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ABSTRACT: In terms of sensorless control for permanent
magnet synchronous motor (PMSM), phase locked loop (PLL)
can be used to acquire the speed, thus suppressing the noise of
differentiation after the back electromotive forces or fluxes are
estimated. In order to improve the transient performance of the
speed estimation, a novel extended-state-observer-based
(ESO-based) high-order PLL considering the transient states
was proposed. The phase detector (PD) was the error between
the angles acquired by the arctangent and PLL. The loop filter
(LF) was the ESO to replace the PI controller. The
voltage-controlled oscillator (VCO) was the process of angle
estimation in the ESO. This method was easy to implement,
and mechanical parameters were not used. The research results
demonstrate that the proposed ESO-PLL could be operated
stably, and the transient performance is superior to the

conventional PLL.
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(PMSM); sensorless control; phase locked loop (PLL);
extended state observer (ESO)

WE: TRk %m(permanent magnet synchronous motor,
PMSM)TEA7 B AR iAo, 15 2 X Fah 34 B 4515 5
S » B TR, BT A BiAHE (phase locked loop,
PLL) /5 23REUE I o NIRRT AT BN TERE, 12008
AN DRI T B 5K R S W 2% (extended  state
observer, ESO)miF PLL. PARIEVIEH S PLL il
2 VN % A B (phase detector, PD), ESO HUfX PI 3£7Y,

{ENIR G IE T 25 (loop filter, LF), ESO A A LHIATEN
JE$5 %% 2% (voltage-controlled oscillator, VCO). %775 T

HEWA: EXEARREEETH (51437004).
Project Supported by National Natural Science Foundation of China
(51437004).

KL, HAMERINURS £ BETTai RAEW]: $2H ) ESO-PLL
IERERREETT, HEhSEREIL T4£48 PLL J5i%.
KRR KEEFDE AL o BRG] BUHIA, K
ARSI %

0 3§

AR A, L i E YL e E R
e e B . K W [ P L Hl (permanent magnet
synchronous motor, PMSM) B A =R % =R
B T EHERNEA, S 2 NHT Z .
Tl A=, ASmisk . iR TR
FH ) PMSM F i S 52 X AT RA R B s — U 0
N R PFEA A ) T LAY AL B A RS R AR L
THRE, RSB RS ARG R el
B NI S N v T R S (B VA R s
SElE— R —J7H, ALEAARSREN TR
GRS 07, EREOES K T
T, frEAR AR AT EEVERRAS, THIm R ORI . FTEL,
To A7 B AL SRR AR ) SR A BB R SRR
X, AZURE L2 N H A S AU 3 R 5T T 1)
2,

PMSM TG0 B AL A 2 7k s, —
KREHTE. REEHEMNEIUENE, K2
T VO I g . R O VE ],
B WL 7 202 Se i e FEL ) 3 B B I 2
SR G 552 B H I PR ) B B A B I R el A
B A B, W e T R M
AP RE B R AL X T S B A S, BT %,



7600 ST £ N =< 1 R B =3

42 %

I VE Bl 9 ) S R B 335 e by, B HE IR &
I, AL E M R AL 0, &%
BOVESE IR S B AR IR AR R 2R (D3R
B FEIX A5 2 I 25 S o I — s W 0 &
W ARHEERES SEEEES . KEEREARR
2, B B, T TRBEA N 0, BTUARESEN
WS FEASZ S MR A BRI, AR AR E AR AR 52 e
LI R Z

TERLI H s L B 38 Bl e A5 B 5, ] Bl
RIEVITHE AL E, RGO TR E, (A
S TCiEANERI RS, ELR AT R TR A R KB B
¥ (phase locked loop, PLL)J7ykiE L PI MA115 3%
HAER, EHEMSEE . PLL OfE LA B AL B A%
HIFR S 2 N . PLL A 2RI, el AL br
RO R A 101 gl R AR
fE4: PLL H A& B iR Z 06 AOR , (HERE AL
B A Bh A 1 BE KA

RUGEETo A B AR AR ) A 0O R e, nlE 4
Yr. FEYELIN G BB Y 228 | G A, R BIE
o A m R A 1 2 RS BT, (A KR
AR RVEGER o a0 SR SRAE T DL e Rl 3 B
LI 2§, P RG) A 200 A1 1R e OUL I 2%, AT AE Y
PLL 3. SCRR[181F]H AN UGE 3 77
FEAIE Tl M 88 o SCHR[19]48 A b 22320 1 A
RS2 3 S AL T, FRRAN T AR N R
Kot [ IEV)E 5. SCHR[2014 H — vy i 1w A
[ PLL, Fii5 M I e ik — B e i ik 25 8 o v
AR RS 5, ORI 2R R o] R BUER i
2K PLL 7E B2 Pd 2 ok Bt AR S BRI R 22
0. SCHA[21]HH R H —FhEET p 43 B H43E 147 BT A5k b
20 PLL. SCHR[22]FIH /MBS 55 #r g frad
T, FFAEIC R B4 oy e M g 58 A PLL,
M2 e 1 AR A I (9 B Rt o T anfeTidsd PLL
A VEREAE il T5 2 5 AL 415 2048,
AR FEIE LR 2D

A SCHEH — PR e B HAE AR AT LR 2
=B PLL J7vk: DA I B T skoIRaAs A2 &k
} i& 3 5K IR 25 0 I 2% (extended state observer ,
ESO), JE6 HAE RN PLL A (3R B4 € I %% (loop filter,
LF), ESO i B it i 8 N EER G &
(voltage-controlled oscillator, VCO), &IEVIFT{S A
5 ESO i & 43 M FE 2 2 8 %5 A 4% (phase
detector, PD). 31474 ESO-PLL ) 25 % & )7 3o

WA B 5 S2G 6 F , ESO-PLL Al 242 TH LA
R4 5 MR AR .

1 PLL RIBSHr
PMSM 7E & IEALKR 22 T I LB A N

e, =—wy sinb,
e; =y, cosb,

()

K eon epNEFIEARAR R T RHENH:  ywy KT
HERE: o, NHENEEE; 0, WM.
IR EE N I BB 3R 7 o IR AR ER R T
TKHEARTESE
{l//fa : Yy C'OS o, @)
Vyp=W,sing,
N oy /IR LR AR 2R K AT B
TR G i PLL B3 A B PR BEAT 707 o DA
EBENLIN &5 M5, PLL RENS SRICH ¥ T REBE RIAR AL
hEERAEGE, HitEAXy

{‘9 = l/;fﬂ COS(éE) - l/}fa Sin(ée)

. €)
o, =Ky¢ +Kljsdt

A Kpv KN PLL 355 55 7 Rz
HEGTHE.

1 BT O I 23 A2 e S S, RPRABE AN THE A
TN EE EHER, A4, XHF PLL 1 PD, %
A2WAX@FR.

E=Y,p cos(ée) Yy sin(ée) =y, sin(6, - ée) 4)

DRI, YA BE R 22 /N

g~y (6,-6,) (%)

fE4 — [y PLL B4R JFEHEE K 1 fior. —A5%

#1) PLL J& 1 PD. LF. VCO =& 4 k. H(5)

A48 @It LF 350 PLRSYER, nI{# PLL Fifg

BB 2T 0. PLL MR SAE T fiikism
R NN, EER T s .

PD LF VvCO

0, + K | o
4?——-> K, +— [— 1
_ s s

A 4
v

Bl 1 f&% PLL EAREIEE
Fig. 1 Schematic diagram of conventional PLL
MRHE(3)—(5)HE T PLL H 1% R 44 -
ée(s) _ Kps+K;

G = =
i (5) 6,(s) s2+KPs+KI

(6)



20 11

TS 2T BESO-PLL (MR fEIE D BALTCAL B AL A8 42 ] 7601

MR YRR L E 7, NP ERIE, RS
FIVERE, K P S B T sl A — T4k, 153
Hh %% Kp Ky HUH:

K, =2c
{&zg (7
¢ AL T 70 P TR R A5

&4t PLL A 848, WELEABRMAE S
o W, FET PLMHMES PLL J7vksERR b2
e TR WA NS, RAIEEZ N 0. [
B, MRS SR, SRR E
(1) 7]

2 ESO-PLL [RIERIE#EIEEY

2.1 ESO-PLL &KXy

NI ASCHE I ESO-PLL HEATHES: . ##%
R 1E 8 BSO Y IR AL & %A B
BONMAIMERL . b TR EE A, ahLEm
FEL e, N =3 2 (83 FHCR & -

0, =w,

@, =a, ®)
a,=d

e a, WAIESE s d NININIE L -

PLS(8) BT (IR AS T7 R N R A8 B AR 2
RIELNE RGHIE, RGMIE AL C o RERN:
010
00 1
000
AT AR IR 255 R A2 R LA 2% A <

rank([C CA CA’]")=3 )

H FIAHES, ESO 4544 an=0(10) 7w . 7£ ESO
HOR N B SRS R AR EE, S T AL
WiEsh R, R WA S BT, JERR At
W R ENN S

E=z-6,
Zy=z,- e
L, =z;-phe
Zy=—phe
K: 21y 20 z3 AIREEE; B B K A ESO
Wb S $>0)0

Zx b, ASCRMME T AN T ESO-
PLL 34 # B & 2 fios . R IEV]S PLL Fifs
FAE 2 74 PD, ESO {EN LF, ESO 1A EAS 1T

A= , C=[1 0 0].

(10)

IHN VCO. o BAL G R EEH g 3
F7R o

LF
PD VCo
0, + =z - é,
. CHEEN PLChand Pat > sz, =z, - e |5
- sz, ==fe T —‘
|

2 ESO-PLL £#A[FRIZE
Fig.2 Schematic diagram of ESO-PLL

u S1~S6

SVPWM

- | Park! m
d

< I Clark

@, | Eso- |0 Wit
PLL pUIERS

21 Park

3 RAERRASRREITHIRIEE
Fig. 3 Schematic diagram of sensorless vector control

X A (10)HEAT HL AR e«

£(s)=0,(s) - 0,(s)
sz,(8) = 2,(s) = Bi&(s)
52,(8) = z3(s) = B,&(s)
sz3(s) =—B€(s)
A 4 NERRNEE 3 MERH %
z3(s), RIEHER 3 MEERARNEE 2 MERI 2 20(5),
133 zi(s) He () Z MK R, FHE 1 AENRNE
2 NER, SREHN1H ESO-PLL AL iR 4L
ée(s) _ ﬂ152 + 55+
0,(s) s> +ﬂ1S2 +Bys+ By
F(10) 5 (@) FHIR, 15 2 &5 2 RS E Y
RETTEN

(11)

(12)

GESO-PLL (s)=

¢ =%2-0,=e,— fig

6 =2,—@,=e,— Be (13)
& =z;—a,=—d - e
W RA) I H AR ES 4 2 fLid
BRI -
&(s) _ —(s+5)
d(s) s +Bs"+Bs+p
M d()NEE Ms B, WRIELUE RS

(14)



7602 rh oML T O % # 42 4
TR 4 ESO-PLL M4 Se3g i, i fdirhfaSiREi R 2=
—(s+ /) |_AM Wtk 2 . (B A g NEZ S, B3

(15)

lim|e,| = lims
1—o©

=0 g s3+,81s2+,82s+ﬂ3|_ B
HI(15), MHE M B0E 0 i A8 gz
1), mp/B /N, ESO MfaiRElT 0.
2 Bt 3 AR 42 39 I B/, B @=0 B, ESO-PLL
AT SEI R R TE R 22 BRI
2.2 ESO ##z51EEY
FH A% 328 bR 230 (12) 1T 45 ESO-PLL [4FAE 7 F2
B$ ESO-PLL (1) 3 M sUAR7E &~ 1 A -1 |,
R CRAE USSP o A L B 7 iR s (16) BT
¥ 3 AR EAE AL T 5P R — si—c(c>0)
I, fff ESO-PLL R F# 5w . —2 4 c:
S +B +Bs+ B=(s+c) (16)
FRYE T FE(16), K2 XA A PRI 45 T —— X oL
REME R E S e ZHKFR:
B =3¢
B, =3¢
By = ¢’
A EHR B RSIRE e\ ex o3 HILMH:
le,| = M/, = MI(3c?)
les| = (BM)IB, = Mic*
les| = (B,M)/ B, = (BM)/c
M MAE—ER, S5 c MR, BRSIRER
/INo & 4 Y ESO-PLL EANF] ¢ {H T HMAEE], FEE
ZH ¢ BN, ESO-PLL RN s Bz 25 e, [

R

(17)

(18)

10 B EERLL
— ¢=100
=200
. LU ||| =300
m
3
o
lgi
-10
-20
45
0
1
=
-45
\\~ \\
| e =
-90 ===
10 102 103 104
A /(rad/s)

El 4 ESO-PLL {R{EE
Fig. 4 Bode diagram of ESO-PLL

EFIB I RCRIE- AT e S EUEBUR . Rk, &
SEBRM Y, ESO-PLL {77 % FEAS 6 o BR sl 84
T A2 T EAEVERE S e S i R AT R 5 1R
3 HESH

N @A EIAESE ) ESO-PLL 7k n]
fit. FEFRFTH BN RESEINE 1 Fir.
ISRV E N 2.39N-m. I (T A B A% s
SR SCHR[9-10]FR 42 HY R A 28 P e WL I 4%

F 1 PMSM I=HIRGZSHR
Tablel Parameters of PMSM control system

ZH HUE
PMSM A Hi.BH/Q 0.96
PMSM # HL#/mH 23
PMSM %5 ¥%3#/(r/min) 1000
PMSM %€ 4 FH/(N-m) 2.39
PMSM Hxf # 5
PWM #B% /kHz 10
MRS Hy 12000
PLL Z¥ ¢ 250

5 2%y 1000r/min A7 B Al iHE 5 92 br
X, B 5(a)yhfEg PLL 7 E4HE, K 5(b)N
ESO-PLL 1/ .45 5 o i B Al 111% % 7££0.03rad LA
BSR ESO-PLL Fhim T M8, (HIERRAS A N R4
THARIFIEARZINETT = IR, X2 TR A
B LA, ESO-PLL A1 0id B AN L A H
[K It ESO-PLL 51£4; PLL 2% FAHBEIL -

6 ¥ H 200 r/min TFZ 800 r/min [IEHZ
IEFEIT ELAE 5, Hoh 1 6(a) AL 4 PLL () L 45 R,
Kl 6(b)y ESO-PLL i 455K . M 0.1s BT ZIFF45,

8
— fitiiH A SRl
I 6
5
]
o2
oK
0.2
S 01t
5
ﬁg 0.0
+=
& 0.1
-0.2
0.00 0.05 0.10 0.15 0.20
B 18] /s

(a) 144 PLL



%520 #4 FRAMESE: KT ESO-PLL (17K AR A2 Ha ML JG A B A% I 28 42 7603
i — i - bR IIFZE 0.5 A BB BIFRAS
5 6f
= 4 SCISISIIE
= 4
= SEIIIR AT PMSM. #254611°F 63 LLPF A0
75 5 AL FE S TMS320F28075 Azl 0, SL56
0 — Y ey 12 g2 I
02 SFEAERIWE 7 B . BT A BIEEE S S bR
o P SH, TGRSR T ML S i B U T
5 oo WXt b, AERBIEHPE . SR T RIRS
§01 DSP 7 1) D/A i it 2R e o SEge b
= 15 i 1) 5 45 58805 0 OB A R 1) — B
70'(2).00 0.05 0.10 0.15 0.20 MBS
I [Al/s ) —F
(b) ESO-PLL QEP] | H mapeee [ 1oBTHR
N DSP §_ ||
5 NEM/KIHAEER PR (5 | d
Fig. 5 Simulation results of position estimation [D/A][AD] I
1000 . . i EALHL
— fliH{H PR E
LR
800 | —
= 60 (1/111/))
E L
] S
# 400 | oy
200
E7 SBFEEIEE
0 Fig. 7 Block diagram of experimental setup

00 01 02 03 04 05 06 07 08
NI
(a) £4PLL

1000 T T T
— i — bR

800 | ["‘
= 600
£
5
® 400}

200

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
B []/s
(b) ESO-PLL

6 mEERHESER
Fig. 6 Simulation results of transient states
Haig R, EREANT s S E
i, ESO-PLL Frfa Feig A ] ARG R 1 Pk Hh R i
SKPrfE, HAE 0.1s WRIBIFRZ, MEAHfESE PLL

8 J&/R T H4E4 PLL 5 ESO-PLL I} fy %%
TR EMTHME S THRZE, HA, K 8(a)5KE 8(b)
FAE LS PLL P SRIR 45 5, B 8(c) 5 B 8(d) A
fEF$EH Y ESO-PLL B sat st B BMLBTH 1
BONBUEAE . LIRSS TR, {EF£ 134 200r/min
i, AN PLL BT A3 07 B Al THR Z SRRFIE 0.15rad LA
M, 1E 1000r/min B W{REFLE 0.075rad LA . HHE
AU, FESEIRMNAA, PLL BT & A S ma e
B AR IR AR P i 28 R SR

9 AFUE AR PR 200r/min AF{LF

& [, Tty o] o7
/i

lAuto 0200 v

A7 B At /(rad)

La|

R 2 /(rad)
K
)

I} 1 (0.05s/H%)
(a) f&£4{PLL(200r/min)



7604 H BodlL TR ¥ R a2k
=48 I PG I N O SB 755 e e = PIEEPRIrTorT & R T
E £
= T i < )
+ EEFFEEEEER Y ] .’ | = 500(r/min/#%)
o | i i iy
~ il | H H HH RENY
B,‘Ei o Pl VT .; i I —!:
& . £ 0
_ | 025rad/i% c)
=
gy £
Y N Y a a ate z i
ﬁﬂ( In Pt PV W PV t% In
o L w
+ 3
= i
7] (0.05s/H%) ] (0.58/4%)
(b) F££EPLL(1000r/min) (b) ESO-PLL(221/s?)
o I Pl T 13 ST 4 P & R A o ~ BP0 & ot i
_ ] = 2 BEul| BF H NERM P A Ty T
E £
x 2 | 500(/min/k)
et ' / 7 e
< / A N S N
| 025rad/#% )
g £ ~
i L & L
= &
= e
I 8] (0.05s/4%) ] (0.5s/4%)
(¢) ESO-PLL(200r/min) () E4EPLL(131/s2)
_ P — & fma i e 2 = A A IO & EEi T
E £
:*\,: | e e A w‘ﬂ\,_é) 500r/min/f%
B PR VI |
~ | 0.25radst% c)
E £ o
W =1
s iy
E &
i o
I 7 (0.05s/4%) I ] (0.5s/4%)

(d) ESO-PLL(1000r/min)

B8 fIEffhitLisR

Fig. 8 Experimental results of position estimation
800r/min JFFEH IS IRMIRZE K. K 9(a) 5Kl 9(b)
IR AR AR R BB N 221757, B 9(c) 5 & 9(d)
AR B E A 130/, A PR PLL B,
5 RPN PLSHURSF— 2. PR PLL #RAE

ma N A TR AR A 1AL . ANFEIZAATET, EERES
PLL B, #MW A TERHEIRG IR, & 1.4s

= B e 2 e a4 g & ity *‘“’u\"“'::]ﬁ/sd

3

2 | s00(/min/t) D e e

jjz /

£ |-

iy

= >

£ A

C’ el

fnfin

@

e

1 17(0.55/4%)

(a) HE4EPLL(22r/s?)

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.

(d) ESO-PLL(13r/s2)

B9 #%3®0m R SEI 45 R (200~800r/min)
Fig. 9 Experimental results of speed

response(200~800r/min)

AR BFRAS, WMAEMH ESO-PLL B, 45474
%N 22r/s* I, #E 0.7s A EDTT T A BIRE LS 15
AARAYZA 130/s” 1N, 76 0.9s ]ENTT [ 3 Fa2s . &
10 AHUE 73 R H# B 1000r/min 4848 %] 500r/min
R S Ih g B AR SRR BB A 130/,
Hrr, & 10(a) %% PLL (254558, 18 10(b) N
ESO-PLL fsiie2s . fEahddf2d, U &S
PLL I, fE 1.2s WHIHERAS, 24{EH ESO-PLL i,
£ 0.8s WEP AT EEFRAS o

FEIR T AL B A% I 8 2 1) (R EC Jol AR 2 B AR
s AR R =R, H] DAE—E & R SEE 0
HFF, IR, BT IR R b
TARFVIRE, FrRAERSAEH T e & U i
AL LA ORI 2 e S HL e R %, FEREAT IE

http:// www.cnki.net



20 FEEMEEE: ST ESO-PLL 7K HE IR D B ML TG B A5 K as 4 il 7605
2 PLIEIEFTITE & [t T <A Rl TP SAIER P
: 5
B | 500(/min/ks) aﬁ i
w - i
x &

& I

£ N = | 500(mint#)

S . £

2 =t >
& #®

X

B F(0.55/4%)
(a) f£4PLL

= &

£

§ 500(r/min/#%)

b4

+

£

c)

£ S

F

@

2y
I 1] (0.55/4%)
(b) ESO-PLL

B 10 %%iR 0 57 S8 45 3R (1000~500r/min)
Fig. 10 Experimental results of
speed response (1000~500r/min)

)0 S B DUAR SRS P R W 28 5 PLL, T
AMEBTEF M) 5. B 11 NIE. REER
W R SLIG S5 R, 4R 4 B 250r/min V)4
%-250r/min, A IN'm. B 11(a) Wl fH1ESE
PLL B} ¥ 70 B 5582, B 11(b)fH ESO-
PLL T E ST . HE 11 PR
SESLTTEN, Y44 AL S8 PLL A Ak 3R S A, i
B A A, T4 1.9s 24 IR A BRI T Fa s .
EAF R H ) ESO-PLL W, %% 3 ih 28 56 13,
2 0.7s AT RN A BFa .

X B 9—11 H i sEEe 45 AT b, mTEL
RHdEie: 5165 PLL AHEL, 4% E4E 4B 0E,
ESO-PLL et s 45 il 28 I sh s PR B .

F7 8 /(rad)

K _

#33/(r/min)
H

] (0.5s/4%)
(a) f£4PLL

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.

o 10 (0.5s/4%)
(b) ESO-PLL

1 ERFEIHIEER

Fig. 11 Experimental results during speed reversal

BT e 2 e 2 & et et
W 500ms/ci
)
§ 300(r/min/F%) j k
E D — J
#®
<
ES
=
m
=
5 [F(0.55/4%)
(a) f£4PLL
PR - 0 ETP S I & Ry P
C] K Sooms/
g A
£ . ™
§ 300(r/m1n/$§) v | 3
L

<
S [10A/#%
i
pul
jusng
=

I 11(0.55/4% )
(b) ESO-PLL

12 AEHTHITRESEER

Fig. 12 Experimental results of load variation
Kl 12(a)- 12(b)7r Al A AL 4 PLL 542 1 ESO-
PLL W S HmE . 8 E N 600r/min,
WIR R BONEUEE, UK E O, T
FERHAAL, ol Il — e . i o S 4
R, &S PLL BB ELE 4500/min A4,
FEAE 4R 1) ESO-PLL I, ##iHE7E 360r/min /&
Fio FTLL, TERIAZILET, ESO-PLL fgfifa il 45 P
RESEfES
5 g

AR —FhET ESO &P PLL, T
PMSM M ToA BAL K 24458 . 54648 K PLL
t, #ANERE T MEE X RS E, T H

http:// www.cnki.net



7606 i ZEN I

T B % ik

42 %

FARE. el IR A ) = A iE ESO-
PLL. ESO-PLL Z5#fii s, 5 T30, AN 75 %
—Z4, HETHINHRFEIN R B RS
WS ZaiE RA — g AN, FErbEH TR
MBI SRIEE IS . R RE: 5% PLL
FHLG, 7R3 3R A B 3% 56 K AR AR LI, ESO-
PLL fgfi% & 25 32 i 0 07 B A% B a8 45 ) 28 1 30 &
PERE

S 3Rk

(1] xitte, H7K, o, 5. JKEERA L e B AL A

PRI AR FLRIR ], B THARYAR, 2017, 32(16):
76-88.
LIU lJilong, XIAO Fei, SHEN Yang, et al. Position-
sensorless control technology of permanent-magnet
synchronous motor-a review[J]. Transactions of China
Electrotechnical Society , 2017 , 32(16) : 76-88(in
Chinese).

[2] QIAO Zhaowei, SHI Tingna, WANG Yindong, et al.
New sliding-mode observer for position sensorless control
of permanent-magnet synchronous motor[J] . IEEE
Transactions on Industrial Electronics, 2013, 60(2):
710-719.

[3] LIANG Donglai, LIJian, QU Ronghai, etal. Adaptive
second-order sliding-mode observer for PMSM sensorless
control  considering VSI  nonlinearity[J] . IEEE
Transactions on Power Electronics, 2018, 33(10):
8994-9004.

[4] XU Wei, JIANG Yajie, MU Chaoxu, et al. Improved
nonlinear flux observer-based second-order SOIFO for
PMSM sensorless control[J]. IEEE Transactions on Power
Electronics, 2019, 34(1): 565-579.

[5] WANG Gaolin, LI Zhuomin, ZHANG Guoqiang, et al.
Quadrature PLL-based high-order sliding-mode observer
for IPMSM sensorless control with online MTPA control
strategy[J]. IEEE Transactions on Energy Conversion,
2013, 28(1): 214-224.

[6] HEINY R W, LORENZ R D. Evaluating the practical
low-speed limits for back-EMF tracking-based sensorless
speed control using drive stiffness as a key metric[J].
IEEE Transactions on Industry Applications, 2011, 47(3):
1337-1343.

[71 PARKY, SUL S K. Sensorless control method for PMSM
based on frequency-adaptive disturbance observer[J].
IEEE Journal of Emerging and Selected Topics in Power
Electronics, 2014, 2(2): 143-151.

[8] WANG Yangrui , XU Yongxiang , ZOU Jinbin .
Sliding-mode sensorless control of PMSM with inverter
nonlinearity compensation[J] . IEEE Transactions on
Power Electronics, 2019, 34(10): 10206-10220.

[91 ORTEGAR, PRALYL, ASTOLFIA, etal. Estimation
of rotor position and speed of permanent magnet
synchronous motors with guaranteed stability[J]. IEEE
Transactions on Control Systems Technology, 2011,
19(3): 601-614.

[10] LEEJ, HONGJ, NAMK, etal. Sensorless control of
surface-mount permanent-magnet synchronous motors
based on a nonlinear observer[J]. IEEE Transactions on
Power Electronics, 2010, 25(2): 290-297.

[11] BOLOGNANI S, CALLIGARO S, PETRELLA R. Design
issues and estimation errors analysis of back-EMF-based
position and speed observer for SPM synchronous
motors[J]. IEEE Journal of Emerging and Selected Topics
in Power Electronics, 2014, 2(2): 159-170.

[12] SONG Xinda, FANG Jiancheng, HAN Bangcheng, et al.
Adaptive compensation method for high-speed surface
PMSM sensorless drives of EMF-based position
estimation error[J] . IEEE Transactions on Power
Electronics, 2016, 31(2): 1438-1449.

[13] Ermth, Faill, Sk, & HRUERHIELERN
B FKHE D AV 00 B BN [7]. TR
4Rk, 2014, 29(3): 172-179.

WANG Gaolin, LI Zhuomin, ZHAN Hanlin, et al.
Phase-locked-loop rotor position observer for IPMSM
considering inverter nonlinearity[J]. Transactions of China
Electrotechnical Society , 2014, 29(3) : 172-179(in
Chinese).

[14] LIN Shuyi, ZHANG Weidong. An adaptive sliding-mode
observer with a tangent function-based PLL structure for
position sensorless PMSM drives[J]. International Journal
of Electrical Power & Energy Systems, 2017, 88: 63-74.

[15] Z0, M, PR, . BRASE0HAR KR

HALTC 7 B AL R F il (0], B T AR M, 2016,
31(14): 139-147, 164.
LI Xuchun, ZHANG Peng, YAN Leyang;, et al. Sensorless
control of permanent magnet synchronous motor with
online parameter identification[J]. Transactions of China
Electrotechnical Society, 2016, 31(14): 139-147, 164(in
Chinese).

[16] BhekIE, Gdn, TLEH. FET /0B PL T s Y
27 [ 38 LK B R 20 P Bl 4 e Sk 3 R G A S 4 1
0], PEEHLTEESMR, 2018, 38(4): 1203-1211.
ZHONG Zhenfeng, JIN Mengjia, SHEN Jianxin. Full



20 11

TS 2T BESO-PLL (MR fEIE D BALTCAL B AL A8 42 ] 7607

speed range sensorless control of permanent magnet
synchronous motor with phased PI regulator-based model
reference adaptive system[J]. Proceedings of the CSEE,
2018, 38(4): 1203-1211(in Chinese).

[17] TUOVINEN T, HINKKANEN M, HARNEFORS L, et
al. Comparison of a reduced-order observer and a full-
order observer for sensorless synchronous motor drives
[J]. IEEE Transactions on Industry Applications, 2012,
48(6): 1959-1967.

[18] XU Zhuang, ZHANG Tianru, BAO Yuli, et al. A nonlinear
extended state observer for rotor position and speed
estimation for sensorless IPMSM drives[J] . IEEE
Transactions on Power Electronics, 2020, 35(1): 733-743.

[19] ZHAO Yue, QIAO Wei, WU Long. Improved rotor
position and speed estimators for sensorless control of
interior permanent-magnet synchronous machines[J] .
IEEE Journal of Emerging and Selected Topics in Power
Electronics, 2014, 2(3): 627-639.

[20] LIU Gang , ZHANG Haifeng , SONG Xinda .
Position-estimation deviation-suppression technology of
PMSM combining phase self-compensation SMO and
feed-forward PLL[J]. IEEE Journal of Emerging and
Selected Topics in Power Electronics, 2021, 9(1):
335-344.

[21] 238, EXek, Za0E, 5. HETou#R ¢-PLL H#
S HLICHE BE AR I Al []. B L TR 4], 2021,
41(1): 383-392.

ZUO Yun, GE Xinglai, LI Songtao, et al. Speed sensorless
control of traction motor based on the improved g-PLL
[J]. Proceedings of the CSEE, 2021, 41(1): 383-392(in
Chinese).

[22] JIANG Feng, SUN Songjun, LIU Anming, et al.
Robustness improvement of model-based sensorless
SPMSM drivers based on an adaptive extended state
observer and an enhanced quadrature PLL[J]. IEEE
Transactions on Power Electronics, 2021, 36(4):
4802-4814.

&M BER: 2022-01-04,

ks HER: 2021-07-29,

fEE BN

FEHIRE991), B, T2+, P,
2 B\ K () 25 E AL B R A
wmh_hrbust@163.com;

SR BUKA97T), B, #HiE,
AR, EENFFFFIRE RN, 7K
Tk IR 25 eELB BY B Bl 5 4l SR . oA B
fERAH AR UL K 2 ot/ 2 M il R 4
HIWF 5%, xuyx@hit.edu.cn;

ARAkIR(1957), 53, Hd%, HARIW,
FENEREF AL R IR R G, e
BN RSN TLE,

(44

F B

AIEE, KA



Extended Summary

DOI: 10.13334/j.0258-8013.pcsee.211719

Sensorless Control for Permanent Magnet Synchronous

Motor Based on ESO-PLL

WANG Minghui', XU Yongxiang®', ZOU Jibin®
(Harbin University of Science and Technology; 2. Harbin Institute of Technology)

KEY WORDS: permanent magnet synchronous motor (PMSM); sensorless control; phase locked loop (PLL); extended state

observer (ESO)

In this paper, in order to improve the dynamic
performance of speed estimation, a novel extended-state-
observer-based (ESO-based) PLL considering the
transient states is proposed for sensorless control of
PMSM. The phase detector (PD) is the error between the
angles acquired by the arctangent and PLL. The loop
filter (LF) is the ESO to replace the PI controller. The
voltage-controlled oscillator (VCO) is the process of
angle estimation.

The ESO-PLL is described as (1). The acceleration
is the extended variable that can be estimated, so the

mechanical equation is not necessary.

e=2z-0,
5 =z,-Pe (1)
L =z3-phe
y=—p¢
where zi, z,, z3 are state variables, 1, f, s are gains of

the ESO (B, B, f3:0).
According to the pole-placement method, the gains
can be determined as

B =3c
B, =3¢ @)
b= ¢

where c is the only parameter that in the ESO-PLL.
Fig. 1 shows the comparison between the two PLLs
during speed variation. Fig. 2 shows the comparison

during sudden change of load.
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Fig.1 Experimental results of speed response
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Fig.2 Experimental results of load variation
It can be concluded that the transient performance
of the proposed ESO-PLL is superior to the conventional
PLL. The ESO-PLL is easy to implement, and

mechanical parameters are not used.



