™ beRPceR™ and deR - W(z)

=2 T Pt A

x(k+1)
8(k)=CX(k)+D[r(k)_\7(k)] (4-9)

[l
—~~
=~
~
+
o8)
il
=
—~
=~
~
|
<
—~~
=~
~
.

#He e(k)eR® Zipk BFA B ox(k) €RP Lk Be'L ek i 8w £ o

m (AB,CD) v g =3 (4-10) 4+ # ¢ 0, € RP*P, 0, € R?,and 0, € R™*P

2 RaE o H Ok Xide@ 4.3-3 o7 o

a 0, 0, b 0, 0,
A=|0, a 0,|, B=|0, b 0,
0, 0, a 0, 0, b
(4-10)
c 0, O, d 0 0
C=/0, ¢ 0|, D={0 d 0
0, 0, c 0 0 d
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431 B BRI

BAROFAS) AT UK S 4-11) 0 A TET R (k) 4eft
(4-5)c & Kb itz - v pH NGt k) et TRV()IPE > & Tk
BoFip bl @ - BT R BV T RFESFIEAGOE S o

min_[e(kf = min _Jex)+Dr()-Dv(K)] (4-11)

v( j)ebasic vector v( j)ebasic vector
B V(k) cEHEREN 4-1L) FEE €84 b e(k)=0 2d R E AT
(49 HEEFTS

0= Cx(k)+Dr(k)-Dv(k)

. (4-12)

V(k)=D"Cx(k)+r(k)=vi(k)

Y RF TR AR L S (45)E (412 M
5 25(0)=V () =D ek} (k) 1)

Heos(j) AWtz Rk i F ok on o PR TR T VST kAL s(f) B

4 O(B) 52 1 (@) thd s o Bt > v 1 a9rg S() cnmd A~ chmpe s 4

]

;V—g%i{w :

Zlbzz_ls )0 [ (k) a(k) a(K)] (4-14)

r(k)-:éi* B T z™* -
A -

D

\ 4
@]
q0]
—~
>~
~

\ 4

B 4.3-30 v % B4 i E & Y e
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b_
PEEBMEESRE S S ={05,5, 5, 0 1) s Es T R AT
a(k)=Vv'(k)=D"Cx(k)+r(k) (4-15)

FaErinE qk)el0 1] #rrf iz fri

a(k)=V" (k)+Ad (4-16)

[zt
A
=
gl
G

2dood=[1 1 172 3ELFHKREE (4-16) cn iz 5 ¢ #ci

#

A= =min[v" (k)] (4-17)

NP BR AR S, Iy ShCEiEdtc B 434 2 KRB FEL S HRE

a(k)=q, {v'(k)+2d} (4-18)

DCx(k)+r (k) V*(k)> o {V" (k)+Ad} >~

A

R

g -

w =
& W

—

—
~

N—
\ 4

v(k)

Y

X(k+1)=Ax(k)+B[r(k)-V(k)]

o (k)

Bl 4.3-4: & “F A4 > BE
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432 & 3k
4321 A5
Wil 2 d 54 (4-18) wt W HFER & AR TR 5 ¢
a(k)=aq, {v*(k)+/1d}:[,ol oX ,03]T (4-19)

e o 12py,pp3 =00 oo L hEFHEFC SR - TEu- BRIEL

(Permutation matrix » Py,) # ## @it d * 2] 93 20, 203 i s4eT 500
- - = ~ 1T
PuV (K)=[V, ¥, V] (4-20)
Flet o F s (4219) e r P AEMELE RN T 2% 0 ¥ By =Py, = P3¢

Put, (V' (K)+2d} =[5 p, A (4-21)

|
/ﬂ}
s
a=))
g
™

;mgja[%]

max(a)=p, =0, {V, + 1} <1

(4-22)

min () = 5, = g, {;+7}20

FTRb EARATRETE > LhERT AT S

R 1 R 1
—V3+FS1S1—V1—W (4—23)
ber il BE[O 1] A B A
. 1 .1

//L:(l—ﬁ) —V3+F +ﬂ 1—V1—F (4'24)
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4322 B min

AR L A (K) PR AL f E bl B HmEL

A, (k) =a(k)-g, {a(k)
=[V*(k)+/1d]—qb {[v*(k)+/1d]}

(4-25)

GBEL AP AEAT 0l X (49) s & (412) BN (4-15) T Uy &

e(k)=Cx(k)+Dr(k)-Dv (k)
=D|[v' (k)1 (k)]+Dr (k)= Dg, {v" (k) + Ad] (4-26)
(k)=

[ k qb{v()+/1d}]

2T kM (4-25) 068 X 5 (4=26) 0 B ] TN,

e(k)=D[ V' (k)-g, {v'(k)+Ad|]

=D[ A, (k)-4d] @20

FlOt o Bk Sedn® A A WETE MR L Ap(k) MR 2 A G OM o
BARESENE P A 2 T RanEL T oo Fpt o 38 (4-27) @
F 3% (4-15) eng iz irg g E gl e(k) kp p T RDEHA o d 54 (4-9)
AEFRNRF AT ROBHBET L RAFFI A AL AT - BRE
A E g It bl o F oo d 58 (4-12) ~ 5% (4-15) &3¢ (4-25) A A g iEot

B ¥ 0 v A F Fl g U R 247 & (Finite pulse-width resolution) #7ig = 4p 2

B E -
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3
A
)@4
(=
|
*
‘£
ﬂl’—«\

o TR AP R RGBSR R R 2 A ]
4.3-5 (a, b) s h— fl%"?%ﬁ?*iﬁi? fpwm B Hp P\ ’ E»vlr;{r’b =X @ Efc_jﬁ! %:Q'i;lg‘fl (E\' i\‘/ﬁ»ﬁ"‘l

F) TR o FF R (k) 11 2 I LI EEALPLK, L

»

v

FH 1/26, BRI om k EaFE 1/f, B~z sl > m B 435 G Y
Jo B LA ety g  EAERFR T O AT R A HFRAT AR R D

CIRCR

T F f Pz PTREAREE BRI T A LR TIH
54w E r(ky) = [r(k) nplky) rs(e)]” PRCFEL > 2405 r(k,) mF‘

EAE S

[e(k) (k) (k)] =V (k)+ad (4-28)
A 137
—m i 1 =m, V/ m,
B B wL g B
2 2
-gﬁ:l.atﬂ ;it.%%-. -}:TE"‘.@.EL.EGE-.
1
H R 2
<« 1/f, > <« f,,
« 1/ f e 1/f > «—1/f —>a—1/f —»

(@) (b)

Bl 4.3-5 ZL$HEE 2By HOUR o () Fo® B AR AEHE (b) s AT 2 2
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He A g @ b2 £z Rlce 85 F g VL 440 TR
Biii Ak 5% kg BRALIDHT LB EE A ng @ bl FamE

Ay (k)= (k)= {a (k)]
=[V'(k,)+4d]- qb{[ "(k )+/1d]}

(4-29)

Wi (426) ¢ k Ff ky o WA AEE 0 T3

e(k)=D[ V' (k )~ {V" (k) + Ad} ]
:D{v*(kl)—[v*(kl)+/1d—Ab(kl)]} (4-30)
=D A, (k)-Ad]

;¢ (4-30) pgEL gl elky) A= 40 i\}«%’}‘ﬁ:&@ ® LT REBESE
FRRE ARG R R AL FLNRT D AT B RA L Y
TIEA A F 0 5 SRR A RE LB P LT - et
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FIR ARBERRAEE

2 +
51 =3

SEEAPE A EE R o AR Y S i APA AT I e o
BE@ ¥ 4 A8 AP d BRI L FET 32 mAMIdE, AT ED
3 A el Ak
o HIE S A
Heprd| B o E T 4T

% E e <Wmﬂ A e R U R P AR L ) (- s ETR R B S 1 R

N\
<y
44 i SN

AT 4R AR ERE T p e SRS MR B SR T

AT A AESRRTEY I - B PEDEE A FER Y AR A S
Flt o 3 B AV R e AR T R TR G A R B
B2t # " T (/O ~ PWM 5.4 %= » DMA > UART ~USB Zgds... % %) -
A B SR B R ElA L LT R 12 0% PWM g, T R gy
416 488 T W AR RPITHFEA T AR RPN HIEF T RS
80 MHz o d ¢t B 2 E 3] ¢ B 2L ROL 3R 38 % endkiis > T 0 A3k

~ FiET 4250 1 f L 7] (Field-Programmable Gate Array, FPGA) % § ZiL gt Hojie o

Bipdlewpee > I FARPIR AR HEAEES ErROp T E ) B
P HAEM S U R PERTRE DT F T U TRR A
o] S ST R 0 R R TR TR AT 0 T R A
RSB ESED B (Gate driven) 3T RGBT 2 E o
FIT S g B a8 B 2 ACE > 103 B A B A 4 BB 2 el
LA b AT o gl e NBATL B SR B S A ML PSR
Bz BA > BN AR SR menmp B i o
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5.2 AWAREHR

5.2.1 Renesas % & T %

OB IRk SRyl Y iR o enpicke ) B % 8 5 Renesas i e SH7131 #
fe s oo ROF7137 » MR #1 % & # 5 3 * # i1 dp £ % (Reduced Instruction Set
Computing, RISC) =28 H - It & - & £ 2++ Renesas B4 enH ¢ — B4 T 4
4@ 52-1 #77 > & & Renesas Starter Kit for SH7137 [36] > & p 7 B % & &5/ 4%
He B2 B A% ten RS-232 @ﬁ%]:f&gﬁziﬁi USB @gzg] hd o T 5 R R
% B4 (Printed Circuit Board, PCB) % 3L » % * o Hek n F e 34 Flpt L 2
il e fEEL 43 T3 Do 4o 5.2-2 #7570 £ Renesas R A B F 0 6 &

oo Bl 5.2-2 A SRELE MER A 5.2-1 chE gegRE o

P Al B TR AR f R e B A AT 4 A
46 o PWM 3U5LE 5 5 ZRde o RRIw 420 AU SLT i B4k o= 1+ (A/D),
foms g AE B2 SR F U AIY USB 2 R PG AL . R R

BEAR B,

(@) (b)

Bl 5.2-1: Renesas Starter Kit for SH713 B 3 T % - (a) #cir#1& * 4 (b) EL10A “ffg— =
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# 5.2-1. B 5.1-2 2 %5 it Al R

B 512 %% *R/#

1 32 A S R

2 USB 5%

3 % hERd 1C

4 Mini USB ﬁ%l »

5 3 Y ¢ OETE R Feat

6 LED 4577 &

7 3 s

8 AR~

9 AR N S 0 A B RS E i Re T 4
10 Fr g 21 5 EMIESD. £ 4 T 6
10 #r#]1 USB 5. EMI/ESD ## %8 % B

B 5.2-2. f ("E% SH7137 #-4| =T 4
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522 XSt BT 4

ARE SIS BT L AL ;}%ﬁﬂgﬁ#%@ 4.3-1 #5770 % — B
iR B 2 AR e NI S hBR 1 Ao B] 523 i 0 A Y R KB
Bk G R R S AR o W T (4 TO-247 HE2 #H F R Mg Lo

B 5.2-4 ZHEBHMZ TRE > "THHTRRBZELE S HAUEP

a. B 524 (@) =24t/ TRFESSTE > ARESES TR Fairchild X
FA2 PRI NFRE TSRS IC ) KT RS 600 Vo E RS AR
% FE RiET 2 gL T ¢ F 3058 (Floating) s ik Flpt 2 'E%’ﬁr} LA [

e ;4 (Bootstrap) R ELTE T A fy s P REHA FEM -

b. B 52-4 (b) MEFRA2Z TE O HFF AN REZ 1ISO7220M £ 5 & giglul
AFIE o ¢ IC B3 150 Mbps &30 5L ad® i 5 #3745 PWM 35 £ 4945

e BTG IRdEa 4 5 50kV/us @ P AL IC 24 4kV 5 ESD B -

C. Bl 52-4(c,d) 3 RimF R ASGh LR EHRENTTRFE5VE 15V,
R AhF SV E XISV FIR RS g~ R BE MG R T R nlgdg > ¥
TR & %ﬁl‘ﬁ%’ﬁ-%f&% D Fl Y R ICA R R E > 2 IC G
TI 42150 DCPO2 i 7| chfp A B DC/IDC #4k & > it fydydidh < 2W

X ﬁ‘éé@éi‘] 89% z_»xF > Ki?@@ﬁf'ﬁ & 5‘u?Pifiﬁ7ﬂ FAFIT o

B 5.2-3: = a2 L ipir 4l PCB i+
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HY

Clon =~ C191
;30MM2/2V | 30MM-TTY

3 Phase Asymmetric Bridge =

GND
GND (]1 o e GND (]1 sv
L,l\m 0402 L,]\m 0402
HIN2 1 OUT1 OUT2 L] I:II\I D3 HIN3 1 OUTI OUT2 6 IrIV\,‘ D6
GND 2 5 5V HY D2 GND 2 - ~ 5 SV
TG 3 ﬁf‘ID “if 4 TG TG 3 I‘:,\"ID ‘”‘i(: 4 160G
-~ DIODE - DIODE
TPD2S017 2 TPD2S017
IMOS_20120 [MOS_20120
10K/0sod JE] 21
—4!,’:"[ HIN VB
—=5—J LIN HO
%ﬁ COM VS
¢ LorvDD HV2ICON HVICON
FANT390 Q FANT3I90 Q6
o= MOS 20120 DT o Ds JMOS 20120 Do |
GND 15V 2 DIODE GND Gy 15V A DIODE 2 DI0DE]
104/0603 104/0603
GND
Isolation
DGND GND DGND GND DGND GND
losiosos[— 104/0603] 104/0603
C36  IP4 37 J'csa 6 39 43 g7 C44
/ 5V SV 5V ; 3
ur VCCI VOC2 3%'0“0“03 vE R:‘;'Lc VCCI VOC2 [ 10410603 mc VCC1VeC2 = 10410603
y INA OUTA P— 2 o N oo INA OUTA ] NA OUTA D——¢
INE OUTB - (o Don INE OUTB B OUTB D—pres
GNDIGND2 ©  ———( GNDIGND2 GNDIGND2 p———
[S07220M [SO7220M IS07220M

(b)

= Al LA Voltage Regulator

C33

13V, vs sYNC [—ZENC VIN
2250805 Gnn 1y ":g ?: p15v 1" ponn IP1 Fl i)
104/0603 . VIN £
ci - GND =
DGND . i
| ovout NC — 1 ey b |
VOUuT+ NC —% 105/0805 FSMDO30-1206 a1
VOUT-NC  NC — IN:17.5-30V U4 -
[ TL78-15
VIN 1 = Rk 15V
16 : = — — Vin R Vout £ - — .
it DGND 2 = z = £ z g
NC & & + = z Z z
=T < = ca o a
= L = - - (s} o e o~ i
. 8 = -+ (5] i =
T avouT NC ] = = - o - u
: VOUT+ NC GND
H— VOUT-NC NC . _ - .
DCFOZIS15F
cl4
o TL720MO05
v . . SYNC . VIN 1 c . 3 SV
o e s psv_ 1% powp 5 r = Vin Voul T T "
25080%nn [ 9 NE— 2 2 g o £ S £
- NG —x 104063 & 2 - z & & -]
poved ] = & s & & 2
& & = & & &
e 7 - f e = _ & &5 &
e ovout NC |—x 105/0805 vl =] a | = us Sl Bj| & A
Yl vour+ NC =3¢ o 3 o o & o
X— VOUT-NC  NC |[—X .
DCPOI0S05P _ _ thl:l &

(©) (d)
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523 ZApr R EILE &

5.2.3.1 BEhiA A4

Amv AT L ZAp SRS L £ 5 (Maytag) e 8 R G 4T

- %

‘3:

4

o

ﬁ\

PN INEHACH 5.2-5 #r% o d B 52-5(b) Vg M8

RFEG 12 Td pm Y bR e S N ERET L RERES - fad o d F

5.2-5 (d) ¥ 12

LT ERr

Hapg 7304 52-20

RE D AT PED B

# 52-20 S AR HEIES L ARR

oy MAY TAG H55BMBJL-1820
LR 120V
(RS 25A
TR 4500.rpm
T+ il 3
T+ ik 12
&+ il 8
R, 2230
L, 31.3 mH
L, 8.4 mH
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(¢) (d)

Bl 5.2-5: B p g o (a) A7 (D) & 12 fedcirAR @l (€) 7 8 Edci-il Bl (d) # - Rl% Bl

5.2.3.2 Bz &R

Al # s  EE e RER o FPL R AR RE A G ey
Flo 0 A REFIRG S PR RBEERE TR PN G S H e L)
P ERRR DR A, TREESEEST AT R AR DT R BT NS R
g o B 5.2-7 5 - BERFIIET (O =45°) HEE Nk R FROF %K T
BEsd & (23) 258 (2-10) HE N kPEATR ENLB o T I F AP

MEE AR T R X LA e o
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0.0s EE]

€) (b)

B 5260 7 I & R T (% 4) ik o (@) TF 2@ A5E 00 (b) =+ &+ 4 21°

oo g5 SRR RlE I RS A (2-13) f

EKEiQ:V—Ri
dt S (5-1)
- (0.0) = [ [v(t)=Ri]dt 4y,

2P Wo=0 52T A vy » TREEG A L e Srrae FAr {8

LS Enfs of AR TS LR > Wr DRIGHER B A 2 hF D

Bl 5.2-6 (a,b) » &E5 & T+ @+ &L HE/AFETE R F D kLA o

Inductance(H)

0.035 —
| Measurement Inductance
e Experimental
seseeeee Theoretical
0.03 —
0.025 —
0.02 —
0.015 —
0.01 —
0.005
! | ! | ! | ! | ! |
0 10 20 30 40 50

Mechanical Angle

Bl 527 F 2 BRI TR BB
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B ahant Bd 58 (4-29) 0 oA r il A N S TR RAH

Aeng & 4 2P [32] (Simpson’s rule) 4o #1on o
A(i,0) =g(ﬂ0 VA 24, + A0+ 420, ,+ 4N+ ) (5-2)

A9 oh FRESEH o35 BB 5.2-8 () T 5 itk FE R
AR FHET /TS HEDE R A DA 27 g gLl ol
% o B] 5.2-8 (b,C) A B E 7 b TR T OT R EHEE P ] o

Flux-linkage versus current and rotor position Inductance profile Co-energy curves
0.35

ilgntﬁl)j

03 e

fj 0.04 /) ) \ OA 12 A 9A

\\

=

N

9A

NN

R 0A

Coenergy(J)

0.6

Flux-Linkage(wb)
- o
%
Inductance(H)

4 °
& 8

L \ /
[ 0.02 04
| / /
= /) \\ _/
0.05—— = Inali 4(0° / \ /
xg‘#ﬂ‘ Unaligned(0°) 0.015 / \ 02—
T /) \\ 1 L 1
0 0.01\/ — — —
-0. 0.005 -0.2
0 1 2 3 4 5 6 7 8 9 [ 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
current(A) Mechanical angle(®) Mechanical angle(®)

(@) (b) (©)

Bl 528 #HABELELZFRTIRELERTELOET (@ B2 b) TRE () £ i

531 g ERR

5311 MIFHIFRERE

Renesas 7 E10A B & P& iv3 2 (Joint Test Action Group, n JTAG) &4
Baizaoed SH-2 Loy dld P HRE- 2 FENER Ey%@"*”ffhm’? g B
8 (High-performance Embedded Workshop, HEW) » # i3 & B 4 4 &l — B Ik 5L

RAAESEREE R C A S Ra s S AR R0 HEW + 3%
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k& ch|A; 1 A48 4 6 (Graphical User Interface, GUI) 4 Tk 5t i¢ 19 B 48 f i
5942 3 % RENEAS il Bk 48 - A2 B3 { § %ed « HEW & s

ERfe oo ER Y Fas TR RR Y 2 2% 4 (Global variable) X ¥ r4k-f
BRI R EBGEER ALK o e B 150 ms o R @R EF T L il
MR TRASE R AN RS RN P BRI TR RENER R
R TRE ATk B R RIS TRS R R

(™

5312 T i A G

AT BRSP4 Microsoft Visual Studio ¥ C# (B # %5
B -2vidlrgElisgrsidmisie »d 2% E 458 USB @ﬁs’f]
I Al B Rl Bl - 2D § % 0w SRR e AR e

=
=
T
= »
[and
= »
(<l
N

R B i i dp Rl (T L AR R A PR B
BAE S %) B fR P il s Pl B R i 6L R R 4

w4 5.3-1 (a) 7 5 8 F AR M FHK LA o o

Reset Run

¥ FFT

(a) (b)
B 53-1 4845 o (a) RIS S8k 2 (b) T pFRRLR % B i
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F1Y e L F ey B it g 0 B0 7 0w ERR L % B
535 BB AT s VBT ) kdeB] 5.3-1 (b) ror 0 HBEAEF AL T Y

=
(=]
pg
N
|~ o

\

(‘H}

= 400 Hz,

al

Renesas #& e » (st L 2Z B~ F N v ¥ 8 Hz =+, 7]
A GRTRAEAESNY RER R et FRRBIESER

Ik i o RPE G TR R Y R TR R R R

A
=
5

o
2
iy

L))

532 42 W

A P AR5 T HE RO (5.8-2 ST 0 #hg 2 M2 B~ UBLRJE %
A 32 A MR g o A LR L 5d Pl a4

FL AR (5-3) T T e kS HenH i S de b R e M

%’:
-+

W (W

A4

Bt PWM diies e b ik RERFI R - T F Skt ot B 532 2

LIRL G BLBlehA g 2 TR AR o
Wy = Wreg — O, (5_3)
Angle Control Block_* Current Control Block
* Ia . B
it iy 9 | PWM current g 3-Phase.
PI » Angle Control |1+ . | > Asymmetric
I 3, @ . |\oentrol Stategy »| Bridge Converter
L = = =
1, T
a)r . e 01 . - ?c .
. i
1 Optimal Angle |« 21 A/D Converter |=
L < la <
/ A
o, ) A
d@: n | QEI B

A A

@‘7 “

Bl 5.3-2: Hfenfest % Hom & Bl

e
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53.3 Wi B AT

5331 fHRINwE

AT RAZEMEP RN E 12 A g @t e i F
(Analog Digital Converter, ADC) > ¥ 3 5 i i & P-4 3 p¥ 7 2 1.25 us> ) 800

KHz 5455 > gt 40 £ 4 4 i 2 i e BB h cnfa o> RIS 22 & A2 4E2 4

)~

B ang Bl T8 & P AR s 4] F r'"&'i‘éﬁ ADC B~{iH#f & o A&
glugr BT B E (Hall effect current sensor) » H B 2 10 us ~ &
S~ #BFFLE +0035V &2 ETITEE T 18MA -

5332 BiEi*E wit

R H RS e P e | ALY E R R A 0 FI L iR
T B 6 e 5 BREBEEEOT N K S BT o A
R I & N ﬁiaa] DA s A AR (A8 B) Gupi o LS GNP
Ay b Bt e, DEEA BAp LR A HIRERTL B 2 ik
Vo ¥ NP Lol R RS I 4 Bt RALIT4 B R 4 ¢ (Quadrature
Encoder Interface, QEI) -

ot FHrm@m P P s Biom @R > » L F4 A (QEA) £24pi= B
(QEB) @i enhd % > g4tz A AL dpiz B » RIES = o - 404 5 8 P74
ToApE oA A FiSAp i By RIAE S 2 e BAAR L 1 PF 4 4o ) 5.3-3
BT oo B Z B E S H/ELE RGBT R - g F A - 0 T R
FR- BRI B - BEHEEM G 0 7 EAEN Y HESN R RET

AT AT EE o g AR AR O, TS BMAAS T EER 00 A
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Ajpig S Bip
QEA |
—
QEB
-
AApix 15 B4p
QEA |
.
QEB
-
s LA L]
Bx%;;%%fu_
0 T >

S

B 5.3-31 %S B A5 e HHr > 5L

BEFFAORRF AL F- B FEJ AT - BERDRLEAPR
B2 %22 2 L eRTPREBRME fopeea © 11" SBFDERL Apye
VERE S - RV REERBRERY R A FREF S 2 A
2545t (52) #1 o B ¥ ENCigx # S BOf#TA > 4 00 - &8 5

PRl o M K ALER Y 2 g Ysh B enfE47 R 5 1440 count/cycle o

f o eeq X 60

speel

o, =Ao X—————
e ENC ENCmax

(rpm) (5-4)
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5.3.4 Pl 4| ®

d B 5.3-2 &% ‘«‘u?ﬁ#l el ENEESE P B R R A
EEFL e o R @R Pl Id] > 3 LR R R TF F iy ]
&%ﬁﬁﬁ@@o#ﬁ{&@ﬂi&ﬁ@%?uﬁiﬁ@ﬁ%’%ﬁﬁﬁP|
FIB2 0 I F BB H A Vo FARRH S K, 22 APFT §5E §H e ALE
E%%%ﬁﬁgffﬁﬁﬁigﬁﬁ:iﬂ%%%ﬁAg%@jﬂﬁ@ﬁﬁ—ﬁ
FOPEP TR DRT I RAEL 6 S SR o FIR AR AE PR

Frgdicit 1 A R I A B

B

Pl g4l %o 8 11 58k U(2) foirL i B(2) et @7 R0 hdiciogrdl b
b gt A S e G(2):

U(z) _ Ki )
%_Kerl—z’l (5-5)

G(2) =
K, . K v ]2 F i

#-38 (5-3) e P Az ge | ARz de R S > T H 5 LA D RN eh

A58

jrew

u, (k) = K e(k) (5-6)
U, (k) =4, (k1) + Ke(K) (5-7)

d 3 (5-4) #3 (55) A AR A KR Pl I B L A AR e TS

u(k) =u, (k) +U; (k) = K e(k) +u, (k—1) + K e(k) (5-8)
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u(k): % Kk fﬁﬁ’»%%ﬁ*ﬁﬂ%}:ﬂ;w{

W), w(k): F K BIWEEDP g ] gl

e(k): % Kk BE{RpFRF oLl

535 % HAA BwiEn $2 P Rk

MRFPWM i 53427 4% 0 & & dvedlmcic P> 975 4p B 4255 3R A& R o
BAAEATR P AN RETEY - PR A R Eigt B (Weighting filter)
HAPF TS BHE - FERE AL B 2(z-Ye 2’ (22 -22-1) - %

F49) TS B BEARETTRAT - [fih A=B=C=D=

1, - preplf A= [i _01], B = [(1)] C=[2 —1],D=1°5* 4 5%iFsisn

2,

BERG AR S R R R AL A A PWM
SRR - BV HCEREE oF) 534 SARRH 7 S HF - WY S B
£ ik F R B -

@ lzsme
BT

o
> N

B 5.3-4: R %7 M2 > R
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54 %L 4

m

VT A AR TS BINA S oF] 54D TR 0 T R R T A
ﬁ}s ﬁ ﬁ —E'L'f'ﬂ%rsé,\ » o ’%Wm—f 1§j¢"°ﬁ]ﬁv£ij—;‘&#‘;ﬁ;nl$ R é 1@ #B i'fﬁ—i#ﬁ%

EL RS EH L2

-“\

dRP AT AL - BEEHABBN M B PR R RES

wHEAE/ii PR E ¥ £ 100 N-m 22 10000 rpm 12 p o gsp 4 0 v B-F

Bl R B S A TR F]P > P B RGN T ABERERE R

doe LB s PAREEY RSRRE ) wp PEEE 100N
Wfﬁ%%?i‘i“’ﬂ TR A FLS T e

ﬁ

\

PR3t - CRBBR

2 4R I% b

X TR B

8 ki
&% ~ Bpef
#,73)

&R 4%
PR R

h@wsmmi ZAEHB LGNS B - ﬁﬁmﬁﬁ i
By B

Bl 54-1: = hpr# BrsEaintd
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FAE FRBEAH

A% 3 & 1 RENESAS Mcir#| BT 4 ¥ oI 4279 A PB4 D
B LA BN 0 B A LB E ARk AR A AL B
FA -G AR E AR R DDLU E 2 B G e Fd K 0 A &
FOU A B hREIFE Eared ) B MA L A e Dooned] £k B

RIS R TR R R AR ¥ (APWM) - Zipik BRI RR
@A % (FPWM) & 5 Fipik 3R £ AR R (MRFPWM) k-1 - k7|0 5% o
FERPEER e iR RY DRI R EEal SR A) T
N@%ﬁﬁﬁ%ﬁﬁ$\ﬁﬁi&U£ﬁ$?%@ilﬁ%@ﬁﬁ°?%ﬁﬂﬁ
ARAVRTEIEL BT AT RN RE RO B AT R Y 0 Enen
ﬁxaﬁérmv\wmﬁxgsAaaAm:@?w b B AR T on 2 PR AR

F 5 8kHz o H #erg xy 2 2 PWM *7 3= i T o

AR d RS RRASEAEE S FR R PR R E 5 A
PR AR R AR 6.1-1 17 EA R RIT Y YU B EER 4
BoOdAENEAFEGHIVEEE DL R SOz 0 ¢
BAF R E R AE R b0 F BRI E - XA HE S A bed R AE
R Py Beirld F i SEi S PR afit > PR iay
#]4c@ 5.3-2 #rm 0 d BF “ﬁ N - R E S TR ERIGoA A R O

FRMD BEHRBERE  RBREAL - BB AP NS F b

e
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Angle Control Block Current Control Block

* N\_2a M ol R W
O i, | T~ PWM Current aliacy
—>| Angle Control |=* a®, > »  Asymmetric
I 'y Control Strategy .
< = »| Bridge Converter

o 0O
J - A J
A A
He 901 |
N ! C [ N

I
Optimal Angle |« 21 A/D Converter |

<
J \ J

t

Motor Start Up

B 6.1-1. B w4250 % 7 &

62 B & AR

*F %P i & § A 4p (Incoming phase and Outgoing phase) & iw42 41
g B T UFRT PEWOFROLE > TP Aok iR o= B4
Ry 4leh= 248 @4 BAM A TRAALORG » aF g T Bt ok e
oy AFER PR E R gl gt b Apde T e

d B 6.2-1 #rn 7 g N BRaERiITH A AP E B RS A T Ak
FlrERFH Tl B R E R T g R o d MV AT HERF
UG Sieng BhAp e pdgid 5 325 rpm PR i MR & R B @ Aen 2 G Ar

puu|

e AHmT D B UGIER L G & RIS mAFIE T 4 d B 6.2-1(a,
bc) P =BRGP IEET A AL R AR A B ERSFIK

RS S F W AR A A vk £ R s sk o

T
c}

ZOUIE R B A R0 J B 6.2-1 ¥ AR O 3 R B

-:Ex\L

T

\\\

Mok R AL T 0 d B 6.2-2 o o d BT g 7 F e d Bl gn AL
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PAPIT ) FI T L AP IREA T RE WP o TR R B 2 2
B #IBHAG 2 BRE RS AURT A 6271 B 6.2-4 2 F 625
dA SR T A BRI B AR e H R A B AR

Fodlens 2 k@A R AR o RFRAFBHL LG AT LR A B

(©)

B 6.2-10 BuMBt > A7iLG 7 bt & REFAT AR ¢ B IR R LR
R > T e AR EOUpIE R LS E & R4rH] o (a) Wi 5 75rpm (b) #5225 rpm (C)
& 5 325rpm
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6
o 4
2
0
75 125 175 225 275 325 375
rpm
——PWM —8-PWM* —a—PWM**
B 6.2-2: Wiz B E ARSI KRR EL
2
15
v !
0.5
0
75 125 175 225 275 325 375
rpm
——PWM -—8-PWM* —A—-PWM**
42
41
40
039
— 38
37 —
36 ——h—
35
75 125 175 225 275 325 375

rpm

——PWM —8B-PWM* —A—PWM**

B 6.2-4 V= BAREFIRE2ZHFIEM LR ER
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60%

55%

50%

45%

40%

35%

30%

25%

20%

15%
75

4 621 FEfz B FERM ik

PR xp e = el

L PWM | PWM* | PWM**

75 9913 9928 8069

150 9912 9863 8129

225 10443 10300 7932

¢ (rpm)
275 | 10512 10187 7956
325 | 10554 10069 7993
375 | 10431 9685 8218
125 175 225 275 325
rpm
——-PWM -—-B-PWM* PWM=**

Bl 6.2-5; W= B & B Eod] Kok 2 ek
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6.3 " ERTIAEHRHE
6.3.1 # PWM 2k BHAE PWM 2 &

ARERP DALR VPR BT Frd A% o d Bl 6.3-1 1w
23 BwE S AR oA 0 Ao F gt )dr B 6.3-2 fro1  FPWM A& 375

(PM 1T S gt PWM e Fg0 T s FPWM &R in i BIGEL 4] it

4t PWM #id ® F O e oo

10.002/ 1.000s/ Stop

B 631 347 g &t Bl - (2) PWM (b) FPWM

50%
45%
40%
35%
1] 30%
25%
20%
15%
10%

75 125 175 225 275 325 375

RPM

——PWM* —m-FPWM*

Bl 6.3-2: ¢ B PWM Zigid & PWM 25 vt fi
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6.3.2 #4E PWM 2 2L8H4 PWM 23t &

AR B LWL O ok ot RV RGP 2 71 PWM

(f. = 8 kHz) ~ PWM4K (f. = 4 kHz) 22 APWM (f, = 8 kHz) » ** #chsf p 4o

(i)

(if)

T(C)

PWM g APWM dit g @ d 42 F & @4 APWM fdp e B~ fEag 5T o
Har 545 % 5 PWM - £ 5 4o§l 6.3-4 #r7 APWM e» 3 = i &
PWM - Lo Flpt s B FEM L G 0 R+ #-¢ 13 PWM 4@ 6.3-3

tv'-rﬁ- o

PWM4k £ APWM :i & eap chi 3R & 7 Hoif § 4T > 2 fF APWM
i i R mE PWMAK 0 2 B 7 ol didt APWM 3¢ 3 inss i
iyt o g PWMAK & (845 o hed 6.3-1 #r3 » 2LHHL %k 3R 3 % ok

FpRE ot R A BiE B IE

56

54

52

50

48 //'/

46 '

44

75 125 175 225 275 325 375
rpm
——PWM*  —m-PWM4k* APWM*

Bl 6.3-3: ¢ F¥H PWM 227 FF2bifd PWM # F BB 4 % § &R
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Sw/Sec

11000

10000 *- - * * ¢ —
9000
8000
7000
6000
5000 — — - o — —n
4000

75 125 175 225 275 325 375

rpm
——PWM* —m—-PWM4k* APWM*

W 68-4: ¢ T HA PWM 228 B2os4 PWM 36 scdio i

% 6.3-1 ¢ FHHAEPWM & ¥ @ L85 PWM 230t |

Close Loop Mode Efficiency (%)
Methods PWM* | PWM4k* | APWM*
75 .| 15.73% | 15.50% | 16.28%
150 | 27.81% | 27.48% | 28.19%
Speed (rpm) 225 {+.36.65%. (36:44% | 36.92%
275 | 41.64% | 41.82% | 42.10%
325 | 4430% | 44.84% | 45.07%
375 | 44.65% | 47.03% | 47.12%
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6.3.3 MRFPWM #p #&3+ H # 4] Wk et v

L

6.3.3.1 RB{ABKEAL] 5%

PR

A FRANF R
AF A4 8 kHz B4R E & 4

A SRR S L RVEE NS Bt R S
B R

kB F R T 5 768 Hz

R e TS L ERd
RS PR G 10 )0 7

ll'L—f"”}; ‘/J 7500 ’}”«E’ﬁp%%—% N é q——@ PI E;?mi@‘#ir*o

P et pl £ g B BE T RS s

TS R AL AR

Z 1 (Mean Square Error, MSE) » ;ﬁ

B e T 4o 3 n

MSE (X ) == D (6 =)' (6-1)
i=1
He
Xt - -5 & (rpm)
Xi 0B EHsE RARPFERIEASRE N E A (1pm)
MSE(Xref)
N : H#A&KpRPEFLFTERT 2 = x100% > & p¥ fFmFFT 4
Xref
F06.3-20 #rf Al PRz @ REL N R
MSE
Close Loop (Xrer ) 100 (%)
MOde Xref
Methods PWM PWM* | FPWM* | PWM4k* | APWM* | MRFPWM
75 | 2.5802% | 3.0901% | 1.9003% | 1.95% | 2.9313% | 2.2504%
150 | 0.4355% | 0.7737% | 0.736% | 0.607% | 0.7669% | 1.1654%
Speed | 225 | 0.3794% | 0.2788% | 0.281% | 0.3822% | 0.2644% | 0.3666%
(rpm) | 275 | 0.2651% | 0.1526% | 0.3639% | 0.3758% | 0.1686% | 0.4773%
325 | 0.5275% | 0.4543% | 0.7527% | 0.1875% | 0.3062% | 0.5112%
375 | 0.357% | 0.2023% | 0.4103% | 0.4087% | 0.2172% | 0.2172%
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Amv gAYl B Bk > T gk iEie 2 KEgAEMd o d B 6.3-6

o Vg MR A PR K T AR A TR L Ed gty
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S {7 e

75 125 175 225 275 325 375
rpm
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0.8
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rpm
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6.33.2 *rix KR %

R VBRG] o R A 4eB] 2.3-6 (C) om0 Bt PWM R
Fod| RERB > n TREBMAIERY - R o ikt Eat E S A E 2 g
THMWAR MBS AR SN R R D R KRR

W

=z

P50 F Sl AT - e R - A BT R (97

s i E R dod 6.3-3 T oo

d BET 5o PWM ~ PWM* 22 FPWIM* %7 3 =0 o POt B4 ¢ 0 o K
A% EL g a7 ikl fF 0@ T APWM* 22 MRFPWM* & 2 RBI§
4D e o o A e N e Badenged - BARAN 2 @ F e PWM o @
He AR L RS Bl Erdicd 2 R0t o 4ok 6383 ¢ > PWM 517 4
Btk R ehpl eg ool B g IH e R B R oy I gy Y R e
m MRFPWM {dp e i B 25-£ B2 4p e g a0t 2 ™ o dpdst PWM* 4=
B Scd BT g8 E G RS HE 3] 5 5 50% k% o 4] 6.3-7 & &
% 6.3-3 #t57 » ¥ M g3 MRFPWM & #2415 g &3 o id & 27 3 = #chf
R e

306.3-31 0 prgl Wkt P po b ot A

Close Loop Mode Number of Switching per second
Methods PWM PWM* | FPWM* | PWM4k* | APWM* IMRFPWM

75 10215 10089 9946 5181 5017 4975
150 | 10202 9978 9808 5149 4955 4896
225 | 10531 10003 9833 5210 4974 4919
275 | 10658 9976 10181 5217 4940 5065
325 | 10939 9892 10562 5205 4919 5292
375 | 10903 9699 10364 5134 4832 5213

Speed (rpm)
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11500

10500 =
0500 [ = —— 1 = .
& 8500
2 7500
6500
5500 2
4500 | —
75 125 175 225 275 325 375
rpm
——PWM —8-PWM* FPWM* = PWMd4k* ——=APWM* MRFPWM*
Bl 637 5% & 90 fodl R ih vk 207 =t e L )
% 634 #EFBEMEG2Z AR
Close Loop Mode Temperature of MOSFET (°C)
Methods PWM PWM* | FPWM* | PWM4k* | APWM* MRFPWM
75 48.8 48.4 47 46.3 45.6 44.5
150 49 50 48.7 47 46.8 45.3
225 50.9 51.3 49.7 48.3 47.7 46.7
Speed (rpm)
275 52.5 50.6 49.7 48.9 48.7 47.8
325 56.1 52.7 53.4 49.5 49.9 50.7
375 56.9 54.8 54 51.2 51.2 514
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6.3.3.3 &P 5%

e S EH TG G ES R AR A R R RIS i

FR AL B8 TS T 0 R S fl%{% et S gy~ 5 5

LA RS (6-3) o AT EEMRE R T 1D g~ 5 g
He & 573

=P g g 1 7F

EH 4o £ F B A

TR Ea L enfar > FIE R EMTIREEY A1 s £
Flpt A g s B AT M 8B

S S I

PEAH A 4
PF BB OME A (CHRFEEELR) B
kA 4T o
gk I LB Y B enTF &wﬁ*

LH @ PREL > 18 9 BB RS £
TP o BRE o Fit B T&{%"* iisa]/\# L) é&f&ﬂi&lﬂzéﬁﬂ—? ' AR ¢
T DA - % g o 4B 6.3-8 #i 0 ¥ g i A~ & 1 ch MRFPWM
$T 3 W ) R RE B T R LS F e R i 4 o7 A
6.3-5
To
77: e m (6_3)
Pdc,bus
% 6.3-50 7 drdl gt P g2 s ot A
Close Loop Mode Efficiency (%)
Methods PWM | PWM* | FPWM* | PWM4k* | APWM* MRFPWM
75 | 1557% | 15.73% | 16.58% | 155% | 16.28% | 16.83%
150 | 26.98% | 27.81% | 29.2% | 27.48% | 28.19% | 29.55%
225 | 35.17% | 36.65% | 38.3% | 36.44% | 36.92% | 38.7%
Speed (rpm)
275 | 38.03% | 41.64% | 42.23% | 41.82% | 42.1% | 43.3%
325 | 40.87% | 44.3% | 42.1% | 44.84% | 45.07% | 45.78%
375 | 42.1% | 46.65% | 47.58% | 47.03% | 47.12% | 49.4%

89




50%

45%

40%

35%

30%

25%

20%

15%
75 125 175 225 275 325 375

rpm

——PWM —\-PWM* —a—FPWM*
—=>=PWM4k* ==APWM* —e—MRFPWM*

Bl 6.3-8: 5 & % £ % n Kok 2 2% )

90



¥R 8w

AT A S SRk B WAD ¥ (MRFPWM) v > 4% 1 ik B3

AATTEAR T itk > P2 3 Z2HN R ETIEFETIRDL R T G ook

A

[rebs
-
T
S

i
i

ViR e ORI TR R R > BTN BGR AL
(Tracking error) * i< o %)% & B 47 F $HE S Bk en{ 37 5 3 10 &3 2 4o »
TALFHEI R ] 2 B R E - B iR R R LR iR R T T 0
R B R BOR - o

p

N

BH o R HEF BB EA NI AR B ok D T
95% 11t od A PH RIfEI Wiz a2 G F oA Ay E R
S o ARG BANKYSERELE I EF SR AR RS EESE LS
W R AR e G BRI § e W e g B S
Tl otk x g F AsfAee B A~ T MRFPWM 20 2 i dd] v o

Higo ook e @AY R %0 PWM AR skt ff ook v @ Hoed g o

P}

BEIBRBADZPRE B S ZDL B AL BAFRIHL L 2
Renesas Hciy#]% ~ MM L FHHE ~ = fpr g N d - RplR g 2
FRERE  ATH 52 AR EBEOTHRRFT 2 G DT I g ok
WERE o FIY ORI iAok eh s T e g p el i e
ML pAR e eniE =T E R 2 R RIE R 10 A g0 Jors g - AR AT
@R anE L o d A HOF KRS S ET D MRFPWM 7 0B # 5B M o 3
SHE - X E N SEE NS FEM LG ER AR PWM # B M4
BOERVEBEET 104% o 2 Bt i o Fpt > @ % MRFPWM
TEE ARG T R B R AR S R TR kA AR o 2 AR R
P au LB b oxFehb R KRG 29T %% © MRFPWM 4p

BHEOFEZ2HE»%FEEF > MRFPWM o 53w fg 2 2.75% o

91



[1]

[2]
3]

[4]

[5]

[6]

[7]

[8]

[9]

242 Ry

R. Krishnan, Switched Reluctance Motor Drives: Modeling, Simulation, Analysis,
Design, and Applications. Virginia: CRC Press, 2001.

T.J.E Miller, Electronic Control of Switched Reluctance Machines. Newnes, 2001.
De Doncker Rik, Pulle Duco W.J., and Veltman André, Advance Electrical:
Analysis, Modeling, Control. Springer, 2011.

M. Takeno, A Chiba, N. Hoshi, S. Ogasawara, M. Takemoto, and M. A Rahman,
“Test Results and Torque Improvement of the 50-kVW Switched Reluctance Motor
Designed for Hybrid Electric Vehicles,” IEEE Trans. on Industrial Application vol.
48, no. 4, pp. 1327-1334,Jul. 2012

“DOE, Buildings Energy Data Book, Table 3.1.5,”
http://buildingsdatabook.eren.doe.gov/Chapterintro3.aspx/, Mar. 2012,

J.C. Compter, 'Single Phase Reluctance Motor, U.S. Patent No. 4 616 165, Oct. 7,
1986.

G.E. Horst, Shifted Pole Single Phase Variable Reluctance Motor, U.S. Patent No.
5294 856, Mar. 15, 1994,

B.D. Bedord, Compatible Brushless Reluctance Motors and Controlled Switch
Circuits, U.S. Patent No. 3 679 953, Jul. 25, 1972.

R.M. Davis and R.J. Blake, “Inverter drive for switched reluctance motor circuits
and component ratings,” IEE Proc. on Electric Power Applications, vol. 128, no.

2, pp. 126-136, Mar. 1981.

[10] C. Pollock and B.W. Williams, “A unipolar converter for a switched reluctance

motor,” IEEE Trans. on Industry Application, vol. 26, no. 2, pp. 222-228, Mar.
1990.

92



[11] T.J.E Miller, A.B. Plunkett, and R.L. Steigerwald, Regenerative Unipolar
Converter for Switched Reluctance Motors Using One Switching Device per
Phase, U.S. Patent No. 4 684 867, Aug. 4, 1987.

[12] R.Krishnan and P.N. Materu, “Design of a single-switch-per-phase converter for
switched reluctance motor drives,” IEEE Trans. on Industrial Electronics, vol. 37,
no. 6, pp. 469-476, Dec. 1990.

[13] S.Vnkosavic and V.R. Stefanovic, “SRM inverter topologies: a comparative
evaluation,” IEEE Trans. on Industry Application, vol. 27, no. 6, pp. 1034-1047,
Nov. 1991.

[14]J.W. Ahn, J. Liang, and D.H. Lee, “Classification and Analysis of Switched
Reluctance Converters,” ‘Journal of Electrical Engineering & Technology on
Power Electronics, vol. 5, no. 4, pp. 571-579, 2012.

[15] D.H. Lee, J. Liang, Z.G. Lee, and J.W. Ahn, “A simple nonlinear logical torque
sharing function for low torque ripple SR drive,” IEEE Trans. on Industrial
Electronics, vol. 56, no. 8, pp. 30213028, Aug. 2009.

[16] P. Kjaer, P. Nielsen, L. Andersen, F. Blaabjerg: “A New Energy Optimizing
Control Strategy for Switched Reluctance Motors,” IEEE Trans. on Industry
Applications, Vol. 31, No. 5, pp..1088-1095, Sep. 1995.

[17] C. Mademlis and I. Kioskeridis, “Performance optimization in switched
reluctance motor drives with online commutation angle control,” IEEE Trans. on
Energy Convers, vol. 18, no. 3, pp. 448-457, Sep. 2003.

[18] I. Kioskeridis and C. Mademlis, “Maximum efficiency in single-pulse controlled
switched reluctance motor drives,” IEEE Trans. on Energy Convers, vol. 20, no. 4,
pp. 809-817, Dec. 2005.

[19] M. Kazimierkowski, L. Malesani, “Current Control Techniques for Three- Phase
\oltage-Sourcc Converters: A Survey,” IEEE Trans. on Industrial Electronics, vol.

45, no. 5, Oct. 1998

93


http://koreascience.or.kr/journal/AboutJournal.jsp?kojic=E1PWAX
http://koreascience.or.kr/journal/AboutJournal.jsp?kojic=E1PWAX

[20] D.H. Jang, G.H. Choe, and M. Ehsami, “Asymmetrical PWM technique with
harmonic elimination and power factor control in AC choppers,” IEEE Trans. on
Power Electronics, vol. 10, no. 2, pp.175-184, Mar. 1995.

[21] K.Y. Chen and J.S. Hu, “A Filtered SVPWM for Multiphase Voltage Source
Inverters Considering Finite Pulse-Width Resolution,” IEEE Trans. on Power
Electron, vol. 27, no. 7, pp. 3107-3118, Jul. 2012.

[22] I. Husain and M. Ehsani, “Torque ripple minimisation in switched reluctance
motor drives by PWM current control,” IEEE Trans. on Power Electronics, vol.
11, no. 1, pp. 83-88, Jan. 1996.

[23] J. M. Stephenson, A. Hughes, and R. Mann, “Torque ripple minimization in a
switched reluctance motor by optimum harmonic current injection,” |IEE Proc. on
Electric Power Applications, vol. 148, no. 4, pp. 322-328, Jul. 2001

[24] J.W. Ahn, S.G. Oh, J.W. Moon, and Y.M..Hwang, “A three-phase switched
reluctance motor with two-phase excitation,”” IEEE Trans. on Industrial
Applications, vol. 35, no. 5, pp. 1067-1075, Sep. 1999.

[25] X. Liu, Z.Q. Zhu, M. Hasegawa, A. Pride, R. Deohar, T. Maruyama, and Z. Chen,
“Performance comparison between unipolar and bipolar excitations in switched
reluctance machine with sinusoidal and rectangular waveforms,” Energy
Conversion Congress and Exposition (ECCE), 2011 IEEE, pp. 1590-1595, Sep.
2011.

[26] P.P. Acarnley, R.J. Hill, and C.W. Hooper, “Detection of rotor position in stepping
and switched motors by monitoring of current waveforms,” |[EEE Trans. on
Industrial Electronics, vol. 32, no. 3, pp. 215-222, 1985.

[27] T.H. Liu, “Research on Machine Design, Drive, Control Improvement and
Advanced Technology Development for Switched Reluctance Motors —The Main
Project,” National Science Council subject to research of project ,

NSC95-2221-E-011-190, Jul. 2007.

94



[28] A. Brosse, G. Henneberger, M. Schniedermeyer, R.D. Lorenz, and N. Nagel,
“Sensorless control of a SRM at low speeds and standstill based on signal power
evaluation,” Conference of IEEE on Industrial Application, vol. 3, pp. 1538-1543,
Oct. 1998.

[29] M.T. Chang, “SRM Commutation Position Estimation with Wide Operating Speed
Range,” Master thesis, Univ. of National Cheng Kung, E.E. Dept., Taiwan, 2002.

[30] S.W. Zhao, N.C. Cheung, W.C. Gan, and Z.G. Sun “A novel flux linkage
measurement method for linear switched reluctance motors,” IEEE Trans. on
Instrumentaion and Measurement, vol. 58, no. 10, pp. 3569-3575, Oct. 2009.

[31] C. S. Dragu, R. Belmans, “Measurement of magnetic characteristics of switched
reluctance motors,” IEEE 10th Conf. on Power Electronic Application, Apr. 2003.

[32] C. Zhang and H. Kong, “Anew Measuring Method of Flux Linkage of SRM,”
International Journal of Information Technology and Computer Science(1JITCS),
vol.3, no.1, pp.47-53, Feb. 2011.

[33] A. Cheok, “DSP-Based Automated Error-Reducing Flux-Linkage-Measurement
Method for Switched Reluctance Motors,” IEEE Trans. on Instrumentaion and
Measurement, vol. 56, no. 6, pp.2245-2253, Dec. 2007

[34] W.F. Ray and R.M. Davis, “Inverter Drive for Doubly Salient Reluctance Motor:
Its Fundamental Behaviour, Linear Analysis and Cost Implications,” IEE Journal
on Electric Power Applications, vol. 2, no. 6, pp. 185-193, Dec. 1979.

[35] Y.H. Lee, Asymmetric PWM signal generator, method thereof, and data
processing apparatus including the same, U.S. Patent No. 7 782 238, Aug. 24,
2010.

[36] Renesas Electronics Corporation, “Renesas Single-Chip Microcomputer SH2

Family User’s Manual,” Renesas Starter Kit for SH2/7137, Apr. 2010.

95



