U ER TR

114 2018 47 A Electric Power Engineering Technology H37E EAHl
SRM 7 [] i, J8% [ 2 125 I To A B A% Bt 1 i R

IR, #

¥, KIRdh, RETE

( E ML A RA RRE 22 Rl T RAt 211106)

W E. 4k IF £ AL b AL (switched reluctance motor, SRM) K/ B 4% & £ & 3 Fo ik ik IR 3 15 4745 4

| 84 BF 7 e

AL, P LT SRM 2 sy SRR B T — AP #7094 T2 B AR k. B R ALB B R AKE IE 3h B 4T A R R

KRET, Z 7 Rt R AT Z IR IEANL EIL= A0 B HFIR, 4

SATEA= LR ERAL H

FLEEABEZNGRIZIRKXEZ, RARRZ LB LI SRM T 45 B EH LT, RL&BIG A L3R B0

T B 7y EBAT T i, 4
BT,

s R A, %7 k5t SRM 454 & ok 47 /f o € A5 5F SR I AAL B AR R B T 9E B 3h BARER

KW TR A EA R R ZA 0 A@F; #T 12 E

hE 4% 2. TM315 XERPRAEAD: A

0 3|7

T BE v LR AT S5 4 a7 B 2 ) SR TG PR RE
TSt LA T L A s 1 5| AU
T IF w5 FH AL AL ( switched reluctance motor, SRM)
PE R R GE L S A% BE TN RAS , TR I R AR 1 R St iz
TR RTREPE A M . 3 JLAE B AR S X SRM
ey B A I ) R TR AIESE , SCHR[ 3—4 ] 45 H
TR L AL IZ AT I A B #A 0] S8 2H v R HL O
T 1 5 M R A1k 355 2 7 " 4 B ) 3, SR T I 3k
R IE T T 251 AL B e B SR/, TRt
XA BAGE T s AT Lol . SCERLES T4
TR R REEE %07 R Rl R AR AR AL Y
R —H I — B R A A N A b TR AR
WESEAE 55 N A HP a2 L It 5 10T 10 450 4 G B R A 7
A, LA O 4 DB e 5 02 75 & 3k B4 A0 o7 B, DT
TRE & 7 4 A o 3R e B B 1 ) Bk U2 A 2
ZPNRESE AR ZZ 5 . SCHR 6—8 ] i 1 ik
TR MG TCOL E AL T 58, Hodme K ) /7R
T SR HLAILAR 2k M A5 AL X LA ME B 2 57, DATITOUL I 25
2 HE T SR AL > Be R PR AL, BN FIIE AT
0o SCERL9 ] RAT T N LA M 45 52 B SRM #%
TOLE ARG 1207 ¥ ST i e LR Pl 2k
BAE , 5 PR CA 38 b 28 I 28 A58 00 £ A A AR
BT 20N S, DT N7 A W — H U - A
JiE 3 AR R DR W A AR v e R A
MG F A FEREAG T, %07 B R AR ™, W]
s ) 2 S VL ZOR b M S s B R, AN 5
S
A B A9 .2018-03-25; 15 = H #7.2018-04-23

N E RS :2096-3203(2018)04-0114-07

ARSCERX SRM J5 2l AR IR Slis 17 PiAp AR
BT IO B ARG R, BT T — R TR
ST PR 2 T e SR g e R T ) A 1 R N O R
ZJr kX SRM = A Eﬁﬂgﬁﬁmﬁﬁ%iﬁ%%%
75 1) rit S i A Y g e 7 A RE 2 1) ) R 9K R
BORAR, SEBUEE TO B R A T a5
B3 B B 25 AR AS T A o B Rk AT
T AT RS

1 S THEEREERAEMITRE

1.1 EipEAM
SRM ) AH L JE L 255 FHU A FE 60, FIAHEL IR
i RRER, 12/8 % SRM LB NIA] 1 FfiR o

LGO) A ~
L

/|

1 12/8 1§ SRM R
Fig.1 Inductance modern of 12/8 pole SRM
A TE AL RE 075 18RI , 22 W% AH 8]
SO, W = AR AR R/ W] L g R Sk
j:j\j[lz 15]

L, = ZL cos(nb,,, + ne,)

XL, ﬁﬁiﬁﬂ&ﬁ(mﬂ’]?ﬁ @ M FRUERSR IR
P — IG5 0. F e FHLABE XS

k=A,B,C (1)



EHE TR S5 - SRM s [ R il i AR TG AR I AR R 115

JOL R T HIUAR AR BE N -
Onee = e’ NV, (2)
AN, TR, XA SR TR 12/8 254y
SRM HLHL, HEAL N, B8,
A E LB AHEE TR E T 5E Xt S L
WU RE S 25 22 0, U 22 = LA b 38 i 2y it 1Y
SRM = A HLU A R A «

2
La(i,0) = Lo(i) + L(i) cos(B,, + 5m) +

4
L,(7)cos(20,,, + ?’n')

Ly(i,0) = Lo(i) + L, (i)cos(0,..) +

3
L,(i)cos(20,..) (3)

4
Lo(i,0) = Ly(i) + Ly (i) cos(fy, + 5m) +

8
L,(i)cos(20,,. + ?’ﬂ’)

e Lo()  Li(0)  Ly(0) 3 A RET LIARSE e 7
AR 0=0°,0=11.25°F160=22.5°3 MERANLE AL
(1 Fi S SR A, i) 2 E B T AR AL T 92 42 X 5
PEEALR R L, (i) |, E 5% T #EAR AL T 1 o7 B AL
HUR L, (1) JB% 1 5 % 1RG5 42 A0 5 4 HL I
L,(i) o =IRBORMARAREZIEAN

L) = 5 {5 TLD) + (D] + 1D}

L) = 5 (L) = L) (4)

L) = 5 {5 L) + LD - 1))}

12 AEM/ITREE

DIARSCR FH ) 1278 Z546 FT 5 4 B F MLAE B Ry
B, AWKk e LS A0 B AH, B B ARG T 5 €
TR GE A X T Ry e T AL W LR
37 FELJE 0 A A = AR LR R A 2 Rt AL
A 3 SURHE:

(1) HIBL=AHSE L 5 JR 0 1 24 5 23 R 43 A, A
[B) B 25 120° 8 £f B2

(2) L HL=AHZELH o [a] B A7 70 8 i i
A 22 %R ) ELJRAEURY 5

(3) AR Ak F et X sl etk IX B, H:
BOBITEAR Rl —3

BT UL 3 SRR, B 2 Hr iy = AH U AT LR
S 18T PN 2 B s [ ) & T X, &l 3 i

PRI, =R PR AR 52T T PN 1 23 ] 1) 1 T R
NS SUY

LOY g g gm= 2

1La

| |
| [
| |
| | |
| |
| | |
| |
| | |
| |
| | I
|
0° 90°  180°  270° 360°
2 BEFA=tHBERRE
Fig.2 Three-phase inductance waveform
in single electrical cycle

Oarec

L~L./120°
%m::%w*

L,=L, /240°

3 ETHEHN=HEBEEE
Fig.3 Three-phase inductance vector
in complex plane

L,=L,™"
L,=L,e" (5)
L.=L."”

TEINEE 3 J 78 0 51T N, 5 ) 8 F g )
L., TLh A B C = AHHL R &5 ifs Rk X
W

L, =L+L,+Lo= L,e™™ + L,e” + L.e™™ (6)

W) RA(6) i — 2D 345 3]

3., 3.0
Leom = ?Llewelec + ?[Qe 20clec —

(Lycosb,,. + L,cos20,,.) +j(Lsind,,, — L,sin26,..)

(7)

R, b 21 ) i P 3 AT LAKIGE , 25 )45 J e,

S L, 38T LTSl A R B L, 5 Al R
gyt Ly Z[A] Y [] AR -

L, =L, tL, (8)

2 (8) H A S 7 S Al L g ) o O L, 5

ol v ) R AORSE Lp ) P S ARRRER L L Ly Loddiad 3/2

AARARAT -

1 1
Lu ==l t ln =5l
(9)
V3 J3
== hot ke



116 & AH) ALK

KR AR (8) Pl Lht— 455 L,
(14 K IS ) R T 5

Lms{%—;<m+La}+ﬁfu@—uﬁ

(10)
45 G ) AL A L, I PR A 5 ( )
55 (10) ARG P2 TS B AR 85 25 1R R A 5 5% 1 v A
JE5 = AHALIE Ly Ly, Lo Z 18] (14 B B IK 5 HFF)
R AT A KA TR 2 .
2L, cos’6,,, + L,cosf,., — L, +

1
?(LA"'LC) -L;=0 (11)

A =50 — W05 AR MR IS 34 SO0 b kAT
KA, TR AT B AL 0,0 FIRCRIZFR

_ -1
eelec = COos

2 1
_Ll +«/le + 8L2{L2 +?[LB _?(L,\ +Lc”}

4L,

(12)

AL A LA B AR 275 A s 52 - [ A A 7

5 A B AR R 2 T BRSO R A T 2o e, R T

HSHHO A AL C A, B B AL T2 50 o3
T

0. = cos™
) 2 1
_Q+JQ+&%Q+JQ—2uu¢0ﬂ
4L,
(13)
0 e = cos™!

2 1
L+ \/L12 + SLz{Lz +?[Lc - 3<LA +LB)}}

4L,

(14)

A1 (12—14) Al 1, 72 AL LI A7 i, H i 225

PRI = AHGE L i HUE, IR ZE B A RIS AT
A A BEAGTH A AR AT S 100 B AR AL

2 EHEN =BT

H b R A BE AT Rk s mT i, 7 20
HLALEY = A IS R R T S B R A RESE B 1
FABEAG S o e, AR SCHE R ML 2l iR A g 25 ik e
WA AT AT =ML S, Bl DC R L R
) A SR R M S A AT 508 1 R Bk o, i
TSN T bz s S sh o8 %, HAE Z M A
BH R A 264 T, SRM. F IR D7 A RT R AEH -

L,di,

dt
WU WL SR, = e T L R RS
(ERP

U, = (k=A,B,C) (15)

gzmiz (16)
s AL B ARG P B B LU s AT O ik h i
B a] i 48
PR, 7E H MLAL T 1 IR A5 8 3h =2 i, A 1
ARG ST A VR AR T DK i, eh SRR B Y
=R R A A N (16) RIRT 5 SRM = AH 484
HLJREL

3 (REREIETH SRR

75 SRM b TR SK Slz AR A I, =841 Y
H — AP AR IE AL T 3l Sl BAR A IR O T 4
IR FAAS TR 1) T Bk 3R BO 5% 5 0 BAl A =
HREME R o Sl , A SCH Yok =S IAHTE A Rt
Fefyk oy e 2o v A 75X (16) AR IR S A FL /g%
(B, PRI = AR R R TR 1Y R RG] A 3 3
AR LR, BARSE B RAGA I T

AR AR IE A (R 25 LA AR 1R T R bl — 2 H.
XERR, R (3) ml A, AR A L, FT R

L,,=L,(1,0) +Ly(1,0) +L.(1,0) =

2
3Ly(1) + Ly(i)cos(fa. + ) +

4

LZ(i)COS(Zaelec + ?Tr> + Ll(i)cos(aelec) +
. . 4

L,(i)cos(20..) + Li(i)cos(fo., + 5om) +

L(D)eos(20,, + 5 ) =30,()  (I7)

It (17) KA AT L, = A0 AR TE 52 % B e
PRI, = A H SR i 0 2 2 R L U R T R E M
3Ly PR, S AHHLE L., AT LUIE G = A
L W25 A LR Ly, A3 P

Lopen = Lo = Lo = 3Lo(1) = Ly, (18)

i E 2 (18 ) RTS8 9 5 AR v B i i 11, 31
S5 4 TR SR BEE— 2D U] 7R A AR
DXTA] A, SR FH A R 3 4 B o O A7 A AHZEAHA
DB P Ak T30 R O B 430 S DD 400IR 2 IR Jik o T s
HEA AL W) B C 28 PRAETE A = 40 H e Jik i 3R
BB C PAH R T3 A 2 (18) [l AR A A8
HLJBAE s T2 A FH R 23 AT, IR AR H JEk )
LK eI AT ARG R, B C O A H SRR B
J7 A2 W,



23 [ SR e A AT TG A7 A% S Tl B AR 117

FME % 4F:SRM 7
N
LTI LT
S
XA 1) 2SR X ]

| i
|
|

/ :\ BFEN |

o [4

B4 REIRZEITR =48R IR EURE
Fig.4 The principle of three-phase inductance
obtain at low speed operation

UL, 24 SRM 4b T 3K iz 17 AR 0T, B Bk 7
TG = A i BRI 55 B A 21 Y SR T HE R
B Al 5 A SRR T S IR S8 A IR T 5 7
AT

4 {FEIIE

TSR 3R T A T SRR B AL A
AT I B Al A7, A8 SC3E T MATLAB/SIMULINK
Xt Y DG B 7 B T O B AT R AT T
DI EC, IR AL 0 5% 1 A B2 55 SE PR e 1 A BE AT
Xt TS, O o e b Ol AR s 0°, KW A
15°, BRupE A BB RARIR N [ (H 1 kHz,

Wl s Fros  apLER kR Shint , = HISE4 P
FEA T kHz {4t i fikooh , AT ZBOE sl &
ZARGEL F R R O R AT — 5 2 S, W O FE A /)
12 B ARSEZH , Ul ZI e LS T IEAL T B AHSE2H
RUBER IO . 7 LA 2R R R, e ik i 1l 3
FRES SR EEAR W) & R WR SN i% 5 5 RS BE
Ferwia b B MR E O, A TR BERT B R B 20K

5

BA HLI
/A

O T 5105 0T 0115 012

ALLAALLLEELEEL

0.1 0.105 0.11 0.115 0.12

5

CAHHLIA
/A
(=)

5

25
JIL

L AATH)
/A
5

0 . . . .
0.1 0.105 0.11 0.115 0.12

1)

393
(=]

0.1 0.105 0.11 0.115 0.12

VR
N
S

)
S

0 L L L )
0.1 0.105 0.11 0.115 0.12
IFE)/ s
5 LRI GERE
Fig.5 Simulation waveforms when
SRM startup at standstill

&l 6 S%%id S 150 o/ min BXEE AR T 1Y =
AR AN TG ELOE , C R4 R v Jk ey IX
BT RIDCIE 2 PER A3 2H 8, DX 1 HUERJE i A B
2 RAHTE ARk b 455 2 (18) Al TH45 Hy iy, 1 DX, 2
HUBOE C A AL T 25 FRDIRZS B B ki AR .
H & 6 R HL B A T DOWEE R, C AHAE XS 1 Y
A0 T8 RS T AE X 2 A A T 5 PR Bk ol i
AR . AL 6 Hhas PRAR AUk g A R
AR ELEOY TR R Y 5 R A A R
WER AT 5, O B 1 £ BE Y R BE Al BRI T A 4R
M

XM XA
1 20 CHIA AR
LI

i H

T By H

- 2

‘ g\ %
f’,'\

|
i

5‘ 0.55 0.6
| CAR R A A TR
|
|
|
|

0.4 045 | 03 0.55 0.6
< 20 || BA CHl A#H
oS | | | /
K= i
£ 1
= |
LY ol Ll
0.4 0.45 0.5 0.55
CHIBKIMEN AFHRKFEN BARKFEA

v RS v S

fili s
/

gV H

00‘4 0.4.15 0j5 0.‘55 0:6
A/ s
E6 {REFEREITEREBITERFEER

Fig.6  Simulation waveforms of current and
inductance estimation at low speed operation
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Low-speed Sensorless Control of Switched Reluctance Motors Based on

Space Vector Model of Phase Inductance
WANG Pengfei, SHAN Zhe, ZHANG Guojing, ZHAO Hongfei
(State Grid Jiangsu Electric Power Co., Ltd. Maintenance Branch Company, Nanjing 211106, China)

Abstract: In order to solve the difficult research points of sensorless starting and low-speed operation of switched reluctance

motor (SRM) used by electric vehicle. A new sensorless control method based on space vector model of phase inductance for

switched reluctance motor is presented in this paper. Three-phase inductance of SRM are computed by pulse injection at startup

and low-speed drive operating two different operating states, and through the cosine functional relationship between space vector

model of phase inductance and angle to realize the rotor angle estimation. The realization of this sensorless method is simple and

reliable. Finally, the proposed sensorless scheme is verified by simulation and experiment. The results show that the proposed

method can estimate the rotor position accurately and meet the requirements of low-speed sensorless operation of SRM.

Key words : switched reluctance motor; position sensorless; space vector model of phase inductance; rotor position estimation
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