%46 % 54 oA Xk F F R Vol. 46 No.4
2024 4E 8 A JOURNAL OF NATIONAL UNIVERSITY OF DEFENSE TECHNOLOGY Aug. 2024

doi:10. 11887/j. cn. 202404012 http : //journal. nudt. edu. cn

LR 5 B A & $R I 5T B 7C i B 1% Rk RS 45
R A, B RO, £ B, RHE R

(BEIRXY SHERRKLEELEHE, Hb XX 430033)

o E N IF S sl RS 5 3 A R ) S A Rl B, SR FH v A Dk U F S VR AT S8 LR Bl L
FTACH ST By, F 25 G b v o DX AT S50 B 05 T B 4 e T3 P T Ao B A B 2 5 ) SR o Ry T S35 s il
J5 3G U4 , 45— o e X S AR S ML, G (s R U4 5 s, T 4 SR e 4 e 3 R Rl 4 S R
ARG X 3 P X LA B v g R IX EL AL i o X A A O DX R T e e A Tk i R A AT, (LA A
SRR R , UM 2 o S T 80N A R 05 F s X A5 e 1 o B A i AR Y e, A e
DR AT R 1 7 2 S B R AT IR R T A TR A SR o B X J Sl et 3 DX P R4S B8 A4 3 ik R T4
IR G R R, BB T R A AR &, S T3 0 BAG T I iR o e — & SRR R 25 AL b
R VR 0 AT T 30

SRR < AR [R) 25 FU AL 5 O B AR RS 2 T 5 e I IR PR PR T 0 s S e 5 B A

B 425 TM351 SEREE A EHRES 1001 -2486(2024)04 - 114 - 11

Position sensorless control of permanent magnet synchronous
motors over the full speed range

LIU Jilong, FU Kangzhuang , MAI Zhigin" , LI Kefeng, ZHANG Weiwei
(National Key Laboratory of Electromagnetic Energy, Naval University of Engineering, Wuhan 430033, China)

Abstract; In order to solve the problems of slow starting speed of IF control and weak starting torque ability, the high frequency pulse voltage
injection method was used to complete zero low speed starting of the motor, and combined with the effective flux method in the middle and high
speed area, the position sensorless composite control strategy was formed in the full speed range. In order to achieve smooth switching between the
two control methods, a hysteresis switching strategy combined with a state machine based on the speed transition region was proposed. The entire
speed range was divided by the proposed strategy into the zero-low speed area, the transition area, and the medium-high speed area. When the
motor entered the transition area from the medium-high speed area, the high frequency pulse voltage injection method was started in advance to
stabilize the position estimation process and prepare for the switch. In order to reduce the impact of the injected high frequency voltage on the
position estimation process of the effective flux method, the input and exit of the high frequency pulse voltage injection method were realized by soft
switching in the speed transition zone. In order to solve the coupling problem when two position estimation methods work simultaneously in the speed
transition region, a double synchronous rotating coordinate system was set up to realize the decoupled control of rotor position estimation. The
effectiveness of the proposed method was verified on a three-phase permanent magnet synchronous motor.

Keywords: permanent magnet synchronous motors; position sensorless control; high frequency pulse voltage injection method; effective flux

method ; compound control
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Fig.2 Block diagram of position sensorless control principle of PMSM over the full speed range

2,0, 5 60, 4 MR TR BRI
TR 5 37 05 5 @ 4T Oy 23 ) 2 8 91
R R AR R S 50 AR TS B 0 5 6.
3R R B R S AL E AT E R, N
TAEFRGE, J5 SO LR B Fh 5 1 8T Bk 0 kIR 7
Stk

R 1 B/R T A SR I e 3 X R 5 S T AR
2, F LU T 8 24 S |, |75 9 A [R) 5 3 X
() PRI A , 28 XHE AR % I8 T LB PIL % T
o Hor, ny AR SIALAE 5 3 n,, RREAR
T DX g DX = [ 1) e ) 48 o R
BB 30% ~35% ;n AR X5 v syl
DX 2 [R] f18) 2 o ) 4 o5, 3 U R R T )
50% ~55% . SCHVSZEG T FH L Sl HL AR A B 1k
600 t/min , Il FLEE T n,, 1,20 5 E A 200 r/min
1300 v/min, (2 1 0], 78 F K X H] 0 <

|7, | <200 /min, kIR IE # 145 AT SCBUEE 145
OB AT, FAG T T 5% f 5 i P B A
BB G = oy 5 0, = 0y » TR BRI
T TS 6 B ARSI AR S SR
P PR ER 5 78 5 IX ) 200 1/min < |a, | <
300 r/min, BEBEANTT B L o ol 0 B (5 B AT
FAFR BRI (B 0, = 0.0 5 6., = 6,0) , Bk
PRIETEZIX ] E % AR, (A HE B A S 5%
P PR ER 5 7 HR i X ] 300 v/min < |n, | <
600 t/min, B 5B Al T A% - 5 (0 B A T

®1 BEXXSRIERK

Tab.1 Speed zone division and working mode

EEXE A/ (/min) iR R
FAHK (O,n,)  TAEAMRF  THERHR
X (na,ng)  TAERMIBE  TAEHMEE
FEHIX (ng.ny)  EIETAE TAEEMR




<118 - B BE K 2= 2 i

55 46 &

HF BRI ., = 6.0 0, =0.0) Bk
PRI OGP T AR
3.2 REMBHIRIRA R

1 AT, I L 545H 200 r/min 5 300 ©/min
& T A R} e DX T A D00 o (AR T T R G
o, o TR T SO TR AR A LA D) 4
SEPEEE RN 200 r/min 5 300 r/min, 2445 E
W E N 200 r/min 5 300 r/min B}, B2 {# R 50
AN BT A B 3 X ) 22 ) A D) 48, B0 Sl
Khdo AT MRS, ASCET T AT ARSI
A IR DIy ik o B 3 ARSI LAY HiF B D) 46 )5
FHIE, HoA 8] 3 (a) ARFRZSHL, BT 3 (b) R HN FR
DI 07 38, O LIS T 3 24 X (B Ol DD 48 L 8K
PUE 38

|,>305 r/min

[#2.[>205 r/min
Model ¢ Mode3
(kdRE:) (REEER)
TR X
13 [<195 r/min bl

(it RuRgag) )« 17208 Tmin

(a) RAHL

(a) State machine

o I X

A" Y A

\/
2mgx| | ,
195 200 205 205 300 305

#438 / (t/min) #438 / (t/min)
(b) FIAPHR %
(b) Hysteresis switching method

F3 ARASHLA A R D460 5 2 ]

Fig.3  Hysteresis switching schematic diagram of state machine

DL B AL IR o RSO P4 5 kA 7
4. S PLE 0 sk 3] 600 r/min, 7F 5% #
|l e [0,205] v/min 75 [ P, R & HL L F
Model , It 2% d2 42 1) >R FH WK R 32 A T 1) 2 7
AL EAE A AIAME 55 M55 [ 2, | >205 +/min
IPARZEYLE Model YJ4 3] Mode2 , Fi Bfi#LiF A4k
PEIX, R B 4a il v (9 7 3 5 06 B PFL O 5 H ki
P THE B U 2 0 EE 1 A TR S B kR
AR TAE; 2 [n. | > 305 r/min B R S HL H
Mode2 Y431 Mode3 , fik % 5], I H 2R 1045 1l
R R B A T E 0 B 3 5 07 15 R AR O M 3R
55,

A B 600 r/min G E] 0, IRZSHLE S

b T Mode3 , 2%t 448 il SR PR B8 1Ak 11 7 1 5
P B fE B NHARE S Y [ n, [ <295 1/min BR
A ML Mode3 YJHeE] Mode2 , 4% IF R FH il 4 1 11
el S0 BN THE BAE N R A IME B
Al B IRIE I 5 24 |2, | <195 v/min BRRZSHLH
Mode2 4 55 Model , JH i 5% o 42 il 5K JF Dk % 12
RS AR SR (ol E N R A
i BAG TS B VI , BB T T R AUBUAME A
B TR BURKIR IE % AR
3.3 EERKIRENRANSRBHEAE
ARSCAEV T PR B AL T 7 1T 4 5w
B, 0T Ao 98 IR 1 B A 5B O R R IT
WF5Eo 18] 4 ARFEAS ST % il 3o IX kR v 11
WAHIR TR, B HOCH 5508 & Ok
R 26 1 177 30 52 B0 A Bk AR PR S PO RS 5 1
Ao B4 H a SARERIKIRZEHOCH 5, b SR
BRIREBTT RS . A SCRLHU LIRS T (5 -
B B — ) M), %o O O X R s Y
PEAGIR 7 BTN

»
>

HPHE / (v/min)

Wi /s

B4 e WX i i B 3538 H 7 98 B 1A
Fig.4 Schematic diagram of input and exit scheme of the

pulse method in speed transition zone

1) 2 98 DXk A v e 3 X 0 kAR 3 7938
i LR E], B LN F R X i A i
DX IR s 1 07 2K ek ke ok U e 3 i 1 (A
MDA A LLIERL) o TR I DX AR IE AR
SRORFF AT, Bt A g U040 28 k9 ik A X 1] At e
#, (R RHAG 5 BAS 5 R PR .
B4 b a i a8, 2SI a8 DOhnd sk A
o R IX, BRR I A R 2 3 0/ 22 T S B Ok
P, kiR A5t 1 A

2)) v g DX A X 0 kIR ik B B
Jrgge B4 b SRR S R X
Pl T AT B DX IR 325 A L T G2 T R E
A SIS BT IR, H H R T 24 i sl g o g
DX E AFARGE X, SRR PR AR AT, W B 5K
A A RO A o HLBIL AL B IX i AR
DX g ], 2 1 2K e i i vk D04 2 Bk R vk (AR 5K



4

KT, 55 < 7 R [ 25 B4 o i I DG 7 8 A et 4 - 119

WU L B AR SE L) , BRAR I Al 5% 1 5 5 0L
BFEHTREN.

ARSCBEHHIT A AR O P 1) i A, T 3 A T
2, HALE TR AR IRIE T 5 25 P I3 A ki
SR bty BRI T o A R i
I RE T T AR S M A IR 0 B AR R
A AR ZE (R T, SR R T B PR O o7 B IR 2215 5
PEAT BN T A5 5% AU E A THE . SR, TEARY
TR A IR HL s 5 L 7 P A — R R AR T
(B BRZE(E S, A0SR G SR Ik et 1 K A1k #L e
(RPREJE lORESC P ) | 6 SR (8 BAR 20 14 i A A5 5
RV ERZE (S5 K A S AL, TS BAH B4t Fr)
TR S B AT HE AR o PRI, XA
RO s 5 3K, RS A AL IRk IRV
I B P IR X A 28 R 1 4 ity

S DUPKIIR 12 5GP 00 S 4], % B 1 AN ) 5%
7 SO REREEAG TR B 2, TS () AR
FWKRIE R IURE SC P A LB 45 2R 5 P S (b) AR Bk
PRIEREIO A B SL B 45 28 . i &L S (a) ml K
i A S DA I ) A 28T i S = A W A
gy, BLRARE KA 7 O A RO 05 7 A 1 it s il
PS5 (b) R 1R B SR PAT I A 00t e ik A A 4%
HIEAPRAR PR, R BB 38, S e i 5 Al
T AU G BT, SERR A RS SO A — 2
75 T8 BRI R O T IS BT e g A 1
BLS B SCHAT O LAl TEA PR A

(o)
<
<

=) ; —— XhRRIE TR
£ ol % | |
=
) 200f
#
Mmoo
#
-200 L . L L L
1.7 2.0 2.5 3.0 35 4.0 4.5
mfIH /s
(a) B
(a) Hard close
. 600
= e
E o v [—ZBdeE VI |
=
& 200
#
oo
#
-200 . . L . .
38 40 4.5 5.0 55 6.0 6.5
mfIH /s
(b) HCH]

(b) Soft close

BlS kARIER FIAS [ S 1 O 200 A RO i i
(CRRESu A
Fig.5 Influence of the pulse method with
different closing methods on the estimated speed of

the effective flux method

3.4 FERKRES#BENBESHER
TERGHE I X, Bk IRE S sk IR i A, 22
1M R B R X AL A T i AR
MG BRI BRIRIE R —F A A7 0 B P 35
AL EAG TR , S e AU P A S« (D7
IR IR AL T AL b R A R 90 R T 5 @ Bk i
ENLEATTHE N T A AR i . BRIRIE 1A
R AP SO 26 250 [7] B 3 12, HARAS H 72
RV K BN R NTIRZ ST €/ 3E

BT dg AetE RIS T S B dg BRFRTES
(KIRE ST .

$EIE R BN 2o B A 7 s ph KR 1)
W T R TR | E R OR R AL G I Bt d A
BT TE | A 2 FERGBEE F I dg AT 2
H d i A SR LR SRR TRE, R4 Ik
TRHR S £ dg kT R ELSE dg A7 2
(IR F7 , LA H A T R 5 T o R A
e P O T 5 o T TG v A
ST TR BT, R R S R e 1Y
AL A TG A A AR B Ak | i 15 4
F R A I o 7 AT X R 2 T 1 S B
TFJ 58K SRR 7 O U

Sy T SBT3 R R, A S i
BT XURAE e A6 bR 2, B AR B A s T
BLE 0, W0 — B R A AR 2R, O A
S L 507 A 4 7 2 s 2R S 5 B T A
HHOEE T 0.0 158 55— [ 45 et A A &
b 1 2 T LR 5 W s A8 A 2R — 7 TSR T
A7 B B S BB Rl 8 A 1L Bk 7 o7
SEIN 5 55— 7 T, Wi BT A0 8 s 2R 2 SR
BB A2 5 0,0, B0 I A8 bR 26 (1 2 P g
LRI ) | S TRE D B 25 T 0.0 BT AL BR R
B 7 (AR 3 3 X A 3 [ A T, Bk
R OR BT 7 OV AABAR R o BN kAR 7
R0 57 52 B o7 UL, WA TG S 0 4 o o7 S
VRS

A 1 A8 47 28 00 A1 B, 52 B FI B3
AL IR

u, cosée
[1=Mmd%0 L
Ug,

sinf,y;

BEAk , NPTAH S L AR AR 2R 0 A BT, AR
BB AR B LR



- 120 - EZ VIS AN 4

55 46 &

u, COSée
[ h] = Udm ~ " ( 12)
uﬁh

sinfy;
Ao, U, PO 1 RS 40 T I 3 A 19 B
MLk .

4 ELWHERSHH

N T B UEAR SR H 14 e T L K g TR 22 v
HLIGHL B e B2 15 4 Wl SRS R, 5 i S 01
BV TSI YGIE , AR ) LSRN R 2 7R o
PRS- 15 M) FH 8 A s 16 K i TR) 2 L AL AL el
AE, TV AL, KRG A L Sl A L™ AR
HAETFIMAE T OB B b 7B R AR DT IHT, A
Jou R OB BT (R 5 A0 B Ay (digital signal
process, DSP) H 4 5% et 7 5 S5 K 1 B 5%
BT, A5EALIE PR Rl = i i A T oR 4R
) M MATLAB B PER T A B e A T A B

Fx2 KEEIBEISEH
Tab.2 Parameters of PMSM

HLHL 4L ZHUE
AHEL m 3
WXL n, 3
AR L,/mH 4.475
AL L, /mH 7.994
SETLRAWM R/Q 0.039
KRR ./ Wh 1.357

4.1 FREXSMAKIREEENEMERERIE

TEAIR B X, R FH R0 K AR A T i A3 X
PMSM 56 SAr BT AT Bl 6(a) . (b) U5k
HLBHHL D 100 1/ min IR A% M1 3k 1R 22
RSB AR . B 6 (a) (b)) AT, K Al 25
HLLE 100 v/min {1 00 Tz 470, Bk Al T 69
Bl A S PR AR W) | B A TR 25
P Any,, = £2 v/min, SCEREREW] AEFH
DX R FH e A0 R e P AT R DA S 1
A UER Al 1T

¥Ry 100 r/min T30 F K # 7] 25 f LY
(B R ZE N = A R SE R BB AN 6 (¢) | (d)
IR o KRE TR A HBIL = W 3 BT 18 8 B 15 B0
FE—REREBE b Tk A R RE A ARUE
WK 6(c)  (d) AT LAy PMSM o B Al 11 %
ZEVEIHE A0, = —4°, (L EAG TR RERCAF . 1
IR E AT i HP el U 0 W 5 Bl , 1 Ok P

TR (4 To 7 AL A 1 i O i B oA B Y
P TERE -

2
f=)
(=)

I

LR - - — filib ]

—
n
<

100 r/min

HFHE / (/min)

<

0.2 04 0.6 0.8 1.0
mfIH /s

(a) By
(a) Rotor speed

<

10F [An _— +2 r/min

PN AT N T e

FE R / (r/min)

072 0‘.4 0‘.6 0‘.8 1.0
B/
(b) HesiRzE
(b) Speed error

RLEBRZE/ ()
|

|
]
=)

0.2 04 0.6 0.8 1.0
mfIH /s

(c) PrEIRE

(¢) Position error

FIRLIE/ A

mfIH /s
(d) ZAHHR

(d) Three phase current

6 ZARE DR FH iR SRR R T T A )
LB B P
Fig.6  Motor experimental waveform when high frequency pulse

voltage injection method is used in zero-low speed area
4.2 PEREXBHEEEEREIE

TE A X, R A 308 Bk R K i [R) A0 W
U TR S0 B T il it B 7(a) L (b) U5
HLEHLEL 3 600 1/ min (FE ) B 5% 5% F 5%
HIRZETIREE R . 7 (a)  (b) nlHL, K i [H)
A HHLALE 600 v/min () T 00N 1847 I, BRAR 25 4
AR 5 S PR R AR W) 5, e Al iR
22 FIME Any,, =~ +4 v/min, SCEEER[FERELE,



4

KT, 55 < 7 R [ 25 B4 o i I DG 7 8 A et 4 + 121 -

T F e 3 DR A S8 e 12 T LA S B 1T i 14

HERA T,
1000
.é [— St - - - fhits
@ 500 | 600 r/min
&
il
& , , , ,
0 0.2 04 0.6 0.8 1.0
mffl /s
(a) BFHEM

(a) Rotor speed

10F & AnAVgZ +4 r/min

AN MR ANY

FE R / (r/min)

~20 . . . .
0.2 0.4 0.6 0.8 1.0
B/
(b) Feizz
(b) Speed error
20
= 101 AgAvg: =0
gl
oK M AANMVWWWVAANAV A A AWV
e
= =101
~20 . . . .
0 0.2 0.4 0.6 0.8 1.0
B/
(c) PrEIRE
(¢) Position error
100
Ia Ib Ic
i 50T,
3 of
=
M =50 F
—100 . . . . .
0 0.01 0.02 0.03 0.04 0.05 0.06
B/

(d) =AHR
(d) Three phase current
BT o e DR A R0 vk i s LS B e
Fig.7 Motor experimental waveform when effective

flux method is used in medium and high speed region

[FEIFEHE, B 7 (c) L (d) JB/R T HZhLEE ol
600 r/min {3 E 14 {37 8 15 25 R0 — A HRL 900 52 56 D
o i#tE 7(c) (d) AT LA ) PMSM 7+
IBAT B0 T R ARG EE AL T 7 S5 A
B, = L A e TR SR B, o A TR 2E
BIH A6, ~ -2° i EATHERE R 4T
4.3 IR EEEREIGIE

4.1 5 4.2 TR ZAIR R X s X A
P E AT AL AR O BAGTHERE T T 50E, A<

TR PIRR AL E A TR Z R A D) s L RE AT
Bk, & 8 fUR BB E M - 600 1/min 4%
I ZE 600 r/min FYSEELE R, Hp, & 8 (a) ~
(o) MRURH i 1T e e 1 iR 22 LA e dg il FR I Y
FIAR E 8 (d) ~ (o) (UKL TO0 FARES
HLAGH PRI I8 W, 5050 D i A H i AR 2
PURAS . Z5 K 8(a) ~ (o), HLBIHLH O ek 2
600 r/minid F RGE TARIRZEUNT

1) e S AL Lk i e A3 R F P A
SEEE TR A B AL T, W5 AE 0 $205 v/ minily
L S L A T AR X, ARG T 5 B2
TR a4 ol F) e s 5 7 A L P B 1] 8 () RS
PR R G TAEAE Model o fEICIE AR Y, HEBE TS
A E B RAAS IR B H A (Al —E

L ow kR POIRE R
2 o porses] |
i:/ 600
= ot AR
BRI e v
¥ ‘ , B
2 4 6 8 10
Bl /s
(a) B+
(a) Rotor speed
- 0 T
= P
£ o i
W D P il Jﬁ.”pm
iy
0T P
¥ . . i,
0 2 4 6 8 10
Bl /s
(b) iR
(b) Speed error
100
< |—d$ﬂ]lﬁﬁ—q$ﬂ]lﬁ:ﬁ| L
£ ot 4<
S e— —
-100 : : : :
0 2 4 6 8 10
Bl /s
(¢) dq BhHLi
(¢) dq axis current
. 150F
H
=/ T5r
2 \ ok
#o]
6.60 6.6’5 6..70 6.‘75 6.%0 6.85
Bl /s

(d) B P i AR R B

(d) Soft close process input voltage waveform



122 E R PN 546 %
i Lo RepE: RS L R
5 o= = . |
b ; P T £ [t - - - ]
% Mode3 q H E/ 600 : H E
g0 Ul 2mE [ Mode 2 o soPRLE :
1 . é | Model ! i ‘ ﬁ o o : i —600
% 2 4 6 8 10 F oo ﬁ&z'ﬂd RS .
B/ 0 2 4 6 3 10
/s
(e) RASHLH ER YIS 72
(a) HeFie

('e) Process of state machine hysteresis switching

Kl 8 &M —600 r/min JiEE % 600 r/min T
HL S HLSE R P
Fig. 8 Motor experimental waveform under the condition

of acceleration from —600 r/min to 600 r/min

PRIFIEH AR, U4 20 P DO 4

2) B B HLEG i ETF, 24 [n, | >205 r/min
i S AL R AV X, 8] 8 (e) IRASHLER R
48 TAEIRZS B Model P4 2] Mode2 . D)4k I 1]
I e A Tl ) A 8 55 7 PR M B, oh R VR  Aikat
5 BV BB DA T B 58 OB AL B A,
THEL T . FERT I IX, kR AR 4 T4

3) b it —25 1 FF, 24 | a, | >305 ©/min
B R B HLG S A s X 8] 8 (e) AR PR ]
ARG TAERAE B Mode2 YJ# 5] Mode3 , 75 H i 4
DX, R 32 A e T 5 0 8 P A 1 AR SR AE S R
ARG R . (HE, B 8 (d) afEn ik A
Mode3 Ji5 fr 41 L . 728 20 D/ > 28 20 52 I kA 12k
VAT, — 7 T G B B L R IR 2, 55— T TR
D 2 I s A %o i vk A A PR RE Y s
H A R 22 Y T DL, B T 00T PP o
FhTH I B AE V) I 1) 57 ok A B iR ¥ , B K%
HIRZEZN -7 o/ min; IEFE T O PR E AL T
T A UGB [A) 5 i [l B 2R 3R IR 7 , e K
HIRZEL R — 11 v/ min, [R]AFHE, 56 B0 A7
T EIE VIR G, e BR 2 W S 7E 29 0.3 s NN
KL UL R GRS BRI R SR 4
BUIN R A B B R R — B

&9 ARFEH BIHLEL M 600 r/min B 47 5
£ -600 r/min YLLK, B 9(a) ~ (c) KK
Ryt I T R 22 D KL dg il R I ) S 4
H B 9(d) ~ (o) RFZ I T 00 N AR HLAY I
WU SR ETE o3 Ao A RS LR
5K 9(a) ~ (o), H1ZhHLEH 600 r/min 8 % 0
HBRAG TARRET

1) 4 ML H 600 r/min F 46 Wk, HL Zh L
BB IT T EEX, B 9(e) REVEH RS T
YET Mode3 , JH B 1 455 925 1) B o 5 0 8 A Ak 114
SE R < s T P B

(a) Rotor speed

40
201

FE R / (r/min)

=20r
00 > 3 6 5 10
mffl /s
(b) iR
(b) Speed error
100

[— b — oh]

<
# H
—100 ';
0 2 4 6 8 10
mffl /s
(¢) dg fhHL iR
(¢) dq axis current
o 150t
1
3 75t
A IR /
3.75 3.%0 3.2;5 3.90

mfIH /s
(d) HIFRE B A B EIEIE

(d) Soft shutdown process input voltage waveform

5 .
.4l - : P =
44%3 N PRI X : HER I X
_‘é 1
Q20
=t :
Model &
0 1 S il [} 1
0 2 4 6 8 10
mfIH /s

(e) ARHLE U e
('e) Process of state machine hysteresis switching
B9 #5600 v/min JEE E - 600 t/min T T
R B LS R
Fig.9 Motor experimental waveform under the condition of

deceleration from 600 r/min to —600 r/min

2) Bl HL B LS T %, 24 [ 7, | <295 1/min
s R B LAES R AT IE X, ] 9 (e ) IR ASHL IR £



4

KT, 55 < 7 R [ 25 B4 o i I DG 7 8 A et 4 + 123 -

G TARARAS i Mode3 5] Mode2 . {H 157 1Y
e, — HLHEA Mode2, 18] 9 (d) 22 W kR ¥ 1 1 A
L T R 00 3 R, SEBROT IR
T 08 AT 6 58 5 1 A T, S S B P B A
Fo BRI RERE Y O 15 07 B A A5 65 AR AR
N KA B PR ER A L

3) bl e it — 2 R R, 2% [0, | <195 1/min
i L BLA AR X, [ 9 (e) R ASHLF W
ZG:ih Mode2 P)#: 2 Model , JH I 22 45 44 5% I ik
Rk O e k5 57 O A S A Ak s o oA
SN EF SR WTE i LIV (pa = RE ORI E 8

s 15 2 W T LA MY, IE 5% 00 F
PIOE B A 0 9 A V) 30 W 1) 4 ok R R R R
Vi e KA AR 25299 8 v/ min g [ T.000F Bl
A7 B AT B AE Y 4 1k 8] e 3 R FE & 2R 52 iR
Wi BRI AR 2229 9 13 v/ min, 58 R R 03
ARG, B AR 2 W £ 2 0.3 s I
2 UL R GE IR T RE IR . A, th dg B ERL
T AT LA 08 7 )7 0 I B L TS KR 35 14 O RS
55 IR, 5RO BT A AR B, 52
W g 5 B 4 dn LI P S R B B B — B
XTFHZIHLA 0 Ji#E &= - 600 r/min [y B,
ML SRR 45 5L

idy FIRSIU S BRI, A SO I 5 T
i X AR AL A BV e SR, T S B
B BRI R0 B i R A, HA) o R
el /PRS2 S JBE DI, Ay 4 Bt T R TG A7 A et
PR A AT RE LR

5 #ig

AR Y — T [T AR H T 1
NGB A RO R W K WG TR 25 LG A
T AR RN . BT X SRS
FHES & B PR OISR, S T PIRR AL Al D7
A R U o IRASHLDI g e A A
R HHITIR MO 7 58, 290 R %07 /A 3L
AR 1 KR 2% T 5 = 5K DA I 68 A 3580l e 2 114 o
ihio [RI, 38 i BB XUR] AP ek Al s 2%, SE B T Bk
RIE A R FEE AL WX A A ] o SEgR 2
RBWA SO H A9 5 4l SR, FAT Bl 19
SASIEPERE RN YT RE ), VI o A % o e A B
W, VIR A A 7 U O | fo R B 1R 22
TR TFHE 5221 2% , 22 PR T4, VIR BRI
TAEGE O Ty 58 W6 R BLSE 1) LA R, Al RS
B PMSM 4 % 3 11 [l fr) v 250G o7 B A% S i 42
i, A — M ZSH M H.

5 2 3k ( References)

(1]

(2]

(3]

(4]

(5]

(8]

X, Bk, Zks, 55 LTI dg 250 # oK e
R AR A S s [ T]. i THOR 24, 2018,
33(12) : 2676 -2684.

LIU J L, XIAO F, MAI Z Q, et al. Position-sensorless
startup strategy for permanent magnet synchronous motor based
space [ J ]. of  China
Electrotechnical Society, 2018, 33 (12): 2676 — 2684. (in

on double dq Transactions
Chinese)

FEEE, R, KA, & —FhE TSRS T
TPMSM JC Ao A% e i AU A LR M PR IR i [T ] W
TH R4, 2020, 35(18) : 3830 —3837.

DU B C, CUI SM, SONG LL W, et al. A variable frequency
current injection sensorless control strategy of IPMSM for
audible noise reduction [ J ]. Transactions of China
Electrotechnical Society, 2020, 35(18): 3830 —3837. (in
Chinese)

LE, S0, REF, S ST HOORRIRIE A SO K 7
[l e AL - B I A [T, TR 22 4, 2020,
35(17) : 3619 —3630.

JIANG Y, LI BW, WU X, et al. An improved rotor position
observer for permanent magnet synchronous motors based on
proportional resonant filtering [ J ]. Transactions of China
Electrotechnical Society, 2020, 35(17): 3619 - 3630. (in
Chinese)

WHIREE, XUMLR , 2008, 4. AKRE IR A0 s LG 1o B A
el 3 P I SRR E S [ T]. b E L R A AR,
2019, 39(20) : 6075 - 6084, 6188.

YANGS Y, LIUSY, LIHY, et al. Research on harmonic
suppression strategy of position sensorless control for
permanent magnet synchronous motor[ J]. Proceedings of the
CSEE, 2019, 39(20) : 6075 - 6084, 6188. (in Chinese)
s, BRI, B0k, FETHURER Y & KRR A
BLTC A% 1 s 20 [ T]. o [ L R 2 3z, 2019,
39(10) : 3075 —3085.

YUE Y, WANG H M, GE X L. Frequency-locked loop based
sensorless control for interior permanent magnet synchronous
motor [ J ]. Proceedings of the CSEE, 2019, 39 (10):
3075 —3085. (in Chinese)

I, %, s, & BETRER ST AR N B
FKREIRI L) R A A I S0k [T . W TR 3K,
2018, 33(8): 1723 -1731.

LI HY, ZHANG X, YANG S Y, et al. A detecting algorithm
for initial position of interior permanent magnet synchronous
motor based on rotating high frequency injection [ J ].
Transactions of China Electrotechnical ~Society, 2018,
33(8): 1723 —1731. (in Chinese)

SUL S K, KWON Y C, LEE Y. Sensorless control of IPMSM
for last 10 years and next 5 years[ J]. CES Transactions on
Electrical Machines and Systems, 2017, 1(2): 91 —99.
B, %, BIREE, & TR S I AR KIER
ARG S B R ZRR [T]. W T HOR 4R,
2018, 33(12) : 2653 -2664.



124 -

e PN

55 46 &

[10]

[12]

[14]

LIHY, ZHANG X, YANG S Y, et al. Review on sensorless
control of permanent magnet synchronous motor based on high-
frequency signal injection [ J . of China
Electrotechnical Society, 2018, 33 (12): 2653 —2664. (in
Chinese)

X, B), e, S KRG AL R LI AL A R 4R
FIHARPE S LR IR [T]. B L HAR ¥4, 2017, 32(16) .
76 - 88.

LIU J L, XIAO F, SHEN Y, et al. Position-sensorless control

Transactions

technology of permanent-magnet synchronous motor: a

review[ J]. Transactions of China Electrotechnical Society,
2017, 32(16) : 76 —88. (iin Chinese)

RE, BRRE, MR, 5. 5 A AR A2 )

e F RS A 7] 25 LG A IR s il [T EEI’&
A2, 2020, 35(22) ; 4678 —4687.

WU C, CHEN K, NAN Y R, et al. Variable angle square-
wave voltage injection for sensorless control of PMSM
considering cross-saturation effect[ J]. Transactions of China
Electrotechnical Society, 2020, 35(22) . 4678 —4687. (in
Chinese)

RFF, HAM, BAEER, S5 FET R RAE M K RER
R e kb i A TC O 8 A AR ki [ T]. R DR
iz, 2018, 33(24) . 5678 —5687.
WU C, DONG S F, ZHONG D G,

et al. Voltage pulse

injection based sensorless control for permanent magnet
synchronous machine with current oversampling method[ J].
Transactions of China Electrotechnical 2018,
33(24): 5678 —5687. (in Chinese)

X%, JEBE. Wik m e B T A SPMSM G 1% R4
MRS S IH R LT]. FE’HLI?T‘;%?E’L,

2018, 38(14): 4232 -4241, 4329.

Society,

LIU B, ZHOU B. Analysis and compensation of position
estimation error in SPMSM sensor-less control based on high
frequency pulsating voltage injection[ J]. Proceedings of the
CSEE, 2018, 38(14): 4232 -4241, 4329. (in Chinese)

REPECHO V, BIEL D, ARIAS A. Enhanced high frequency
injection algorithm for sensorless sliding mode control PMSM
drives[ C]//Proceedings of the [EEE 11th International Multi-
Conference on Systems, Signals & Devices (SSD14), 2014.

BOLOGNANI S, ORTOMBINA L, TINAZZI F, et al. Model

[15]

[16]

[17]

[18]

[19]

[20]

sensitivity of fundamental-frequency-based position estimators

for sensorless PM and reluctance synchronous motor
drives[J].
2018, 65(1): 77 - 85.

FRi &, XEZR, F5. MK RETR] AP i b4
Tl B AR ()], AL R 2R, 2020, 24(5) -
58 -67.

CHENZ F, LIU Y C, LU H Y. Sensorless control of ship

IEEE Transactions on Industrial Electronics,

permanent magnet synchronous motor at full speed range[ J].
Electric Machines and Control, 2020, 24(5): 58 = 67. (in
Chinese )

AR, XU, Z88), 5. SOkRTF SEH 456 A 50
R A K W R A AL A T L 5 A SRR T R SR [T
AL T AR, 2022, 37(22) : 5704 -5716.

FUK Z, LIU J L, MAT Z Q, et al. A full-speed domain
sensorless control strategy for permanent magnet synchronous
motor based on improved IF control and effective flux
method[ J]. Transactions of China Electrotechnical Society,
2022, 37(22) : 5704 —=5716. (in Chinese)

WANG G L, YANG R F, XU D G. DSP-based control of
sensorless IPMSM drives for wide-speed-range operation[ J].

2013, 60(2):

IEEE Transactions on Industrial Electronics,

720 -727.
AR T TR 119 A [ 28 v WL TG A Sl 22 T T
FELD]. HedH: WIrE Tl k2, 2020.

CHEN H. Research on sensorless control of PMSM at full
speed range[ D ]. Zhuzhou: Hunan University of Technology,
2020. (in Chinese)

WANG G L, XIAO D X, ZHAO N N, et al. Low-frequency
pulse voltage injection scheme-based sensorless control of IPMSM
drives for audible noise reduction [ J]. IEEE Transactions on
Industrial Electronics, 2017, 64(11) ; 8415 —8426.
XULERT, JRBEER, TKBAR, 5. BT Al bl A2 He iy JLAH K
[ A0 UL TE o7 B AL e B AR A 2 [T ] PP L
TR, 2024, 44(5) : 2027 -2037.
LIU X M, ZHENG X Q, ZHANG X D, et al. Sensorless
fault-tolerant control of a nine-phase permanent magnet
synchronous motor based on axes transformation under open-

circuited fault[ J]. Proceedings of the CSEE, 2024, 44(5) .
2027 —2037. (in Chinese)



