20254 4 A
%40 55 8

CERINE s P NI ¢

TRANSACTIONS OF CHINA ELECTROTECHNICAL SOCIETY

Vol.40 No. 8
Apr. 2025

DOI: 10.19595/j.¢nki.1000-6753.tces.240479

ETEMT X7 2a) gt B 5 4e4fk55 B 1l

AL ER

Boss !l Bk i

4

’ﬁl:l 2,3
(1. Bwu#IEALEERLRE (FHFHELKRF)
2. BRERHMANGRAELERE (FEMER) FEMFR B IR
3. FEMFRAFR TRASERIAEYERE X

B B 2

o
s HH

R =

B ! kXA
R 430074
b= 100190

100049 )

WE #AAFELKRGEN (LOM) ENEFRBERNZERTEYHTE, SHROAEN
MAEEAG. ZARTEMELHFFEA, ZXEIHT —MHETEHER AR08 (HOGL) & K# & BA4r
BERRBEFEETRAMNT . Bh, XL MTER2E. MEBRKER =N XR o2 # (SOGI)

MERDSEOIHIR, &4

H R R T R R R, HOR, AR IR Rk R AW R

B o', AT WA A LR A6 B B, it & M B HOGI R AL S 4 AR 42, | HOGI &y
ZERERMBEETAERERSEN TH, LEATMEMEGE. i, T m s iE# i 7 HOGI
BB EIA T &, BATERE. ZLAEFMRA. &, 45 SOGI 5 HOGI #47 F 34 *f th

A, Bl T PR 7T R R M G b A

KEEIR: Aok ell LABELREE

FESES: TM32

0 3=

RN RIS (RO RO, TZNHT
P LA T SR A AR AR T AR G e e X
JE 45 WL, 1 H 23R % ML (Linear Oscillatory
Machine, LOM) X 5l i) 4t I 4 HL 45 25 1 1) 4 4
WL, B8 A 42 5 I v e 31 B 2o A LB BB 10 % 45t
AT g5 W ) R 8 L O RN T ZEAT R A
P AT 7 AR ACA BR, E SE AT AR A I F
TWORAE I, ARG A, S5 gL AR
BN HRAh, g ZEAT R R O B K SR VRV L
TR T ACELRE, SURHEGLF N, IR 4L .
K, #5560 LOM. S % ZE AT R P ER#53fl, DAERAIE
L ME R b R T SEis AT,

— B R RGN LOM 5406 s B — 1k
1, SR P UBIA B A S 2% SN RS AT FEAT 5 19 7

R ARRE RS LI (522770500 « I B ) 0137 11 %1
R R A ETH  (GIHZ20210705142539007) ).
Wk B 2024-03-27 ki H I 2024-05-28

BT X RSB HRSEWH R E

FAAE LA YES R e . R GUARBUE KA . M b2
T KRG E AR S PR R T LOM 3 2647 12
Pl RE I B TR HET, LOM oy B AR i
s PR T R AT R 7 25 LS L sl AR 0 i MY
B 2 O =, FEAZ O S8 AELRAS A R A m s 7 R L
RN LB 35 R, AR R M e L 3l 34 o R
PUIR G RSRA L AR 5, dieJm X B A 55 B0y 3R A
WEIEATRE SO R, s R, RRR
FAT B O J5 3%, FAR AR R AR BN L I . LIRS
SRR S A R E R R, REURE
A2 S BB i S R S A E R R K
PSRRI 25 0 B 20 R AN B R, B & B
B WAMBL S, 4643 J0 A B % 2% 72 1 o ¥ 5
fﬂ[12_13]0

b0 Ty A SR A A A A TR 2B R 2y M A
) A, 2 AT R e 2 E DB U8 b I e L v A
2 85 05 AR BUB O HE (AT R4 %5 o SCHR[1414E 28
R0 % 0N vt 3 E I 5% 216 K S Ll B 1) LR 4y
EIERR, PHEL LI SRR Y, TR
IRAE — 2 R S _F RENS AR DL AU AL 2 YN ) i, H vy T



2478 SR B 27 NI S 4

2025 4 4 H

DK A HR IR Al R Ay A% T AR O — AN K R A
(Low Pass Filter, LPF), LPF {14 Fi <53 5 38 U S
AT 5 (R IR A S I AR AL RS o O J6 75 22 3 Ik 12
AT, MOX RO EE I N T FkEE, Rl
LA IR G s S I s, AMETCVE S A S . STk
(1573 — 20 R FH 1 4 38 908 O 4% 5 A Tk 4l i1
AT, SIS gk R A A7l A 11 R A
EIZ 5 V2 5 B T8 1 N A 18 E U AR 1 IS AT I PR A
B, MY B SR AN B IS AT IR, LA T ROR
H 23 W IR K A 22

ZBr T R4 A% (Second Order Generalized
Integrator, SOGD) J& —Fr i F I = Pk REVE S 4%, 71
e e WML AP P 1 B O BT A A AT A
PRI KR OK S A IR S RSB K SOGT BIE
LOM H1, FEX} RGOSR AR AT T BR i s s o200,
ZAXW TR R, H K EE K SOGIL 512 i3
PR3 T AR W 5 o i e T AR O FRAE AR A
R R 2050 1 A B ALK 308 08 Ve 24 A A1 (18 W 1 3 93 0 AH A7 fh
P %5 1) J2Y AR, B SOGT JH 3% JE AT FE ML I,
A8 S BRORT B 23 B AR, JEVE 58 A T R ELR )
U, YT AN B B T A R R 3
HUPAFAE RO EL IR Ay N, i SOGT 8 S th 1R 47
PR DA 5 A K I K #5530 Wi W 00 e

EEXTHTIA LOM % ZEAT RE WL A7 A5 (1 1], A
SCHEH R T E Y ST O 4 4% (High Order
Generalized Integrator, HOGI) 1) 503k Y B 2k 4= 3%
WLICAL B AR R 0 38, WRHER T Bk E 5
B FEAT RE A ASAE 1) ), A T AT
LIRS BE o ARSCRF sl g5 an F » O T4 4 SOGI
ghfy, WAk T S HOGI, FIFHXL SOGI £ & I
JEPRRE, R R T E o S AT AR 45 T
M, HE— AR T MRS R s @Rk AL 4y
BIXE 4R 5y 2% . LPF. SOGI K HOGI A7 /347, il
ER X AT, UEEB T HOGI HIfL s @HT
i 1 Wichz vk ) HOGT #EAT B Bt M 7 s Bl, BA
TS SIS S, B 6 120 W Hf
HLEXT HOGI A1 SOGI P Ff i ¢ #s BEAT 1 9 56 %) b
IR, BUE T AR SCPT AR TR A A RN S A
1 HFEHEBRERITEANGE
1.1 LOM ¥ =5

LOM HJ ] %230 ] 1 9= 2 I 3L 52 B At R iz
g, HatmE 1afim. WLLER], REhFEQ
THNLE T RULHIREE . B AE, o

DBl 75535 FEARE T FEAT R BN N B FATRE .
PUMSRSE

[ ==

L R
l/ﬁl?’;nl‘&l

(a) LOM R &R K
R L

MOp> ket i
o
F@— m E udc‘,‘_;;;]\é[gz e%})
cptey L —

(b) FER0H) )2 Y (o) B 20 v B A 7Y
Bl 1 LOM [5G4 R i i
Fig.1 System equivalent model of LOM
1b 2y LOM (15535 Jy 2 i, LA A

m%+(cf+cg)%+(ks+kg)x=l;} (D
Kb, FoOrREEHED), WAL F=Ki, 9, K
NERBG @ TR, AXE—TUNE SRR
BN, TSR, 5 I R D),
I RE R I RN Ty x TG EEAT R
m RIBENPE TR oo M e 20 5 R 25 RN LB B JE 2 %
R SARBLIE R B kg F0 kg 53 500 by S 50N LD if 3
I J5 R 5 0 R S B

Kl 1c i LOM [ %5 R g A5 8L, LWl o Oy el
TN

u:Ri+L9+e 2
dt

A, w NHEHLEGH I R OVE T, L hETH
B e N HAK R LB . LOM [ ) H B 355 1
TR LG, B R L R BRI B ok #E ) R AP,
Wit e=Kyv, Hrh, v ATEFREHERE,
1.2 ETREHFHBRSAITERNFGZE

T HE T A T AR G s B R O3 1R FEAT R
W7k, I NTE I AR 6B . 4 LOM 1)
MR R (2), WL 45k Wa AR k&

x= m;:%j edt=%“ (u—Ri)dt—Li] (3)

R R 30 (3) PR B R R A

+o0
e(t)y=Ey+E, sin(a)1t+¢1)+ZEh sin(w,t+¢,) (4
h=2

+o0
A, Ey. Ejsin(of+¢) ZEhsin(a)ht+(ph)ﬁJ\%U
=



40 &5 8 I

BRAEE BT BT SO S 0 e B B R AR LG L A S A R 2479

KA S BRI B B o,
gy 5300 2 LB S LB WAL« S5 A B
Bos By B gy 20000 SR EN S 5 5 o X0 55
IR AR BRI

WA (4 R BB TR

E +00
=0+ -1 cos¢1+z cos @, +
Kz i h=2 ">i%h
Hifiy R
El . T & Eh . T
sm| ot+o—— |+ sin| @,t+@,——
Ko 2) 5 Ko, 2

IR 5) it
(5

Ha (5) FTRUA Y, SRR ) 8 24T 2617
FERLI I, LI 2 AT REAF 5 A AE B L 2>
M R ey d, HUELR O SR R IR AR AE b I 1] R
IELEIR Egt/ K, 350, %5006 48 45 LI 23 AN BT 3200,
A EB A

AT EEHET, RN (4) T E S HX Y
AR 5 IR I OR300

+o0
v(t) =V, +Vlsin(a)1t+gol)+ZVh sin(w,t+¢,) (6
=

K, Vo Vs Vol 2T s Ak E I E
WA B R A B R O = A
Xl (6) HEAT Laplace A8 ¥, nJ 43 JE {55 1)
AR V(s) M
. oo .
V(s):ﬁH/l ssing +o; cos g, ZVh s8in @, +@, cos @,
s

T
s+ of ~ s +wp

(7
A, s 4 Laplace 5 F .

2 HiRSSHHISREE I Lo

K AR 43 25 KRBT FRAR 5 4 5 B alif 43 e A
. ik, FEATHESTT LPF M SOGL, LAl ¥k
AR R ) L. AR, LPF BTN () 3% JE 4T R A7
1 W AE S DA A7 P 7% 1) 8, SOGI BLAR g % 3K 43
BRSO IO AT BRI 25 A, AHAZ 7 R R 4
TS, RS AR AR B . N
3 TR I P A I A% EAT 4B
2.1 RiBIRIK =S

LPF A% 05 5 o 14 LI 2 1 R s AT e 1647
e, AL R Ok

(8

1
Grpp(s) =
s

+w,

K, @, Jy LPF IS4
SR P LPF I, ] 8 5 45K 47 B 000 45 L

V(s) +Z'° ssin @, + @, cos @,
=

Xppp(s) =
s

a (s+a)a)(s+a)h)
Vs Jerssingo1+a)lcosgz)1 (9)
s(s+a)a) s+ o,

K= (9) HEAT Laplace A&, w1548 F g
FEATRE MM (1) 45 KA
w,t

Yo Vo o Sicos(o48)e

xppp (1) = +

a

IS
g
—ro
+
N&N

HM

iLsin(a)ht—£+¢h +th (10)
2 o) + @) 2
AT 43

X (100 ATBLE SR LPF UL ) % 2647
B & A BHR & A A iig sk s &, H
o, B B P A B N TR S 02 T B0 2 R
W, A ST N AR RS, It
b, AT 53 B MR AR ) 4 BEAH LT 20 3 45 4 BEBE
Ko NS 2 7 S A A I E o AR, JLAES g3
SR RS9 I T IR 56T o] + 02
Vi o+ 5B G B 6, = arctan (@, fo;)
0, :arctan(a)a/a)h) , WCRH] LPF 3 A BT i) AT
LI 45 5
22 T XESHE

WAk, SOGL TRk 2 N Tl i v ML v
g IR T, H e E sl 2 fros.

Bl 2 SOGI 45 #HE ]
Fig.2 SOGI structure block diagram



2480 SR B 27 NI S 4

2025 4 4 H

2, vHEIAGEYS, v R v 93 5 A D
WG S M IEAAGE S, %D A% 38 & 5 il

V'(s) ks
D s) = = = (11>
soai () v(s) st +kaus+ ol
Vé (s) ka)c2
Osoa1(5) v(s)  s? +kays+ ol

X, &k SOGI (35 24 w, A SOGI L
B . ARG T IEASKS, 4 Laplace H 1 s=jao,,
W= C(12) nreiE g

ka? 1)
Osoa1(8) =—F5—>=— (13)
kos—-w; +o; S

M C13) ATBAERH, Ogoq(s)FTVE K AR 7 23 4F
M, T T SOGI 5T 58 A R il J7 72,
HRIEA Y

A@mA@:Z}me@w«w=§V@) (14)

Kl (7)) AR (14), FEE4T Laplace A%
o, w1 AT SOGT MM 2 )35 ZE4TFE N

Wk 1. T
Xsogi(t) = — +—sin| o+, —— |+
W, W, 2
——
JER A P

sin(a)t+¢) Ti0 j
+0 h TS Oy
Z 2 .a)_h
h=2 \/(1_[12) h

PETE +1

LI &p

(15>

y
=

2

o, —o,
6,, = arctan ——"-
ko,w,

ATLLF MLt SOGI ML B 3% J 47 o 4 5
B MDA R S I . R, E R
J3AR AL W I B A B, LN S
Voo 935 A0k IO BEBIR o M1, 4 RS B
SRS KSR B A, SE SOGT ML 1
AT LA P 4t IR K I B R U
B AR X0, S A7 A SR 5 58 UL R B 5 1
S 4 5 1 WA 5 kAT B 0 A O £

b5 (1) /(K20 1 BRI EE R R b

AR VV@—#f/@%ﬁ+1~km<q,¢m¢g
B A 52 ) i LA

3 ETHOGIRySUHABR FEREITIERNAE

HHES 1.2 99 28 2 W5 M vl 4, 4iAR 4 2% . LPF
H SOGI = # ' SOGI VERE&H AL, AR 1M &% Bt 4>
BRI, VR, KA LOM AR iE P4
RIGAT AR 3B R R 5 AR K E
T I, OULI 0 PR RE K 2 B AR N, 5 3T
FEbIAMES,, R RARTFR. ik, A&
T 75T HOGI 1 leidh AL vt ZEAT W 77 v, R
HOGI (12 5 RBHI8 e Rr M, 58 42 W R LU 23 = 11
SO, D AR W I R
3.1 ¥ HOGI &It R4S

T W 2 Pros it 48 SOGI 454, HOGI 4514
FE P 4 i 3 o e

s) +

3 HOGI 45 K HE [
Fig.3 HOGTI structure block diagram
HOGI 4 4~ SOGI 45 #), H R4t 5 5
Pty 3, BT O g B A 5 0 2 IR
HOR . TG, AHECT %48 SOGI, HOGI H A7 55 1
PEBCRFIE, RS W B B 20 5 i
Hi [l 3 W43 HOGI (1 4% i b6 B0

V(s
Do () =L)
v(s)
_ Klea)czs2
st Ky, + (2+ K Ky ) 0l + Kyl + o]
(16)
Vg (5)
Ohoai (5) =1
v(s)

3
B K K,w;'s

T4 3 2.2 3 4
s'+ Kyo,57 +(2+ K Ky ) s” + K, )5 + @

(17
Kb, K K, ) HOGT 3 as R4 v Ay 730931

4 HOGT i Hi ¥ 8 B A5 5 AR M5 5



5540 %55 8 W B TR SR A 8 0 S T T2 B % L A S 4 2481
M RG AT RASK, 4 Laplace 5F s = ja, B RS ), FLAE 5 5 AW IR T 4 B 1
M (17) 1 L& RN AR
Ko} 3.2 N E I 52 8 BT BE X b
Ohogi (5) = D2 Sy HOGL 1045 2 J b, 1 3%
Hoat a)c4—sza)f+K1K2w3s2—2w3+jl(2a):+a)f IR A o 0
" Bode Bl E 5 4ifi4r 2% . LPF Al SOGI 347 %} tb 4y
=f— (18) WMo BT LS RENLAE 5 mm AT 75 I 1 48 45 %

mu%ﬂjy QHOGI(S)&ﬂﬁ‘iﬂﬁ\?[gﬁ,’ﬁf‘ﬁto %
T, w3 T HOGI AT R 7 %

Xyio01(5) = wiQHOGI SV (s) = §V<s) (19)

B (D AKX (19), FFHEAT Laplace 2%
e, TSR A HOGT WL £ ()% 264712k

20 T
Xpoa(t) =—sin| ot + ¢, —— |+
o) 2

~+00 1

h=2 [l—h2(2+K1K2)+h4]2 (th—h3K2)2.

2 2
(FK ) (F’KiK,)
v
—hsin(a)ht + @, Iy 9,,2)
w, 2
A7) B
(20)

p
H

3 3
K00, - K 0,0,

0,, = arctan
h2 4 2 2 2 4
w, —h* (2+ KK, ) o; 0 + o,

t HOGI MLl 2 (47T F45 5 P Hs . KL oy
BAEER S E. 5 SOGI ARFMEZ, HR
HAEW B HOGI 5628k A/ &5 SOGI M
W] RIS 3 AR DE 9% s s A B R S

[1-# 2+ KK+ | (i, —IK, )

B, 2

2
(FKiK,) (F’KiK,)
BRELE h BRI, MR AR W L

(1= (24 KKy )+ 4] (%, -PK,) _

(" KK, )2 (FK K, )2

2
sty 21

15*2

48 k4 H7 ] %11, HOGI H SOGI A5 5 i (1)

2104 23.9 Hz, JARBL HOGI 3Ed i, K SOGI
A HOGI LR W E N o, =23.9 Hz , LPF IR
IRy 47.8 rad/s o A B AR LI 20 S, g 5 1
WA E W k=1414, K =156, K,=3.11, ffi
#3 SOGI A1 HOGI 15 I} [5] 3 2% 0.038 s 43l fid 4f
AN [F] I 4 10 A% 3 eR K, T HE 6 R (1) Bode B ] 4

PR
50 ,
i i |
o 0 ]; e ==
= _50/1 \ S —
= | : P~
T oo [FERS ' ? =
LPF SOGI
~150 HEEA ¥ \il =//= H
90 == L
—~ 0 A
» N
g Nl
= 130 SR tn
270 ' [
107! 10° 10 10% 103 10*
AR /Hz

B4 DUl g 4 (10X b Bode K
Fig.4 Bode diagram for comparison of four integrators

R 3 SR T AN 1] i gl 4% K 45 1) 3 ZE AT R WL 0
S5 B UL Bode B 0T EEZE AL, W] LA U0 T 4548

1) 2B R0y a3 I B 1947 245 5 P AR AE R
B, HEWRS RN RN, m%
T B3 VA )

(2) LPF W LAfE— @ MR B e s> &, H
5 3 SR I (18 W {1 8 e ANAH A7 i B, LA 1 A 1
ST I, 0 30 il AP0 AL 62 i % ) R R A AR

(3) SOGI H A7 BF I P ZEpk e 1, AHARH
BAE 5 300 ) 0 dB/dec, X i I I ANRE ST
YRR B .

(4) HOGI A5 ARAR B AN e A B M i 30 31
FCE B wa Y E g R 9y ) ) —20 dB/dec A
—60 dB/dec, XU W] H A 58 4 1 B HL I 2 5 O
— 2 A ARG R BE T
3.3 HOGI BH L]

NI HE TR A BRI Bt HOGT R 4 0 1l
WS TG % .

45K 3, n/ 13 HOGI (FAR& T 5k



2482 SR B 27 NI S 4

2025 4 4 H

X 0 -0 Ko 0 |[x Ko
Xl 1 0 0 0 || x, . 0 )
X3 Ko 0 -K,o -0 | % 0
2 0 0 1 0 Jlxa] L O
(225
X
y:[yD}:{O 0 1 o},& (23
Yo 0 0 0 1| x
X4

A, x xon x3 M x4 HOGI FPIREAZ &5 yp F
Yo o i A L uE SRR o

BT AR, B x=[x(k+1)-x(b)]/T RN
X (22) fX (230, I EHULE PRSI REA

x(k+)] [TK @
X, (k+1) 0
= v+
X3 (k+1) 0
x(k+)| | 0
1 T -TKew 0 |[x(k)
T 1 0 0 (| x®
TK,o 0 1-TK,0 -To?® || x3(k)
| 0 0 T 1 [ x(k)
(24)
x; (k)
o NS R e B
xy(k)

BT LIRS, WIS HOGT sE8 gm e, H
AN 8 5 SEILAEA0 R RS LR P et
) HOGI, w331 HOGI K Jx 5 F vk 1)
LOM JCA & A% k2% 7 I AE B an ] 5 oo

|)f PHEIE ||
| pcak+,® , K i
i )?pcaz li
| s
(i

5 JET HOGI i ZE47 LML &5 9 LOM 4% i AE 1]
Fig.5 Block diagram of the LOM control system based on

the HOGI stroke estimator and controller

4 FKWERKDH

RICKHAMLKTFEWE 6 fix. % T&L
120 W LOM FEHLAE by R B 3R 3l fi AL, 474804 Fs 4 AL
AL, AR R % R TR T OB R R KU,
LVDT {0 B A% A% 100 SE PRl ZEAT A 5 . 3%
IS R STM32F407, M%) 5 kHz. 25
FENLI S B R 1,

——-— —

Ke scita
Fig.6 Experiment platform
x1 BERZENSH

Tab.1 Parameters of linear oscillatory machine

% K B
E T F RIQ 18.4
SEF H i L/H 0.84
#E ) R KI/(N/A) 28
vk R HK/(KN/m) 19.75
FHJ8 &% C/(N-s/m) 9
BT i s m/kg 1.024
HESE Pi/MPa 0.101

BT SCER[2 1] 24 4R 73 %% L LPF Al SOGI #EAT
T AN SR 6 B, UEBE T 4R 2R T B
53 VRT BA B LPF A7 15 W 1 36 J6lCRH AH A7 i B2 0] 0, i
A SOREASFE R b3 WY e g 28 AT SEIR I IR . R
AT ¢ HOGI A8k, A SC# SOGI 5 HOGI
AT SR LG, PEAT R AT .
4.1 (TREAME R L

WA, EERABINNNERS BB, X
SOGI I HOGI P4 i 8 5 2% 11 P BE EAT S5 43 # o A
S EG WU PR UE LOM 45 28 LR G IR A %1217,
AT Ay AN [) A0 2 0] W AT 280 2 A2 2R TR 58 4 3 B — o 5%
Wi, 2 HACH LS AT 7 RGO IR AU, L
LK JE B v



40 &5 8 I

BRAEE BT BT SO S 0 e B B R AR LG L A S A R 2483

WEIGEITREG CMAN 5 mm, BEHLEITER
h 23.9 Hz (RGIEIRMEZ), HT R HAF 2,
53 SEFT SOGL A HOGI A Ay Ji8 I 7 B (19 47 72 00 il
g8, w7 pror. vULE R, RN RIRES)E,
PEE B I HEA ) 124 0.18 MPa, SOGI (1)1 %
ATFERLIN R %y 0.348 mm, 1fj HOGI [1)3% ZE 17T FE M
MR ZE N 0.292 mm, ZiXR ZEBRE 0.056 mm. &
T—BIHGE, BITHSEEFESREN 8 mm, M
REE N RIS IINE 24.5 Hz, BFTG 1T 7L 09 17048
TR BB A R . AR E B AT S, M AT
HIHESE F129 4 0.27 MPa,  S256 45 & 8 Fian .
UG, SOGI ()% ZEAT FEMLI % 2 4 0.408 mm, #H

0348 mmy

2_ \ ——x - SOGI
g 3 IAAATAAAAPAA AL AL LA A AN
E oA L L
SRR TRYRTRTRIRTATRTLTRIRIRTRTAVRIRTRIRTRRIAIA
MAARARAARRIARARARA R RRRR)
1.0 12 1.4 1.6 1.8 2.0
it #)/s
(a) SOGI
9 02C2mrrﬂl_+_
6
£
= )
761.0 12 14 1.6 1.8 2.0
B /s
(b) HOGI

*

7 Xpeu =5 mm IFf SOGI 1 HOGI i 2 17 F2 0L il 45 R
Fig.7 Stroke observation results of SOGI and HOGI at

.
X peak =5 Mm

0408 mmy _

o m y —x-S0al
g stAAAALAAAAKALAAAARALALR AR
Ry iy vivinnvivivisin
S AV ATRIRTR IR AYATERIRTRTR I RYRTATAT ATRTRYRIR
10 |{RRRERRRRERRRARHARRRARRE

100 102 104 106 108 110

i ) /s
(a) SOGI
0.34Tmmy _

I AN N % HOG]
£ s AR AR AR A A AR A AR AR
£ o LA AR A
TR VRVRTRVRTRTRYAVAVEIRIRIRTRIEIRVRVRTRVATRIRTRIR
_10 AR ERRRRHARRRHRARRARRR

100 102 104 106 108 110

it ) /s
(b) HOGI

8 X, =8 mm I SOGI I HOGI ¥ % 17 72 ML il 4 21

Fig.8 Stroke observation results of SOGI and HOGI at

*

Xpeak =8 mMm

tbz ', HOGI BRI 52 228 0.341 mm, 48X} 5 22
Bk 7 0.067 mm.

BRI B H RSN X =6 mm, K HLHL
BB E N RGO PRI 24.1 Hz, SEHLIRAT FL IR 61
LWL, A A IS 2 Ban B 9 Fros,  BbIs AL
FIHE S 24 0.23 MPa. 0] LLE S|, SOGI HIi%
FEATFENLI AR 2 K 0.378 mm, ML F, HOGI i)
MR 224 0.319 mm, xR % PR T 0.059 mm.

0.378|mm
}g—//"%\ < X SOGI
E ST AR AN A AR LA AAR AN A
AR AT
_I(I)SAO 182 18.4 18.6 18.8 19.0
I [}/
(a) SOGI

18.0 182 18.4 18.6 1838 19.0
B /s

(b) HOGI

Bl 9 X, =6 mm I SOGI F1 HOGI % J£ 17 F Sl 45 4
Fig.9 Stroke observation results of SOGI and HOGI at

X peak =6 mm

FRHE ok S g5 T LUG H, AER AN B
WA RN, ZFENLRG RN . G S T
AR EH I RN, B2 50 A [R]85 2% 1R 5%
Wi mp DL 20 . (R, FR G I AN T A b A A — L
WP R, tHT HOGI A 5 2 il Bt ae g, B
BEHAE X =5 mm. X, =8 mm il X, =6 mm —
BT 00T IR A ML 22 AHER T SOGI HE /N, 1t B
HOGI EA Lt SOGI 5 g ML Wl A J , 3 0 - 7 B 51
Jith v K B TG AN AR AR I SRR S HL g & B
.

42 EBHiRimSHHIXT e

S8 6 H S R ER= RN, BB
TR B A D DR A ) L e R O, A EALAL
R RS R AR B RS S T 0.2 A 11
HntwE, kD 500F HOGIL LRk, 1 Xt
5T HOGI 1 SOGI JE U #5% 1) H. it 43 & B g 7 13F
AT S5 53 BT

BTSN SN X o =5 mm, {523 3IE
SETE R, 49 B SOGI M HOGI (4T F Wl 45
R, w10 Pros. wLUE R, ERALEITIA B



2484 SR B 27 NI S 4

2025 4 4 H

Ji, B SOGI MLl 2 (1) % FE AT F2 bk 25w % &0
1.297 mm, Bikpifm#EA 1.438 mm, ¥k &
290 1.367 5 mm; 1M tH HOGT ML 1 (1) 7% 247 2
1k s w0307 mm, R 1k S wF A 0.294 mm,
V4w A 0.3005 mmo.

&
2 -SOGI J/g 1297 mm
g 3 Ll = ol
£ g £ O
S
—6 " -6 "';F_'l:.438»mm
;9 79 i
0 1 2 3 276 278 280 282
A 1) /s B w)/s
(a) SOGI
7‘%\01307 mm_ /N
W
20294 mm
276 278 280 282
i ikl/s i /s
(b) HOGI

Kl 10 2zl # SOGI Fl HOGI 52 B it 43 it 5 i 45 R
GEHZEATFEMN 0 mm 2] 5 mm)
Fig.10 The starting process SOGI and HOGI are affected
by the DC component (piston stroke from 0 mm to 5 mm)
BRATFE B X455 X =8 mm, 70 15 5
AR 24.5 Hez, WFFUEAT FEHG S8 00N AN 7] 98 U 2
frkag, i RWE 11 Pros. wTLVES], HilEE
BAT/E 8 mm TR, I SOGI MLl i % ZE4T 72 b
ik R R 1.232 mm, R b USRS 1.471 mm,
S B 20 1.351 5 mms ifi B HOGL ML 1 3%
FEATRE Bk S i 0.347 mm, Tk S
0.355 mm, V¥ HEY 0.351 mm.

¥
ZAnl232mm oy
S 471
i i 2 Y S
8 9 10 11 1075 1077 1079 10.81
B[R]/ B )/
(a) SOGI
15 : 10 —y—
ol T HOGL L[ 50347 mm
£ 5| T = A /
EN| I = ofy /
= s R
=S A¥/0335
- oy = =Rk
8 9 10 11 1075 1077 1079 10.81
B[R]/ A TR)/s

(b) HOGI
K11 BT SOGI Al HOGI %2 i 43 i 56 45
GHZEATFEMN 5 mm F| 8 mm)
Fig.11 The effect of DC component on SOGI and
HOGTI during the process of increasing stroke

(piston stroke from 5 mm to 8 mm)

BhiE, WEATHSHEES A X;eak:6 mm,
B 24.1 Hz, BFSCIRAT R 0805 80 T 00 A [ 8 3
AHITERe, g R 12 Fros . i SOGL WL 1) v %€
TR F b Am B RN 1.283 mm, FikfsmBE N
1.447 mm, “FRmEELAH 1.365 mm; ML T,
B HOGL Ml ffy 3F ZE AT F2 Bk s B & N
0.312 mm, PFiksik#EN 0322 mm, I E
A 0.317 mm.

9 .
6 %s 1.283
0K :

3

—6 _T_M .47 mm

-10 @
-15 : i -9 ]
16 17 18 19 1877 1879 1881 18.83
it il /s i i)/
(a) SOGI
15 - - 8 ——
-+ HOGI 0312
£ 0 N
" s 4 ;}4 Y0335 i
-10 ——+ : -8 -
16 17 18 19 1877 1879 1881 1883
Bt i)/ it i)/

(b) HOGI
12 JAT LI FE SOGI Rl HOGI 52 H it 4 5 5% i 45 1
(EZEATTEN 8 mm | 6 mm)
Fig.12 The results of SOGI and HOGI being affected by
the DC component during the stroke reduction process

(piston stroke from 8 mm to 6 mm)

M4 ER G E &5, 4 kA SOGL
HOGI P 8 38 2% X 3 Z€ AT 2 00 00 1) 25 S v LU
W, MR E R AR ME RN 0.2 A K, SOGI{E 5. 8
A6 mm =gy @ AT FE O K35 ZE AT R T 38w A2
B HA 1.367 5. 1.351 5 Al 1.365 mm, i HOGI
FEIX = Fh 25 58 AT RE T IR0 ZEAT R U I AH B T AR 30
AMIMNE R BN LA . Bk, RH HOGI 1&
ELU 3 SRS BRI 6 AT I ZEAT R I
REWE 2 AN B4 &I 5w, HAT 54 16 uE ok
PERE .

5 it

ARSCHEH T — R T HOGT [ e 3k 78 15 2k 4k
WL G A7 8 A B B 2 o O v, & O iR R A b R
HOGI AL 48 SOGI, e 584 br ELii 7 W5
W, AT FEMLINERE . LIRSS IR, AR EIA
N B B, AT AEg AT SOGI AT FE M
WT7%, K HOGI REf8 K45 55 kA i (1947 A5 00 I



o9 40 B2 8 W BRAEE BT BT SO S 0 e B B R AR LG L A S A R 2485

SEQLCMIAE NN 0.2 A [A5h 7w B B, 36T SOGI
() 3% JEAT R AL I V22 4E 5 8 1 6 mm I 47 FE Ak 1 (1)
SRS A ok 27.35%. 16.89%A1 22.75%, i
K HOGI 3k A3 AT FAE 5 A2 B 4y /10 52,

ISR BEAE AR AT B (A 25 5 . Ik, RA HOGI
) 3% SEAT R 75 925 B 3 ] T e St v K A
BAKBREHEZ AR 2 TR ENS S

2% 3k

[1] i, A, BLAs, & HEWRG aLh 4 451

KN R ZER[T]. B LE RS, 2022, 37(21): 5377-
5401.
Xu Wei, Li Xiang, Liao Kaiju, et al. Overview of
linear oscillatory machines: topology and appli-
cation[J]. Transactions of China Electrotechnical
Society, 2022, 37(21): 5377-5401.

[2] BRZIE, FE2). EAHUT AL L R A

K SRR [I]. b E AL TR 2 4R, 2013, 33(15):
52-68.
Chen Liangyuan, Li Lichuan. Development of the
linear motor and its key technologies for com-
pressors[J]. Proceedings of the CSEE, 2013, 33(15):
52-68.

[3] Boldea I, Tutelea L N, Popa A. Linear oscillatory
electric motor/generators: an overview[C]//2021 13th
International Symposium on Linear Drives for Indu-
stry Applications (LDIA), Wuhan, China, 2021: 1-7.

[4] FKPM, RER, &k, & ORGSR K

ERE-E TN v s VT R M N 5 9 N
2023, 38(19): 5090-5100, 5140.
Zhang Hongbin, Xu Zhike, Jin Long, et al. Electro-
magnetic characteristics analysis of tubular permanent
magnet linear oscillation actuator with hybrid
lamination[J]. Transactions of China Electrotechnical
Society, 2023, 38(19): 5090-5100, 5140.

[5] BEUL2E, Rfl, B4, 5. TR0 1 SOOI 2% i
R G L RS B R ], B DR A,
2024, 39(14): 4366-4376.
Liao Kaiju, Xu Wei, Ge Jian, et al. Resonant
frequency tracking control of linear oscillatory
machine based on integral sliding mode observer[J].
Transactions of China Electrotechnical Society, 2024,
39(14): 4366-4376.

[6] Liao Kaiju, Xu Wei, Bai Lili, et al. Improved position

[71]

(8]

(9]

[10]

[11]

[12]

sensorless piston stroke control method for linear
oscillatory machine via an hybrid terminal sliding-
mode observer[J]. IEEE Transactions on Power
Electronics, 2022, 37(12): 14186-14197.

Mt E, WK, EE, L KGR D RBLG AL A
A PRI FULR A [J]. B T HoR %), 2017,
32(16):76-88.

Liu Jilong, 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.
PR, HERG AL S R g vk LILTe R
IS WESI[D]. FIat: AR BT K2E, 2020.

Li Dongyang. Design of linear oscillating motor
control system and research on its position-less
control algorithm[D]. Nanjing: Southeast University,
2020.

KA, Mmoo, A& HEUKA R4 NS
FERLRE ) A AR B BORBTFT[I]. VG 22 A2 K 2 22 4R,
2007, 41(9): 1049-1052, 1065.

Zhang Jinquan, Chang Yunfeng, Niu Yuanjun, et al.
Study on self-sensing technique of linear refrigerator
compressor’s piston displacement[J]. Journal of Xi’an
Jiaotong University, 2007, 41(9): 1049-1052, 1065.
Liao Kaiju, Xu Wei, Ge Jian, et al. Improved position
sensorless resonant frequency tracking control
method for linear oscillatory machine[J]. IEEE
Transactions on Industrial Electronics, 2024, 71(4):
4038-4048.

T A ML R e 0 K k3 AL
RAGWISE[D]. BUM: WL K2, 2011.

Yu Minghu. Research on transverse flux permanent
magnet linear oscillation motor system for linear
compressor[D]. Hangzhou: Zhejiang University,
2011.

W, TR TS0, H 2k HLHLZ B0 ZE AL
AR xR R ) R ST VN |8
2008, 42(11): 1382-1385.

Chang Yunfeng, Zhang Jinquan, Xing Ziwen. Effect
of linear motor parameters on output of piston
displacement self-sensor[J]. Journal of Xi’an Jiaotong
University, 2008, 42(11): 1382-1385.

Chun T W, Ahn J R, Lee H H, et al. A novel strategy

of efficiency control for a linear compressor system



2486 SR B 27 NI S 4 2025 4£ 4 B

driven by a PWM inverter[J]. IEEE Transactions on Sensorless control of current source inverter driven

Industrial Electronics, 2008, 55(1): 296-301. PMSM with improved sliding mode observer[J].
[14] Chun T W, Ahn J R, Tran Q V, et al. Method of Transactions of China Electrotechnical Society, 2024,

estimating the stroke of LPMSM driven by PWM 39(4): 987-995.

inverter in a linear compressor[C]/Twenty-Second [19] R, K. HLIRG BALE IR 26 R s 5 i 4

Annual IEEE Applied Power Electronics Conference ARWFFE[I]. AL #6244, 2019, 23(6): 63-72.

and Exposition, Anaheim, CA, USA, 2007: 403-406. Yu Haitao, Zhang Tao. Strategy of resonant frequency
[15] Son J K, Chun T W, Lee H H, et al. Method of tracking for linear oscillatory actuator[J]. Electric

estimating precise piston stroke of linear compressor Machines and Control, 2019, 23(6): 63-72.

driven by PWM inverter[C]//2014 16th International [20] k¥, H&IG BRI AL R[D]. M KR

Power Electronics and Motion Control Conference K2, 2018.

and Exposition, Antalya, Turkey, 2014: 673-678. Zhang Tao. Research on control system of linear
[16] FfeHs, W=, MRbk, 2. J& T8 7 B u s m oscillatory actuator[D]. Nanjing: Southeast University,

TUAHZEES PMSM T i I T 1) G A7 B A S 42 7 2018.

[J]. WL LEIAR2EH, 2023, 38(2): 422-434. [21] Xu Wei, Liao Kaiju, Wang Qizhe, et al. A stroke

Zhou Huawei, Ye Chen, Chen Cheng, et al. Rotor-flux estimation method for linear oscillatory machine

observer based sensorless control of five-phase fault- using an improved sliding mode observer[J]. IEEE

tolerant PMSM with open-circuit fault[J]. Transa- Transactions on Industry Applications, 2022, 58(6):

ctions of China Electrotechnical Society, 2023, 38(2): 7286-7296.

422-434. [22] Xu Wei, Li Xiang, Zhu Jianguo, et al. 3-D modeling
[17] EBE, A g, FAHE, 2. 51 St 5 o and testing of a stator-magnet transverse-flux linear

T RO 2 ) N K R AP BTG A AR oscillatory machine for direct compressor drive[J].

JRESVEWI[I]. B LER 2, 2023, 38(2): 387-397. IEEE Transactions on Industrial Electronics, 2021,

Wang Chenchen, Gou Lifeng, Zhou Minglei, et al. 68(9): 8474-8486.

Sensorless control of IPMSM based on improved

discrete second-order sliding mode observer[J]. EHEE N

Transactions of China Electrotechnical Society, 2023, B4R B3, 2000 44, WIEWRSTAE, WEIK T A H Y H LR

38(2): 387-397. HLBL e ot K i e e ]

[18] BXSCHE, RiEE, AT, 5. SOk i w2 i E-mail: gyliao@hust.edu.cn
HL AT Y50 33 A 2% IR 5 PMSM A B A% I B F il (0], By By, 1991 4R, R MIBETUI B, BEF5 I H AR %k
T AR 2R, 2024, 39(4): 987-995. WUTE L A s 2 v i 5 2 1
Zhao Wenxiang, Song Shichang, Zhou Shuwen, et al. E-mail: kaijuliao@mail.iee.ac.cn ClAZEH)

Improved Position Sensorless Piston Stroke Control for
Linear Oscillatory Machine Based on High-Order Generalized Integrator

Liao Guangyu' Liao Kaiju® Xu Wei*®  Ge Jian' Zhang Maoxin'

(1. State Key Laboratory of Advanced Electromagnetic Technology
Huazhong University of Science and Technology Wuhan 430074 China
2. Key Laboratory of High Density Electromagnetic Power and Systems (Chinese Academy of Sciences)
Institute of Electrical Engineering Chinese Academy of Sciences Beijing 100190 China

3. School of Electronic, Electrical and Communication Engineering

University of Chinese Academy of Sciences Beijing 100049 China)

Abstract Implementing sensorless control is necessary to reduce the system volume of linear oscillatory
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machines (LOM) used in linear compressors and achieve efficient and reliable operation. The existing piston
stroke observers have low observation accuracy and are susceptible to DC components, resulting in a decrease in
system compression performance or cylinder collision risk. Therefore, this paper designs an improved
high-precision piston stroke observer for linear oscillation machines based on a high-order generalized integrator
(HOGI).

Firstly, a theoretical analysis is conducted on traditional back electromotive force integration, low-pass filter
(LPF), and second-order generalized integrator (SOGI), elucidating the existence of integral saturation problems
in back electromotive force integration, amplitude attenuation, and phase shift problems in LPF. SOGI performs
slightly better than the previous two but still cannot eliminate the DC component. When operating at low
resonant frequencies or in systems with large DC components, SOGI is no longer applicable. Secondly, in
response to the shortcomings of traditional integrators, this paper adopts HOGI as a piston stroke observer. This
method can eliminate the DC component, and no DC bias exists in the observed stroke signal. The paper also uses
the forward Euler method to derive the digital implementation method of HOGI. Finally, experiments are
conducted to compare SOGI and HOGI. The experimental results show that the piston stroke observed by HOGI
is more accurate than SOGI without additional DC bias. Furthermore, when an additional 0.2 A DC bias is added,
the piston stroke average offset observed by SOGI at the given value of 5 mm, 6 mm, and 8 mm is 1.367 5 mm,
1.365 mm, and 1.351 5 mm, respectively. The piston stroke observed by HOGI is unaffected by DC bias.
Therefore, the piston stroke observer with HOGTI is suitable for occasions with serious DC disturbance.

The contributions of this paper are as follows. (1) Based on traditional SOGI, an improved HOGI piston
stroke observation structure is designed. Multiple filtering feedback characteristics are used to eliminate the
influence of DC components on stroke observation results, improving the accuracy of the piston stroke
observation. (2) The complex frequency domain method is used to analyze the pure integrator, LPF, SOGI, and
HOGTI. The superiority of HOGI is theoretically proven. (3) Based on the forward Euler method for discretization
and digital implementation of HOGI, this method has the advantages of simple calculation and easy
implementation.

Keywords: Linear oscillatory machine (LOM), position sensorless control, high-order generalized integrator
(HOGI), DC component suppression, forward Euler method
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