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Study on Improvement of Motor Efficiency with Design and Control for Switched Reluctance Motor

Material Science and Production Engineering

Yoshihiro Nakazawa

Abstract

In recent years, practical applications of Switched Reluctance Motors (SRMs) are expected as
next-generation energy saving and resource saving motors. However efficiencies of conventional SRMs are
inferior to those of Permanent Magnet Synchronous Motors (PMSMs). It is demonstrated that equivalent
motor efficiencies with permanent magnet synchronous motors can be obtained by optimizing motor shapes
and excitation timings. The design procedures to optimize the core shapes of SRMs take a lot of time, since the
magnetic field analysis using Finite Element Method (FEM) and transient analysis are iterated. In the control
of excitation timings, it is not clarified that the relation between the excitation timings which accomplish
maximum motor efficiencies and motor parameters. Currently the excitation timings are decided by trial and
error.

Therefore the core shapes were designed to improve the motor efficiency. The influences of inductance
curves on the motor efficiencies were investigated with transient simulations before beginning the detailed
designs with the magnetic field analysis. The design method providing the design guide of core shapes based
on the investigations was proposed. Also the single-pulse control method with variable excitation periods,
which focus on torque producing was proportional to differential inductance and current, was proposed based
on the torque producing principle due to magnetic energy for the improvement of the motor efficiency.

This thesis consists of five chapters. In the first chapter, the necessity for carrying out this study and the
objective of this study are described by quoting the preceding study relevant to the background of this study.
The second chapter shows the torque producing principle of the SRM, and describes that producing torques are
different between the linearity and non-linearity of magnetic property.

In the third chapter, the basic design for the core shapes of SRM of rated power 3.5kW is studied, and the
design principles to improve the motor efficiency are summarized. According to the design principle, the
detailed design of core pole number and core shapes are carried out with the magnetic field analysis using
FEM, and the core shape of high efficient SRM are decided. The designed SRM is produced experimentally
based on the design, and the improvement of motor efficiency, which is more than 5%, is confirmed
experimentally.

In the fourth chapter, three excitation modes, in which an excitation region is varied for reference
conduction angles, are proposed. The excitation timing of each excitation mode is calculated with the design
parameters of a motor. In the simulation and real machine experiment for the SRM of rated output 180W, the
effectiveness is confirmed by comparing the efficiency, copper loss, and iron loss of the 120° conduction
voltage-PWM control method with a fixed magnetization interval (conventional method) with those of the
proposed method on maps. It is shown that the proposed method expands operating ranges as compared with
the conventional method, and gives the high efficiency under the high load torque of low-medium speed region.
Also it is shown that the maximum motor efficiency of 13.2% is obtained by the proposed method in the
operating point of 0.8N-m and 1500min™.

In the fifth chapter, the main results obtained in this thesis are summarized, and future research challenges
are described.

Keyword: switched reluctance motor, high efficiency, core design method, single-pulse control, commutation

angle control
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72, NZ4 THD, BilE LT, HMA 45°(mech.)D & EXAAIL 180°elec.) & 72 5,

SR £ — % OFHEAI R R AL EIZ DWW TRER T 5, A= =T v 7AIFRAUC LY 52
bihvd,

ZIT, BRI FARE, BIEEE RN, B EEER RN TH D,
F72, O,BLVGITRAL D,

B, =G 4+ B, ++oeeeeeeee e (2.16)
93:92_,_(’37_’&) ..................................................................................... (2.17)
WL EIC BT DA =R =T o T AIIRA L R D,
B, = O, + B, creeeeeee e (2.18)
IRDOAT  TNZB T DIERANLE IR THE X B 5,
27
(A €4+01_?,~ (2.19)



B2 AA vF NI TIHRET—X OB

2.7 Bl MRAE O EF

Fig. 2.7. Definition of rotor position

4 2.8 KIHAEIHS (7 1E 0O E %
Fig. 2.8. Definition of default rotor position
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H2H AA vF N T EAT—HF O

Unaligned  Aligned

position position
4 o Self inductance
I i Excitation /i I
| | signal | |
u 1 1 1 1 |
0° 45° 90° 135 180°  225°  270°  315° 0° Rotor position
00 [°(mech.)]
30°
: : : :
\ \ \ \
v 1 1 1 1 |

2.9 FFHONAHBEILR
Fig. 2.9. Phase relation of each pahses

AW I T D SR T — & O EHEFALEIZ DWW TR 5, UM Z bl U B E iR
X OB EE MRS AR BB IS 72 > 72 & & & 45°%(mech.) & D TW5, D F 0 IERFANIRAE &
0°(mech.) & EF&T 5,

29 1XFEHERFALEIZEB T AEFEDA o H 7 B2 AL ZT v T f(step angle) &~ d, AT
v IR L > THEZBNS,

&= 2L (220)

mN,

T 2T, m I3, NFEES TR TH S, 6/4SR T— X DE, m=3, N,=4 ThHLHDT
AT w7 g 1% 30°(mech.) Th 5,

BRI EIZ S D 5A 1%, VNGRS IER WA, UM LTIV &2 6 b,
6/4SR E—X TIL 12 A7 v 7/ TR 25 Z & bind,

X 2.8 (ZE— X WO JIZKT, 2oL xfHEY %2 [E#R), ARV 2 )
CERSNTWD, T—FHh D RI28A1%, KIEFEFHE Y (Counter clockwise)?s [1E#R],
FHELD (clockwise)?d TWilA] EEFR SN TWD, T—HNDLARTZGE L, T — XD K%}
W26 HTHET, ARV, REEHEID MG RRR D Z LIZEETO20NEN D D,
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H3E A v T M) T B AE—HDE— LR EN LS HREHE

3.1 R EHEE

311 AVE T B AL 2R

SR T— 4 O a7 R ERKEIET 57010, a7 BREEFE LoD, T—XHRE2E0
SR & — &% ORFEFHE Z ARV KT HLENH 5, FEM IZ X D B HRNT 132 KA fRbir ] 2 24
L2, K31 TRTaT7ROERFEFIBNT, 42X 7 7 ABMEBIZL S SR £
—HXETNVERWRES I 2 L—a v EREOIRL, AU F T X AR EE— X%
LORBRAERET D Z LT, a7V BRORGHEH ZRET 5, a T IIRORFHEH A RE L
7=t%, FEM IZ K DREGMT 2 VWC, BREHESHTE 5 K 5 a7 IBIRE %G 2.

dc

Inductance change is applied for induction function.
SRM model using inductance function is composed.

<

Transient analysis using mathematical models of SRM,
mechanical system, and inverter is executed.

<>

Evaluation of motor efficiency and Inductance
speed?torque characteristics changes shown in

|_I fig. 5. are referred.

=

Design of stator and rotor core shapes using 3D FEM
static magnetic field analysis is executed.

Detailed design of cores |_|

3.1 =2 REEDOHDT n—F ¥ — |k

Fig. 3.1. Flow chart for improving the motor efficiency.
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3.3 vIal—vay

ABRERIEWIGMNTY 7 N ANSYS 12 X 2®bhii a2 & L IER S @i 7 —7 v
LW NNV T—T N SR BE—XET LV AMEE L, MATLAB Simulink (2 &Y &% 3
2lb—Yar&irH, TITHE, FETNVOMEEIC OV TRERT 5,

X322y Ialb—yarysETAERT, Yalb—valyETUEIa U NN—ZET )L,
SRM E7 /v, ET /L, 2> ba—FFT b5, HRKE T 5 — X ORI
EIal—TaryTAH5HINT, "= FBERN R RE %ﬁmhf“é T7bb,
MOS-FET X° IGBT 72 ED A A v F 2 THRRLAA v F 7 OBENR EITET ML L T
W, Fo, BRIREIIEI T R TERICGEKEIND E LTWD, T42bb, BitF A 4— K7,
BHITMSLIZ R > TV D, £z, BIREGICH 5 FEHa T o HET AL L TV,
AUNR—BIFIAAL v F U TMEOREET MELTWDIET THH, SR T—X DET VI,
BIEHRAE I BERE R DERIIF ERENY TONVY I T v 7T —T I LD
WwEND, X33 ICHEET 6 M0 T 4 M (LLF, 6/4 EWE925) OFEYHE SR £ —4 &R
o 6/4 FEHE SR E— XX, RO 2T RESZIC L CEMMLLERLZE®T 5, [EH
ES 12 M/ [EHAf- 8 A (LAF, 12/8 LWgT %) DFE#E SR E—X (%, 6/41E%E SR E—X D
Wt % 2 fFic Liza T IIRE T 5,

SRM model
R }4 Luvw
Vu .
Vi J i Vaww | 4 Yeurw T Yuvw
Vy g T bl Fuvw Tuvw T, e
4 I i Table —>@
F(z6) rT (F,0)
1 ,
Mechanical model
wlﬂ T
w}n:}ﬁTe-TL-TD)dt‘ L
Controller
Voltage PWM 0, O =1 Tp
Gate control <geww 0. L_ > Dj

signal

X32 Izl —I 3 rEFTI

Fig. 3.2. Simulation model.
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7< Z YR

/:%Umﬂ

9063Dnnﬂ 177 [mm]

182.6 [mm]

(433 FEHE 6/4 SR & — & ORI
Fig. 3.3. Cross section of standard 6/4 SR motor.

33.1 IUN—=HET )L

B35IZSRE—ZDEEET— NERT, BEET— NI b, Wik, 7)—hA—0 7
E—RD3DNLRDL,2DODAA v F U TR FEH—F L SELERE O LS IZaA
IVEBB IR B S 1L, FBIMASRAIE— X BB S35, BaiiiBitt & [RIFFIZ 2 DDA A v
FrIHRTEY AT S®DLE, KA EOXDICHEERE IO HF NSRS 5720, XA
Z— R23EE UEPFRIZERPIE S LD,

PWM HlNEIAA v F o 7 HRNZL > TY 7 FNAAL v F U T BION—RAAL v TF 7
Nod, VT RNAAFUTIEAAL v F U TR TOELL)—F% ON OFE T, sz
ON, OFF #9255 Z LXK PWM BIEZTT S, —RIZIIHETOI T AH A FAA v
FUTHRAEAA T T IHD,

Phase U Phase V Phse W

____________________________________

1

|
KD T4‘D‘: ! &Ds TT\H
b |
us e

Converter

X34 FIEAHN—T TV vV N=F L SRE—H
Fig. 3.4. Asymmetrical half bridge converter and SRM
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TH(T DI & Di ZSJVD
1 — . —_
VDJ J— — i
D & TH\/W D & JVD
One pahse Demagnetization
- i
VTI T1 D1 ZSJVD
1 Vv, 1 v,
VDCI —_ 1 - VD% — . d
VDlZS D2T2 {VT
=
Freewheeling Freewheeling
X35 WEE—F
Fig. 3.5. Conduction modes
#31 AA vF U TIRE
Table. 3.1. Switching states
ON OFF ON OFF Ve
ON ON OFF OFF 0
OFF OFF ON ON 0
OFF ON OFF ON Ve
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3.3.3 SRM &5 /L

SRM E T /WTELEFERRAELEETHZ LICLVFERATE S, SRE—XOELFHEXQ2.1)
B EERT,

v=Ri+ dl//(@,i) ....................................................................................... (3.1)
dt
MORER ¢ TR T 5 &, BHRBEHARE v ITkA &7 D,
V,(g’i) _ I(V—Ri)dt .................................................................................. (3.2)

T, vIFE—ZEBBOMEE, RIT S OB, [ IIHERTH D,

SR £ — & OFHEITIERIEIEN TRV T2 ORI LV BT /UL T 2 DIFHE TIEZRW, 22
T, ANSYS T & 2 8Bt a2 7 — 7 Uk L, FNEE— 2 BEET LT 5, [X3.6
\Z FEM fRNTET VBT 1T — 7V FW.0) & VD T —T v T(F,0) % ~9, F(V,0)
1%, FEM $#REBMATIC X 0 15 b - B (2 (E 0, fRi ) FISx4 5885l ¥ & ¢,
V~vo b r74+5ZLickoBEbnsg, bvrT—7 0 TFOE, X(3.3)% AW CRESBELE
TANANX =W, ZEHL, RGHTRT LI W% 0 TR T 22 LIV ENT 5,

w IW(esi i e (3.3)
T(H,i)z ana(:”) .............................................................................. (3.4)

Bl bV T —T B LTI, RMIEZEICIE, D L7 Lo TWNWDH I Enb,
MV O FENTEROVEA D H NIRRT, BRI EIIKGF T D 2 ENmhd,

25000

5.26mWb

20000 :[

15000 0.0435mWb

10000

5000 —_~\\\\\\\\\\

0

Magnetomotive force [A]

0 10 20 30 40 50 60 70 80 90

Rotor position [°(mech.)]

(a) BB FY,0) DI 7 T v T T —T )b
(a) Look-up table of magnetomotive force F(\P,0).
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Electromagnetic torque [Nm]

>0 0 10 20 30 40 50 60 70 80 90
Rotor position [° (mech.)]
(b)ERE NV T(F,0)
(b) Electromagnetic torque 7(F,6).
36 VoI T v T T—TNEHANEZSRET—ZET L
Fig. 3.6. SR motor model using look-up table.

334 BBWRET L

BWCRET VTEB AR L 0V GEonD, HEE—2 NI, AEE o, BEMY T,
Aff VT T, KB NV Th &35 L, =a— b OEBHEXGEE O 2 H)»
SR OBRARE LN D,

ERHMICITAEE LY b [E#HE8 E (rotational spped), FFIZ[EHR M [rpm] THE T Z L 230,
FAIRPE & [AHSE L nl[s)](EHEF[rps] & & W) INTIFR DR H 5,

w=2rn [rad/ S] ......................................................................................... (38)
L7e3» T, BEsZIFRAE D,
NZQCO [rpm] ......................................................................................... (39)
2z
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ﬂ37’4Vﬁ7&VX%%@QMﬁ%%%¢O::f@:?%%%%%#étw@%ﬁ
1572012, BEOAREMEICOWTEERETA ¥ 7 ¥ o ABKICE b 5%, %
ﬂ#“@%@%% L7, WY I 2 Lb—a UCIEBHRIEEE S LT e, B R TIEA
VETEADRREEAHRKIELHZ LT, B IEA 72 ADRNMEEZ R S
52 LT, 5t ERENEDA o F T B AFEERE LR LEBAGEEEL TS, &
B EA 7 2 ARBEICRELS BT DL HCKF LG AE/HEL, 21k 1V X
AET B AP RES BT H LK LEGAEZHAEL TS, BV &&
b VIIZIERIR 22 B E 1 & [Bliis -2 48E L T\ 5,

AL TIET 4 —AEWO T X v v T &2kD, ZACNIEEEE T 4 — A2 R T5HZ &
WCEVEBITEAZ R THEIND, Bkl - VI, T4 —ADT—\BRETRTHZ &
WCEVEBRTELZENTHREIND, BV - VIIE, 74 —ALIOZT Xx v 7% RK¥E)—
T HZLICEVHEBTELZ N THRIND,

Inductance change V Inductance change VI
X 3.7 SRE—HETNDALHE T H L AREAL
Fig. 3.7. Inductance shape changes of SRM model.

X 3.8 IZHEHE SR E—HX DA X7 X U AR ERT, ZhbiE, 24 /VER 1~100A
(ERE ST 56~5600A) DZEMF:0D T T FEM BESGFEIT 21TV, 5O 7-dHRAER L ERk L 72
HOTHY, MKEMERET ZATND, AT D 6/4DSRE—FDA L H T HZ
AR A AT 3.1 1R, BT D 12/8 D SR BE—F DA L X2 0 57 v AR OTGIRZE
1bix, 6/4 DA LRI U TEMET 5, 20 1 ITRBALE (45 ) DA 207 % 2 A0 10%
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BN 2% X 512X 3.8()DA &7 & v AT 1 kBEEZ ] U T\ 5, [FERICZ(LTTIZIE
SHAGLE (0 BE, 90 if) DA 27 B AN 10%HA T2 X910 1 REEEZRLTWD, &
{EIIE 0 FED~ 5 45 FE % CIIRNE 0.1 THEM 45 BEOIEEREEE A v X7 2 v AfRRIZE U=
EZRT, 45 2D 90 FEE TIIMA TW5D, ZBIVIR 0 FE D 45 FEE TIrLakmg 0.1 T/H
B 45 EOERREE A A v X7 2 o AMBUZR UTEEZ M, 45 E0D 90 FEE TIX LT
W5, ZAEVISHENLE (45 ) OA X7 X AR 40 EONMEICHED K 5120 END 45
FEETOT =X & 0ENS A0 EIZ) <~y 7L, 45D 90 FEE TIL 40 D 90 JE
WU~y B 7 LTS, ZAEVIIRINLE (45 ) OA 527 Z 2 AN 50 BEONEIZHE
HEINCOENLASEETOT—HEO0ENDSOEICY vy BT L, 45 NS 90 FEE
TIES0 NS 90 EIZY ~ v BV 7 LTW5D,

0012

001 ] ]
0,008
T 0,008
|

0.004

0.002-

10 20 30 40 50 60 70 80 90
2 (des)

(a) FEYUE 6/4SR E— X
(a) standard 6/4 SRM

%5 10 15 20 25 30 3 40 &
G (deg)

(b) FEYE 12/8SR E—#
(b) standard 12/8 SRM
X138 IHHESR E—H DA LT K AR
Fig. 3.8. Inductance curves of standard SRMs.
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4 3.9 |2 6/4 1Y SR E— & OF—Z £ %~7, MATLAB Simulink Z W 7Zi##E S I =
L—3 a3 IR D E—HEROFHEMETH D, SRS LT, Ny T U —EIE,
Bits - M THAEZ—E LT D EE KM, SV AEEFH (PWM) EEREIC LD 54 v
7 Z T HHIER 2 UE LTV D, IRE— 2L, BIfES 2L ORI - & T A4,
PWM 7 = —7 4 D il 70 AG ORI LV ZER S LD DS, RIS & A2 i 12 b
% EV ~OJERICxR LT, e KE— X025 & A & BRRFIZEE T 2 hil A 135
Rk FICH D, AR TIEa TIREEGIC L DT — 2 RUEERF L, KRKT—XHRD
EERR T AT XA 72 EORINC L 5T T e —F LML AR D, T T OREICLY
F— H R E 2% AN TESTFT L TERLTWDEN, L VHINNZ AR TOERRNARETH 5,
[ OT— 2 &5 LT, @Rk & T — 2 22 EEBMICHHET 5 2 LN TX 5, BRN
(21E, B — AN V2 S EOmEIC ko CEGERZ M T 5, LT — 49K E
PRE L COEEERAEEIC L VM LY, T— 2RO FHEEEN LIV T 528
ARETH D,

10000 110
8000} 100
2 190
6000k
£ 80
=z y
4000 ( - -
- >
|
5 7 : ~ 35 5

TL{Nm}

(a) FEYE 6/4SR E—H

(a) standard 6/4 SRM
10000 : , . -
8000} — | oo
— S 90
£ ooo0| [ T
ETN /S / S
= 4000y s - _ 7
A - g
2000} ,_______ e e ——
T2 25

3 3.5 4 4.5 5
TL{Nm}

(b) FEYE 12/8SR E—#
(b) standard 12/8 SRM
[X] 3.9 fE%ESR T—4 DE—HHF
Fig. 3.9. Motor efficiency of standard SRMs.
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4 3.10 IZ 6/4SR E—X DE—ZNRITxT o4 X7 &2 o ATBIRE\ LD E L =T, K
3.10 DEF—21%, K390 LK 32 DF—FR~ y FTEAKICHES N, BBS T 7
DE—HHROEERT AL T—FE~Yy TOE—XNEOMERTEIZFLCTH Y,
WX S 2 2 & T, FEDE—Z R0 5 5 @IEK N 51D, #2777 BITRLT
WD EUEIE, X3.9(a) & AFX13.2 TRIIEEETEIICK T 2 — 2 RO FEEHEL R L TV D,
Z O F OFEIINIZR S5 BT, 6/4 FEUESR & — X 0D OHINA A > MtE /R LT\ D,
KA BT B AGIRECKT LT, 2D DN D 5N BRI T—Z RN EL T
%o HEEAGEINIE, 6/4 fEYE SR B — ¥ OEIFHIR CES L T, SEbOREZ N L 7=,
EEEAAEIRIC B LT, 2k VI A3 20% 00 L, 24k IV &2k V 239 10%084 LT 5,
%—&%ﬁuﬁbfi,£T®%kﬁ&%%ﬁmbfméo

086~88 C88~90 O90~92 O92~94

094~96 E96~98 M98~100 H 100~
90.7%  97.9% 97.2%  96.1%  98.4%  98.2% 98.2%
) (+7.9%)  (+7.1%) (+6.0%) (+8.4%) (+8.1%) (t8.2%)

0.8 +—

06 +— |

04 +— |

0.2 +— -
. | B H

Standard | 1] n Vi

1.2

X 3.10 6/4SR E—% DE—HNRIZBITDHA X X ABLDFE

Fig. 3.10. Influence of inductance changes upon motor efficiencies for 6/4 SRM.

B4 3.11 12 12/8SR E—F DE—ZNFITT oA X7 Z o ATGIREA DB L =T, K
301 OFT =21, K3.90b)E X 3.3 DE—FhE~ v 7 ERICHAE I, 12/8 DA
1 6/4 FEUE SR & — ¥ OEMLFE CIER L LT, SF2{bOREEZHE L=, 12/8 DFF# L L
T, GEEREIRDY 6/4 D 150%FRE L7220, 6/4 LR L CEBBIZERITH D Z &3y
%o JEERFEIRICBAL CIE, Z(bI-T -1l VIRAH THD Z ENgnDd, T—XBhRICH
LTIk wmnlvq%%<ﬁm IZBWNT 4~6%HML T\ 5, LLEDFEREY, EV~D
ﬁ%%a%kbfwé@f%mﬁkmﬁﬂf&éumw%mﬁ%ibwk%zéou@%
AifeE 32&, K37 TRIA X0 2 ARIREEREH LT & & DT — X B0 %
K321 T, ZILINROBENTH Y, FiCTEL I, 2L T DIETHREMTH L Z &
W3 INDe A BI R ADRRNEER/MEDENRELRD LA T 2 ADZERITKR
SENRKEL2DDT, SRE—ZD MVIREFENLZZ D LR TH D DITHURE
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S A5, Bt BRI OE, BIGIEE U CEEXERE: PWM BEHIEEZ A L
TWABTYD, BN EECOM L TWDL I EREE LD EEZ NS, 2L IZD
W TR & L CRIE K& @A LB A I 20 T O RETT 2 68N H 5 720,
AT 28— L L TR 281875,

080~82 082~84 084~86 086~88
088~90 090~92 092~94 094~96
m96~98 m98~100 m 100~

91.4%  95.7%  94.8%  94.1%  958%  96.3%  92.7%
(+0.8%) (+5.5%) (*44%) (+3.9%) (+5.6%) (+6.2%) (¥2.2%)

_ I -
15 +—] —

0 T T
Standard

11 v Vv Vi

X| 3.11 12/8SR E—X DE—HNRIIBIT DA X T B AEALDFE

Fig. 3.11. Influence of inductance changes upon motor efficiencies for 12/8 SRM.

F32 T—HYRIIBIFTDHA L H T X AL DE

Table 3.2. Influence of inductance changes upon motor efficiencies.

Inductance change I 11 11 v \" VI

Evaluation © o o X o X

3.4 TG
3.4.1 aTIER

aAf )y FRANCIRZERR H 5, ZD%EM A2 27 THO Ta 7R 2 k0L, xtmn
RLEDA X7 2 AREEINT 5, £7- 6/4 &L LT 12/8 IX = A VWAL /N VDT,
ANy RHPVNSLKRY, a TR AZERE LT W, 5% SR T —# O 2 THfiiR (X 100mm
Th b, 6/41EHE SR T—X DAL, aA /=2 RRMOZEMA Tmm &5 OT, gz
A TCariiEs 14mm LK T& 5, F72 12/8 FE%E SR E— X OEFAIL, aA LT R
PRI ZER]AY Tmm TH Y, BIZaA VEHZ 6.4mm H< TEHOT, MWl % Ao T2
7 #lE % 26.8mm LR TX 5,

X 312 [ZEE T - Bl T7 — A& a2 A bz RIS > CTHEREZRT, a7k
Z 114mm [TIER L7z 6/4SR E— % O =R Tftr €7 VAR~ T, K313 12 6/4 2 7T EiRIER
DONRERT, aTEHREZIERET S Z LKV ALEDA H T B A Ly BEEINL T
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3% AAvFRNITFIHLARE—HDE—ZNRE N LS DHEEE

Wb, EREEETT 4 — A& EE 7 4 — AmORIZE DD Z & TIEXANLE D
VY B R Lin DEDNZIED T DD, Ly HIWDT 2D T, fERELTA T 2 RTE
7% Lax-Lonin VZHM L 72N, — 0, BHEFT 4 — R & EE 7 4 — AImORIZE DR RS
UL, Lin DMENITHEINT 203, Lyax DEMTH DT, #EHRE LT Lyae-Lnin DS¥EMT 5, %
ZCEEFT 4 —AmDHRHEEZRTHZ LITT 5,

X312 HiRT —Rmz AT D 6/4SR T—H
Fig. 3.12. 6/4 SRM with round teeth end.

BLmax [H] ®Lmin [H] Lmax-Lmin [H]

0.007

0.006 114.10% 113.70%

0.005

0.004

0.003

0.002

0.001

0
Normal Normal Round

(Standard) (Extended) (Extended)
100 [mm] 114 [mm] 114 [mm]

4 3.13 6/4SR & —X D a T ERIERICHT oA 57 2 244k
Fig. 3.13. Inductance changes for core axial length extensions of 6/4 SRM

X314 ZEEFT 4 — Az aA /Ly RRNMNZIH > CTHEREZR T, 2 7l % 126.8mm
IZIER L7~ 12/8SR E— &% O =R TfETET /L 2R L, X 3.15 1T 12/8 2 7 HhRIER O»)HE
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H 38 AAvF N TFIH LU AE—FDE—FhHEE N &L EREE

ZRY o BAFHET D Lyge-Lnin EET D &, 128 DI REEF 2T 2 RESIERTE DD
T, AFTEUABFEPRE SHEML TN D,

X 3.14  HHREE 1T 4 — A LARMEREE T —AZ AT 5 12/8SR T—H
Fig. 3.14. 12/8 SRM with round stator teeth and normal rotor teeth.

®Lmax [H] ®Lmin [H] Lmax-Lmin [H]

0.0035

0.003
0.0025 129.20%

0.002
0.0015

0.001
0.0005

(Standard) (Extended)

Core axial length 100 [mm] = Core axial length 126.8 [mm]

X4 3.15 12/8SR T—H DA TERIERIIH T 54 > &7 7 ZZEAL
Fig. 3.15.  Inductance changes for core axial length extensions of 12/8 SRM.

342 T a4—AE

FEAE SR B — & L[A CEE AME, a—7, ¥x v 7 a25bE L, BET - BiETOT 4
—ARWEEZ, AV H 7B AEEG 2 DEBERT D, BiETT A — A% EL< T2
LA NAR=APINS K 2D D, FEEFIHE O EHAFME £ CORMNA R 25D T
Loin N/INEL 2D Z LM TREND, T2 TaAANAR—ZANHETE ZHMEICBNT, &
HREES B DT  — AR EREFT 5, K3.16 TRT LI, T4 —AREZER
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U, Lyax-Liin 2K D72, X 3.17 |2 6/4SR & — X DEEF * AT 4 —AROEFEIZHT D
fEtrRE R AR L, [X3.18 12 12/8SR E—Z D[EEF « [iE 1T 4 — AR OEEITKIT L it
MERAZRT, aTEHREX Yy TRIIEE LARVOT, HETT 4 —ARZEET HHE1X

BHR 17 4 — AR ZEMTDIVLERND D, Lna 1%, 7 4 — AEIALEICEEINT, a1
BIEIC BRI AR, LU Lun X, BETFT 4 —ARZHEML, BT 4 —AR%
EETDHZETHEYT S, ZHOOMEM™IE, 6/4 & 12/8 O FIZH L TROBND, ITA L
AN— ZPFER T E HHIPHT, BEFT 4 —ARZEL L, BT 1 —ARZE L)
B, KORERAE I B ABEEPFEOINLD,

Stator Stator Stator
4 2mm_| e
; 2mm
_A2mm_ o
L ; 2mm |
Rotor Rotor Rotor
Standard stator and Short stator and Long stator and
rotor teeth long rotor teeth short rotor teeth

316 [EEF L EHEFT ¢ — AR OREMR
Fig. 3.16. Relation between stator and rotor teeth lengths.

B Lmax [H] ®=Lmin [H] Lmax-Lmin [H]
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[43.17 6/4SR E—Z[EE T L EHATFT 4 —ARDOERITHT LA ¥ 2 A2 Fig.

3.17. Inductance changes for relation between stator and rotor teeth lengths of 6/4 SRMs.
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®Lmax [H] ®Lmin[H] Lmax-Lmin [H]
0.0025

101% 101%
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Standard stator teeth Standard stator teeth Standard stator teeth
-Ilmm -2mm -3mm
B4 3.18 12/8SR E— X% DEE T & BT ¢ —ARDOBMRICKT D4 &7 & o 2284k
Fig. 3.18. Inductance changes for relation between stator and rotor teeth lengths of 12/8 SRMs
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319 [EEF L EHEFT 1 — AR OER
Fig. 3.19. Relation between stator and rotor teeth lengths.
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Fig. 3.20. Inductance changes for teeth shapes of 6/4 SRMs.
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Fig. 3.21. Inductance changes for teeth shapes of 12/8 SRMs.
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344 fEEC
# 3312341 7205 343 £TO Lmax-Lmin IZx T 28BS R A E L Dlz, T4 —AKLE
T A —ATRRIC X DB RIT, 6/4 & 12/8 :m\f#mh DBV, AT IHER DU E
RILN2/8 DFPRE N, £ 2 TRHEILIEIL 12/8 1IZH D, T & it
K33 AVHT R ATKT DELENROEL
Table 3.3. Summary of each improvement effect for inductance.
Stator poles / rotor poles 6/4
1TA] 1A 50A 100A
For core axi.al length 114.1%
extensions
For relation between
stator and rotor teeth 101.0 ~ 102.1% 101.3 ~ 103.5% 102.6 ~ 107.4%
lengths
For teeth shapes 100.3% 108.2%
Stator poles / rotor poles 12/8
1TA] 1A 50A 100A
For core axial length 12929

345

SEIaT T, PR af VEaT LN L TRIETE 20T, aA L EREERNUE SR,
FIHEAMERT 5, LUK 322 IZRT X 9 I29E a7 38
TR EIRT 2 T
oA )VE
BRD D, £ I34 B aTEE
Démn%<?5&4y&7&VX%#ﬁ%
ITHEAETHE L TWDHaT#Es
@%é%ﬁ<?é:tfﬂ4wxm~xﬁ%MTéo

extensions

For relation between
stator and rotor teeth

lengths

100.3 ~ 101.4%

100.9 ~ 102.8%

102.5~107.3%

For teeth shapes

100.6%

120.7%

s EVe

53 100A DSAET T,

NEla TS

28

B@%ﬂ&<@5kw,%@%
EVEDN DD, BERBIAN LR WHEIPH TaA L AN—RAE IR & 5720

HoEE B LT ok LTnE, Fil
O E X O Lmax-Lmin ~DEE L R4, EHE a7 OfF kL
JRICHEAD LTV D, £ 2 ToEla 7 HAT
WOBmS LV -Smm B LB ET 5,

E 3 T AR
A NAR=ZAZH/HFH L TT—



$38 AAvF N FIH LU AET—FDE—FhHEE N &L EREE

SNAEHEINSESZ LT, BICHROMN A L T Lmax-Lmin #2815, £ 3.5 T
RT LT RAZENSEDL LA X7 X ABETENT 50, aA/VAR—ZAN
Pl 00 a4 NINRIT R DD T, T— 1T 6 EIEET D,

Connection point

322 [EEF EEEAT 1 — 2RO
Fig. 3.22. Relation between stator and rotor teeth lengths.

K34 HEAT =T ORI A F 0 5 AL
Table 3.4. Inductance change for height of separated core yoke.

Divided core, Height of Divided core, Height of Divided core, Height of
Core shapes Standard core connection points is initial connection points is initial connection points is initial
value. value - Imm value - 2mm
1[A] 50A 100A 50A 100A 50A 100A 50A 100A
Lumax [H] 0.00249 0.00157 0.00250 0.00157 0.00249 0.00157 0.00249 0.00157
Lmin [H] 0.00046 0.00046 0.00046 0.00046 0.00046 0.00046 0.00046 0.00046
Lunax-Linin [H] 0.00203 0.00111 0.00204 0.00111 0.00204 0.00111 0.00203 0.00111
Comparison of
100.1% 100.1% 100.0% 100.0% 99.8% 100.0%
Lunax-Lnin
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Divided core, Height of Divided core, Height of Divided core, Height of Divided core, Height of
Core shapes connection points is connection points is initial connection points is initial connection points is initial
initial value - 3mm value - 4mm value - 5Smm value - 6mm

1[A] S50A 100A 50A 100A 50A 100A 50A 100A
Liax [H] 0.00249 0.00157 0.0025 0.0016 0.0025 0.0016 0.0025 0.0016
Lumin [H] 0.00046 0.00046 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
Lunax-Linin [H] 0.00203 0.00111 0.0020 0.0011 0.0020 0.0011 0.0020 0.0011

Comparison of
99.9% 99.9% 99.8% 99.8% 99.7% 99.6% 99.3% 99.1%

Lunax-Lumin

#35 ATIA—I @S LBEEFT A —AT = =TT DA 507 Z 2%
Table 3.5. Inductance change for core yoke height and teeth taper of stator.

Divided core, Height | Divided core, Height
Divided core, Height ) ) ) )
) ~ | of connection points | of connection points
of connection points is
Core shapes is initial value - Smm | is initial value - Smm
initial value - Smm
Teeth taper of Teeth taper of

6deg 7deg
I1[A] 50A 100A 50A 100A 50A 100A
Limax [H] 0.00249 | 0.00157 | 0.00251 | 0.00160 | 0.00254 | 0.00165
Lumin [H] 0.00046 | 0.00046 | 0.00046 | 0.00046 | 0.00049 | 0.00049
Lmax-Lmin [H] | 0.00203 0.00111 | 0.00205 | 0.00114 | 0.00206 | 0.00116

Teeth taper of 5deg

Comparison

of Luax-Lumin

101.0% | 102.8% 101.3% | 104.5%

346  [lETT ¢ — AR

[FHRFIL T A VA= R EEBEET, T — SAEHBRICHT D2 ENARER DT, 7—X
% 0 ED 18 EE T2 EHICEFE LR D Lmax-Lmin 23KH 5, X 3.23 ([ZF#EETT ¢
—ADT = DA T Z U ARFEENDEE R T, T 6 EETIEA v F A
APEEDHEMLUTNDEN, §EMITHMLTWS, 2 CHlizfT 4 —ADT — 311 8
FEIRET D,
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Fig. 3.23. Inductance changes for taper angles of rotor.

3.4.7 a7 Ny

324 IR X AT ANy 7 ERITHZEICLVEE T I — 7 OWmfEN T 20
C Lmax-Lmin 23009 5, K 3251227 Xy 7 iER & Lmax-Lmin O ZR~RT, a7 /3y
7 wIERT %A Z & T Lmax-Lmin 3L CTW 5, EEE—X LRV A XZT 570, a7
ANy ZIERIT 3 A b EEOERICH Y TS 10mm 2 ERERD, 0T, 2T ANy VT
Rl 10mm & L, Wil CEHOET 20mm &5, ZOERBECEET =7 ORI, 34.1
TRV W o7z a TIER 26.8mm (227 /Ny 7 IER 20mm 23D Y, 46.8mm HEINT 5,

Core back

X324 a7 v
Fig. 3.24. Core back.
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Difference in value between Lmax and Lmin [H]

Core back [mm)]
325 a7 Ny ORIIIKHTDHA X720 AEL
Fig. 3.25. Inductance changes for length of core back.

3.5 BN SR E— X

W3 ETIRAREaTRFHIESEEDE SR T—F 23l E L7z, X 3.26 (ZRA/E L =[als
Far7zmrd, K327 ICEEF 2T 2R, & 3.6 IZEEF LEEFOFH e R~T, BiET
a7 OREWEIZITEE T aE 2 78 12 HLETH D5, EHRERIC X 0L hrs OoflE L,
A IR EFIERIETIC L 0 RO 71k ML ORGEEEIT 5, X 3.28 ICE%hE SR £—4F D
Frlk NV ZoRd, 3FEEO 2 T MEFCERIE bV o BN TR O Y, FERIME & ATl L7
Ll olo, & a7 MEIORMBEAEENIZIZFE U720 T, Fiilk ML 7 ITEWVIER G720,
& a7 MBI ORALFFEIZERZR Y, 200 O CTEHENENT 20T, T—F 2 RITITHE
T2,

4326 [EsT-=7
Fig. 3.26. Rotor core.
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X327 [BEEF=T
Fig. 3.27. Stator core.

3.6 [EET Elis-a 7 O TR

Table 3.6. Specifications of stator and rotor cores.

External diameter ofstator 182 [mm)]
External diameter ofrotor 96.33 [mm]
Rated ouput power 3.5 [kW]
Air gap length 0.3 [mm]
Core length 146 [mm]
coil turns number 44 [turns/pole]
Stator/ rotor pole numbers 12/8 [pole]
Stator pole pitch 30 [deg]
Rotor pole pitch 45 [deg]
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Static torque [Nm]

3.28

Fig. 3.28.

—+— Measured

—8—50H470
——50H1300
—k—35H300

10 15 20 25

Rotor position [deg]

12/8SR E— % OFf 1L kv
Static torque of 12/8 SR motor.
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# 6/4SR E— X LI L CE—FZIENPUEL TWDL I LN n0d, £72 150%ERH T
SkWIZBWTHE—XZRIL 8% ZBATNDH I LD, EHIMENERSI N TV,

Motor efficiency [%)]

o
o

o
=1

_a Standard 6/4 SRM (Motor efficiency)
—a— Designed 12/8 SRM (Motor efficiency)
—— Standard 6/4 SRM (Output power)
“* Designed 12/8 SRM (Output power)

g

g
Output power [W]

g

15

20 25 30 35 40
Load torque [Nm]

Fig. 29. Motor efficiency and output power.
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Fig. 3.30. Motor efficiency of 12/8 SR motor.
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Fig. 3.31.

Motor efficiency considering mechanical loss of 12/8 SR motor.
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App. Fig. 1. Inductance curves of 6/4 SRM for inductance changes.
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App. Fig. 2. Motor efficiencies of 6/4 SRM for inductance changes.
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App. Fig. 3. Motor efficiencies of 12/8 SRM for inductance changes.
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FAF IR E S NNV AR LD AL v F N T AE—
Z DR I DR
4.1 I3 SRM DRt
4.1 IZBEEK SRM O 27”7, 72, K41 ICEOFFCERT, BEET 6 4, [BlEE
4 WD " EZEREIE CTh D, [BEFRRICIE, B 0.75mm OEHEE 3 WA L7z DA 20
K —BEPITEY, UMRE UMOSHITESNIHR ST\ D, EREH 11X 300W, &
BHEIL 24V TH D, E—FFEAICEL TE, BEFMRE EERF-MRDN6 [\ LTV R WALE 2
0°(mech.) & L, It hmz BRI & EFRT D,

74
37.55

4.1 3K SRM Ok
Fig. 4.1. Cross section of test SRM.

# 4.1 L SRM O T
Table. 4.1. Specification of test SRM.

Parameters Values
Rated power 180 [W]
Rated voltage 24 [V]

Number of coil turns 40 [turns/pole]
Winding resistance 0.088 [Q] @20°C

Core length 50 [mm]
Stator pole arc 30.25 [°]
Rotor pole arc 32.43[°]
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7(6,1) = o, (6,i) :jésv(e,i) g
00 00

T, We lIREKBAME= R X —, i IXHEWR, 0 1XEEEALE, PIXHAAMR Th D,
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Blue line : Phase voltage Orange line : Flux linkage
Red line : Phase current

Unaligned Overlap Aligned
&
No Positive Reverse

torque region torque region torque region

o 120° 18096 360°

Rotor position [°(elec.)]
42 SRM OAHEE, MR & A ALTE
Fig. 4.2. Phase voltage, phase current, and flux linkage of SRM.

43 % S AT

T2 TR 2 TR RITIC L 0, 5 SRM OSSR B L OV H OA v X U 2 AR
IZOWTHRETETT 9,
43.1  fENTSRME

#% 42 [T SR = — % OB, % 4.3 12 B-H £, 3% 4.4 |12 ANSYS Ot St %
RT,

* 42 MEHRFME

Table. 4.2. Material characteristic

Relative permeability Electric resistivity [Qm] B-H characteristic
Coil area 1 — —
Stator — 14x1078 Table
Rotor — 14x1078 Table
Air layer 1 - -
Shaft 1000 — —
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# 4.3 B-H Fh
Table. 4.3. B-H characteristic

H [A/m] 30]  40{ 60 80 100] 200 300{ 400] 500 600 700 800
B [T] 0] 0.13] 0.16] 0.2f 0.28] 0.34] 099] 1.27] 138 145 149] 1.52] 1.54

(=}

H[A/m]| 900] 1000] 2000] 3000{ 4000{ 5000] 6000] 7000] 8000] 9000| 10000] 20000] 30000
B [T] 1.55] 1.56] 1.64] 1.69] 1.72] 1.76] 1.79] 1.81] 1.84] 1.86] 1.88] 2.01] 2.08

#* 44 FREETIRAT
Table. 4.4. Analysis condition

Number of node point 14993~15901
Number of component 7382~7836

Mesh size 0.0013

Mesh shapes Triangle

Excitation coil One phase

Current density 1.559x10° [A/m?]
Coil area 51.3 [mm?]
component PLANE 53
Analysis range 0~45 [deg]

4.3 12 ANSYS OERSGMATIZ L 0 15 54072 300W i3 SR & — & O L iR 2 =3,
FEAT R X FE T AIALE 0°(elec.) > B XFAIALE 180°(elec.), FEIE 1A 75 100A £ TOHFF 4500
HTCh D, BIAHEINT 21220400, E 7 IEEEE 3 5L E T 12 Dh TRER AN
AL TV OPERTE 5, BFBMGETITN 15A TH Y, ZOEGRLL L TIXIERmAL
B2 B E BN R L T\ D, M Lo SR E S ICALR OB E N (L L TV 5,
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Fig. 4.3. Magnetization curve
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Fig. 4.6. Self inductance which assumes linearity

X 4.7 CACA Y H 7 X ADZEME L RT, K 4.7(b) XM L 729 ER 15A
DEEDHCA VF 72 ADZERMBACRDOWIE ThH D, DF Y, ZOERLL T ITAIEHEIK
Lirb, HOA VX0 2 ADZERMBECEOEIZIY, EEEMITELITIRE > TEY,
HOA 78 ZADZEMEACEN K & 72 DAE T 54.64%(elec) TH D, LA L, X 4.7(c)
DX DT — 7 BEIFN L7E T BT 4J0ABEIRA 7 I BRI ClE, BOA v X7 ¥ ADZE
LR K &R DALE L 89.05%Celec.) & 72, MEMHEI LV HiBENLD, K 4.7(d)D = —
7 AN 5 EIETIL, 61.43°%¢clec) & 72V, DURBITHIEHEEL L V &/ &< 725, FriT, xt
MALESTEE D H O A v X 7 2 ZADZERELRIIRE LS BOTLHWHE L 2D, ZbDMH
D, BIIZLVACA VX7 X ADZERBLRN R K &R DALEIEELT 508, K&
ST EAEE LN &5, 54.64%clec)Z TN ZTT 5 Z 212k, FRELL
NV BRAESHEDLZENTEZDHEEZLND,

49



X A2 o TSV AN KD AL v F N T X AT —F DR
Ml B2 B9 2 et

B
N
gl

0.00008 0.00008 T
<—— maximum inductance derivative !
= 0.00006 2 000006 - ¢
2 0.00004 § = 000004 |1
[ 5 1
£ 000002 f‘; 2 000002 |
£ 2 54.64°
g 0 5z ; A
;-Z, -0.00002 QE ’ 40 :80 120 160 1200 240 280 370 360
b g -0.00002 | !
2 -0.00004 0.00004 !
S . - i 1
R 464 -0.00006 |
-0.00008 1
0 40 80 120 160 200 240 280 320 360 -0.00008
Rotor position [*(elec.)] Rotor position [°(elec.)]
(a) Inductance derivative (b) Saturation point of stator pole (15A)
0.00004 T 0.000015 T
o ! 1
2 0.00003 1 ) !
£ = 0.00002 m g 000001 i
5 / £ !
5 L
'; ﬁ 0.00001 : % 0.000005 :
g% 8905° Q5 61.43°
£E 0 H—t £z 0 AR R N
2] S
E E

1
1
; | i |
T 1 T T t t
00000] & 40 80! 12010\X020203 360 40180 120 160 260,240 280 320/540
' -0.000005 |
-0.00002 | ! \ \\
1
"
1

1
1
1
- -0.00001 |1
1
1

-0.00003
-0.00004 . -0.000015
Rotor position [°(elec.)] Rotor position [°(elec.)]
(c) Saturation point of yoke (40A) (d) Saturation point of yoke (100A)

X 47 HOA U Z T H L ADIEEHR

Fig. 4.7. Self inductance derivative

44.1  JlEE—F

B4 4.8 |ZJihtaX I AT 2SS o 7 L 70 2 D& i & — R &2, ARAf ML 27 Tl
A2 TR LTZIE MV SEIEO A TiMET 52 L & L, ThEMBEE— N1 &7 5, EP”/%JH
V7 BCCITIE bV 7 Sl R bV BTG AT O 2L L L, TN EMEE— N2 &
T 5, @AM MV ZICIEIE vy, BB RV B RO RV OF T ORE Tl & 1T
5T &LL, INEEE—F3 &T D,

JibiEE— N 1 (X1 FV 7 SEB O T EIR TS K 918, A 0. OB % filiH T 5E—
Ff%éo&~yﬁy%%ME&@%awamﬁéo%ﬁ%@m,Eﬁ@ﬁa@#%wﬁ
WG 0.7 (WHRES Oy DIRFTALE 0, & —30T % & E DRy ) OFT, WEAFETMHE Oon

IR U CRIZESE 5, T — K1 OF — 4 o fAiaal 0," L imi AR o 0. 13k T 5
ZHiL5,

9 —9 +9m" ............................................................................................. 4.7)

ZOREE— R T, £ 247 8 ADBESELREVKITH Y, foT— FIzH
TBHHEB LN, 725 Gcopt HBIEAIZ K > TE(LT 5 bDOTH S,

50



4T IS AES TNV AN KD AL v TF Y T T X A= H DR
Ml _EWZBET D RGeS

ik — K 1IZRWT, 1A 0, 2 TALE 0, £ TELICSEIE, BT — 82 12817
T 5, BT — N2 T, BHRMA O TH IS ANE 0, THERERE LD X OIS, RIEERTA
O NEHESND, F =AU O (ZIEXFNLE 0, 2 DELRY A Oy, OFT, WEMAES
B Ocon W I CTRAIE S D, BT — R 2 DX — 2 A U AFRAHE 0, L i AR SE 0.7 13K
XTHEALND,

90 — 60 _ 6:0” ............................................................................................. (4 8)
ec — gcapt .................................................................................................. (4.9)

Z ORI — RTUHEA 2 7 7 2 2 ADBE 3/ S WK CER AT 5, 65T, Hi
ET— R EHRT, MI7oENTbT N ThHsd, LnL, ¥ b IIC KR T I
Uy,

BT — K 21T T, 2 A A 0y DSIERTNEI 0, & — B L3 Al, e — K
3~ BATT B, B — T 0y EIERNLIE 0, CRE L, B 0. 1L REEf 0.0 55
KA 0, DRI CAIZE S5, FIE— F 3 0¥ —2 4 Al 0, s el 0.
HRATH 2 BB,

90 — eu .................................................................................................. (4_10)
90* — e:on ................................................................................................. (411)

KE— RTIEA F 7 Z 2 ADMENADKFUIEBRA RN D 2D, 1 bV HRFEAEL
RNELET T D, AT— RiE, DRZHEECL T TORAMEHE T2 L4E DL &
ST bN D,

Blue line : Phase voltage Orange line : Flux linkage
Red line : Phase current

Excitation region

con

o 2 : ::: ::| 1
0° :00 0. Py 180° 360°
| .. o
00;,,' :9:1” Rotor position [°(elec.)]
Variable interval for 6,

() hleE—R1

(a) Excitation mode 1

51



4T IS AES TNV AN KD AL v TF Y T T X A= H DR
Ml _EWZBET D RGeS

Excitation region

_Jeoh g 11 N .
1) 1 0.= 62" 180° 360°
Oo !e. 001p Qq

Variable interval for 8,

(b) ket — K2
(b) Excitation mode 2

Excitation region

i
5 0c0n1
1

9():00

1 . ~ o, -
9. 1180° |0, 360°
|

QCOP’ = 0,
Variable interval for 6.

(c) BhiEE— R 3
(c) Excitation mode 3
X 4.8 JibkEE— R
Fig. 4.8. Excitation mode.

4.5 ay b —7 O
451 EHEZ7o—Fv—h

X 4.9 |25 — 2 F A8 o QA I ER D 7 0 —F ¢ — k&R, F— & OIBEIE 43
o0 THDHOT, ET—F Sm i3t — R 1, ¥—U A4 ARSMHE 0, 1XERV A
Ootpy BRIEFAFEDME 01K OotptOcon \ZEXTE S 20, 1 FIBSEII D 2T S NG, ZDE X, K
R SV T DFAEEP < To DI, ERIRATE S E 0. D BRI TR AL E O ZHIR L T2,
Jihse 3 BRAR S AAUIZVERE AR IV CIHREA 0, DRI AT 721212, JibléT — FER
TR ORI DT — K Sm B LY — 2 A U ARS1E 0,°, SiifAEaE 0.
ZEET 5. ROREEMINZ T 5 T — FORIUL, AiORhEE BT 2 e — K,
A 0, & X — Al g DIEIZ X W iTh D, it — K 1, 3 TiX, {HEA & xFmhrE
DHEIZ LY, FhET— R 2 TIEZ— A O BIERANLE 0, b L <IXER D A Oy &
—HT LN TE— ROUIV B EIT> T\ D, BT — R 2 T, EiRAESE 0. 13k

52



FAE FEXEAIES TNV AN KD AL v F N T 7 X AE—H DR
Ml B2 B9 2 et

AP A FHAE CIHREA 0, & XTANLTE 0, D ATV, RO LR OEREMA 0. 7 A0 FEJ
EHDHZLICEIVEHBLTCND, 22T, 40 Fn—F2 ) —xzra—XOhfEREL R L
0.18Celec) & LT\ %,

( START )

R | [ = — = L Stoting seing

excitation |

cle N | -0 Nol

| l

I Yes I

I Initialization |

I Sy — 1 |
|

| I

|

*
9(/ — ealp
* *
9(‘ — 00 + econ

I
I
' !
I 6. — 0.+ a0 0. 0. 0]

N e

<

X 49 HX—rFviifgiifiar bue—J070—F vy —Fh

Fig. 4.9. Flowchart for turn on and commutation angle controller.
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Fig. 4.11. Experimental system.
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App. Fig. 6. Comparison of the torque angle of voltage-PWM control.
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