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Steering Principle of Compound Swing Cylinder for Rotary Vane Steering Gear
LI Gegiang', ZHAO Wenkui'", MAO Bo*, DONG Zhenle', LI Donglin"
(1.School of Mechatronics Eng., Henan Univ. of Sci. and Technol., Luoyang 471003, China; 2.Shandong Wantong Hydraulic Co., Ltd., Rizhao 262313, China)
Abstract: Rotary vane steering gear has the advantages of compact structure, high mechanical efficiency, and easy installation, and is widely used
in ships. The existing rotary vane steering gear is a single-layer hydraulic swing cylinder, and the rotation range of the rudder blade is restricted by
the structure of the swing cylinder and has saturated nonlinearity. In addition, the phenomena of rudder impingement, lag and running caused by
hydrodynamic interference seriously affect the ship’s course control and rudder anti-roll effect. Aiming at the above problems, a new steering prin-
ciple of compound structure swing cylinder is proposed based on the mathematical model of direct drive electro-hydraulic servo rotary vane actu-
ator and the analysis of the interference of hydrodynamic force on rudder angle. The double-layer structure is adopted for the compound swing
cylinder, the inner layer is rudder driving cylinder, the outer layer is torque decoupling cylinder. The inner and outer rotors rotate in the same dir-
ection, which can increase the working range of the rudder blade. Meanwhile, the torque decoupling cylinder rotor outputs boost torque acting on
the rudder drive cylinder rotor, which can offset the load torque generated by the hydrodynamic force on the drive cylinder rotor. Improve the ro-
tation accuracy of the rudder blade and solve the problem of force-position coupling in the movement of the rudder. The reverse rotation of the in-
ner and outer rotors can make the steering gear brake and change direction in time, and improve the steering performance. The compound swing

cylinder is used for the vane steering gear. The steering gear system has a large stability margin, with amplitude margin of 45.3 dB and phase mar-
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gin of 99.2°, which meets the design index of servo system. Simulation analysis shows that, compared with the single-layer swing cylinder plus

control strategy, the compound swing cylinder has faster response speed and no overshoot, the speed of reaching steady state increased by about

36%, the steady-state error is maintained within £0.05° under external load interference. When tracking a slope signal with a slope of 0.01°/s, the

steering accuracy can be maintained within the £0.03° position error band, which has high position control accuracy.

Key words: rotary vane steering gear; compound swing cylinder; torque decoupling; position control
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Fig. 1 Model of ship force model
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Fig.2 Principle diagram of direct-drive electro-hydraulic
servo rotary steering gear
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Fig.3 Force diagram of rudder blade surface
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Fig. 4 Mathematical model of rotary steering gear
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Fig.5 Operational principle diagram of compound swing
cylinder

22 RGREMSH

A1 2 AR BN L T AR R R, 9K Sh L% 1 AT
B, WAL T AT A, T SR A
R f T 52K B 1 BRBOR, AN 5 BRI, Tt
TSR ) i, e X C5) 45 2 B, WL AS 21 Y
0 FEABL 48 5 WA A A R L 7 1 1 D R AR AR S, R
FHRU 4 i At PR A P T A B 3l 5% Al )5 A
% B AIEBRLH TREHLR Gef il e B A B 6 7 o

[Kif
1% 1 b 1 On
A e L e Y o 5 g
CH—=s JuS+Br
|
) b D@
r——————————= ==
., | Mpv2llp2 | P ’D_| T
&) T KmCanls) [ Vi) | T L T
| |
) ST AR R AL

Bl 6 EXIENELHEREIEE

Fig. 6 Decoupling block diagram of compound swing cylinder



553

P58, A5 B AR A SCER S 4R e 179

THBRSEAE A B AN O R, B AKGUREHL R 48
4 2l 25 A 32 B T AR HIL AR 3 1 L
H T AR S 56 rp R A 28 931 R LR 5 322 e T 90 3l
FIRURG IR GE , FEAS 52 00 B K HE L 5 G B AR P fiE
Pre ol &, al A AL e I AR R Ak R TR B PR ER 1Y,
W32 28 GE A T R A% 328 R SN -
K

G(s)H(s) = (9)
s(Tys + 1)(S—22 + %s+ 1)
Wy Wy,
A KAFF S 3, K= o 7 g

| " . , .D? .
wmﬁﬁu%ﬁgﬁﬁﬁﬁ$¢w=Jﬁ;ugﬁ%

%m&mgﬁgJ%f+gﬂ%30
AR B IR S AL 2R 6 2% 7 5% P 2 i o 544 3

FLESHZAL, IS RS EESH R 1R .
®1 MNEGZSH

Tab.1 System parameters of steering gear
BH% Bl
URBNELH A 4d, /mm 650
URBNHELI v 41 45d) o/ mm 1050
IR R FE RS,/ (kgrm®) 600
YREH T B R HB,/(N-m-s-rad ") 0.05
FERREL A A 12 d, /mm 1190
fERBELI B 4MEdy/mm 1390
AL B B/ (kg m?) 600
ST RELJE R AU B /(N 'm-s rad ") 0.05
Wl 98 FEb/mm 650
IRFETHERD,/(m* 1) 0.354
AR ELHERD, /(P 1) 0.37
AR AL AW 51.85
AR AR H LI [H] HE 4 Ty/s 0.30
ERFEHERED/(mLr ) 68.42
WOE I B ARB Y /m® 0.45
TR AR AR S 5 5, /Pa 6.9x10°
SR RBC/(m s Pat) 4x1077
AL R 25 K/(V-N \m ™) 2.4x10°°
PR A S BRI 25 K /(V rad ) 16.38
FL PR B 4% R BUK/(HZ V) 10
PR R BKY(V-HZ ) 3.8
HIHLE % R EKE 26.27
TR HIEIRCRE 0.9

M) TR, ZFR G0 | BUA IR R 48, 454 31
T ERSH, w] A R B LR AE R ST MR 7

(Bode) . Zs Z= 14 (Nyquist) K an & 7H 7w o
50

=
H

|
—_
(=3
(=]

f

/)

107 10° 10' 107 10° 10*
A /(rad-s ™)
(a) &%) Bode E

el
(=]

_10 -

-15 - - - - .
-1.0 -08 -06 -04 -02 0 0.2
i
(b) &5t Nyquist

7 ReLRGEFIRIREM S
Fig. 7 Analysis of the open loop stability of steering gear

system

H 7RI % R G 0 IR (AR B S 45.3 dB, AH
FHE R 54.9°, W RS H2.32 rad/s, G TR K
41.7 rad/so R GEAT 11 0TI IR S, 23 28 B th 4%
B R(-1,0), EEMEAE AT, REecfae HEA
BRI EM
2.3 RGN R FFE i

FE AR TEBUAES 12 W2 A T4 T, 3R St P B e i
TR, W % B8 205 5 0y e i R o = (9) il
FANSRAT R G A AL 38 pRECH -
O 2.83

E=9.37>< 10754 +5.76 x 107* - 53 +O.302-s2+s-(+2.8)3
10

MR X (10) AT I MY 28 58 ) P R A R 4 1k il 4%
WIS 7N o 1% 1 42 s e T 4] Al 22 2 1 Wi B2 BE 77, DA
EI8h Al LIFE H, REIEAE T M 207070, XF i 1Y
BR R 3.743 rad/s, AT 90° B X R A5 R
3.062 rad/s. H TR M AEHL R S BT IRFHJE He g 8Dy,




180

TR S HEA

53 4%

PR ER AR 7 209 1) 147 A0 3 1, 2 48 ) W) 3k 8
BT AR PEIA Y, iy LS o 2R T 4 0 O, A
IBUORAEBE PR B 5 A 430 5, ] AT $i v 8 1T 2 4 I
FIFIE S RE L

50

g {Ei/dB

A

10' 10° 10° 10*

A /(rad-s ™)
E 8 MeHl ARG ARSI

Analysis of closed-loop frequency characteristics of
steering gear system

10" 10°

Fig. 8

3 (nESHh

by 96 UE A2 2 R A2 sh T T BR 7K 3h ) 4 A Ak
P, #5E AMESim 7 BB AL, 4nE 91T 7 o LU AR G5 it
REHLIY SEBR T.00 R 3em, 77K 30 T4, 3HEHLR
SE W IH IR ER M RE R AT 05 2L, OF 5 i S PID# il £ 45
Hil B REHL RGP RE A H A

E10(a) . (b) . (c) 53l i ntAE AL ER ER R (A 350
HIBT IR 5 R R0.01°/sH R 55 S350 4 %
0.032 HzM 1E 5% 45 5 i iy f5 B 4 . 21 RoR 55
2, 282321 R FHAL 5 PIDE thl B 1 1 0 28, ih 4%
3R A h R B0y Bk, [1o(h)
kAR IR 2570

H 10 (a) AT, & IR Sh BT i MEAT 55 1 S5 1%
SEPIDFE il #5540 EL , i o o B B MR, 767 sAE AT A B AR
A, O, HARS IR 22 R e 0,050 Bl Y, AHAL T
TR GAR B G IR BIARAS 1 3R T+ 2936%. [K110(b) Ny
BREE R 0.01°/sI R A 5 1 e M i A8 it 2

!
SRR (7~ [N
Zmil

L
5 e i e ol T i
| ] __ | T ?‘ﬁ}_r |_ ) ‘ ey
‘@% @@ I TT - . : :@g {1
‘ @ IE I"f‘—ligq ShR e | OF
— L €
® y, 8
fewd : S
e %L & . '- o Df el
A ok
o REFFAR

e

Fresh iR A

9 ERXEEHEBAMESim{7 B1RE

Fig. 9 Decoupling AMESim simulation model of compound swing cylinder

40 . 0.25 — 30 —
35 al L fE5% s 20 t L A5
20 020 2. PID {1k p I \ 2-PID {jj F 2k
I . 4 P 10
e By 2 ;E 0.15 Y 7y < o0
20 L .'; \'\_ "y ‘2
§ s N 2 o0l L Ll g -10
N R4 ' v 7l ol
0T 2. PID @ﬁéﬁi@ 005 | L2 A il 2
5+ 3ACA FL 2R W 4 E R -30
0 L L L L 0 L L L L —40 . . . . .
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
GRS IRFTA] /s i) /s
(a) PR B 25 (b) RHEE A 7 Hh 2k (c) 1E5%AE 5 ma L 1 2%

E 10 fRBAEHhZ%

Fig. 10 Decoupling simulation curves



553

P58, A5 B AR A SCER S 4R e 181

MIE10Cb) ol i, 52 2R Sl L A s A AE LA
TEE AE B 2 A0 % Ge PIDE il 45 2 il T 19 AEAILAIG
PERE, B NS B O AE£0.03 07 B R 250 N, Tl A2 1K
THEOR 10 e ) 1R TE 520 7 pHh 24 J0) 2% BH Bt 5 iF 1] 174
I F 52 SR Bl T P2 TR 8 A %) 4 215 5 1O B BE 1R BE
FICAEAY , BAT B (R

4 & it

1) 368 3 o B ML T AR D B K Y A4 23 A
B e A R oK B0 7 A 1 5 38O R S AE A Y
TR e ZR, SO AR PR RE A2

2) B XS e - EHL A AL AR AR Lt A a2
A5 H 5 AR LG O R, 4 i 2 R S
TR AEAL R BT IR B, MARAS i e 17K 3l g xHig
BRI E T

3) 05 FL oM R B A2 A Sl A T AL AT i
o AR AR P M RE A R, A L TE e BT
(7505, I TP A AL R ) 7 1% T SRR S e
SE Rk
[1] Liang L H,Wang L Y,Wang J F.Energy-saving nonlinear

friction compensation method for direct drive volume con-
trol flange-type rotary vane steering gear[J].IEEE Access,
2019,7:148351-148362.

[2] Ye Tao,Wu Dan,Liu Yunsheng.On adoption of the rotary vane
steering gear for VLGC[J].Ship & Ocean Engineering,2019,
48(2):94-96.[ ¥ fHFF, X132 8 A Ak S HG =X
FEALLE FH A BT[] 056 T F2,2019,48(2):94-96.]

[3] Huang Chaoqun,Zhao Yugang,Wei Dong,et al.Position and
force tracking control characteristics of ship steering gear
load simulation system[J].Chinese Hydraulics & Pneumat-
ics,2019(4):74-78. [ B, X [, B, 25 AAAEHL 574
BN R GE 0 B 5 ) B A ] R PR ST (0] S R
501,2019(4):74-78.]

[4] Tu Jianjun,He Hanlin.Back-stepping robust stabilization
and its application in rudder roll stabilization[J].Journal of
Huazhong University of Science and Technology(Natural
Science Edition),2012,40(07):19-23.[M& £ 4= fa bk S A5
PR BE B AR IR B8 B NI ()] A RO
RARBIEM),2012,40(07):19-23.]

[5] Seo J,Venugopal R,Kenné J P.Feedback linearization based
control of a rotational hydraulic drive[J].Control Engineer-
ing Practice,2007,15(12):1495-1507.

[6] Cao Xuepeng,Bao Xiangyu,Zhang Gong,et al.Force/posi-

tion master-slave cooperative control for dual robots based

on fuzzy and optimized bacterial foraging algorithms[J].Ad-
vanced Engineering Sciences,2020,52(4):226-234.[ & 2~ /8,
AT, 5K 5 AR S TR L A AL BT A LA A
/A5 R ] 5 22 (9], TR Rk 2E 53K ,2020,52(4):
226-234.]

[7] Jiang Jihai,Su Wenhai,Liu Qinghe.Direct drive electro-hy-
draulic servo rotary vane steering gear[J].Proceedings of the
JFPS International Symposium on Fluid Power,2008,7(2):
369-675.

[8] Qiang Hongbin,Jin Song,Feng Xinyu,et al. Model predict-
ive control of a shipborne hydraulic parallel stabilized plat-
form based on ship motion prediction[J].IEEE Access,
2020,8(99):181880—181892.

[9] Wang Shikai,Jin Hongzhang.Nonlinear non-minimum
phase rudder-roll damping systems of ship using sliding
mode control[J].Computer Engineering and Applications,
2018,54(9):207-212.[E P, a5 AR kAR R/ AL
FHE AR A W 2R 0 1 RS [T ]S L R 50,2018,
54(9):207-212.]

[10] Su Wenhai,Jiang Jihai,Liu Qinghe.PD controller based on
simulated annealing ant colony optimization algorithm in
direct drive electro-hydraulic servo rotary vane steering gear[J].

Electric Machines and Control,2010,14(1): 102—106.[3:7\3(

Vg, 22 A8, X0 DRI 1 30K P VR A R 2 P FrE AL IR K R -
PEPDFEHI[I]. LML 5 4 i 7 41,2010,14(1):102-106.]

[11] Su Wenbhai,Jiang Jihai. AFSM-LTOC controller for direct
drive electro—hydraulic servo rotary vane steering gear[J].
Journal of Southeast University(Natural Science Edition),
2009,39(Supp1):62-67.[F SCHF, 22 4k iff. B 9K =X L ARl i
e HEHLAFSM-LTOCE: il #i [J]. /5 R 27274l (1 24
2417),2009,39(3 T1]1):62—67.]

[12] Liang Lihua,Wang Luyang,Wang Jingfu.The compensa-
tion for nonlinear friction of DDVC flange-type rotary vane
steering gear[J].PLOS ONE,2018,13(11):1-21.

[13] Zhang Yu,Wu Jiechang,Chang Guanghui,et al. Modeling
and simulation of the steering control system and fuzzy ad-
aptive PID control of hovercraft[J].Journal of Wuhan Uni-
versity of Technology,2017,39(8):33-38.[1k T, =K, B
JE G RS HTR AR R G SO E 3 PIDH
05 EIFFE[0]. DU TR 2F2741,2017,39(8):33-38.]

[14] Zhou Liuming,Wang Yulong.Robust H,, control of rudder
roll damping for ships[J].Control Engineering of China,
2016,23(1):102-108.[ A M, T £ I8 M ARAE IR 265
H HIBF5T 0] 35 T#,2016,23(1):102-108.]


https://doi.org/10.1109/ACCESS.2019.2946518
https://doi.org/10.3963/j.issn.1671-7953.2019.02.025
https://doi.org/10.3963/j.issn.1671-7953.2019.02.025
https://doi.org/10.11832/j.issn.1000-4858.2019.04.012
https://doi.org/10.11832/j.issn.1000-4858.2019.04.012
https://doi.org/10.11832/j.issn.1000-4858.2019.04.012
https://doi.org/10.11832/j.issn.1000-4858.2019.04.012
https://doi.org/10.11832/j.issn.1000-4858.2019.04.012
https://doi.org/CNKI:SUN:HZLG.0.2012-07-006
https://doi.org/CNKI:SUN:HZLG.0.2012-07-006
https://doi.org/CNKI:SUN:HZLG.0.2012-07-006
https://doi.org/CNKI:SUN:HZLG.0.2012-07-006
https://doi.org/CNKI:SUN:HZLG.0.2012-07-006
https://doi.org/CNKI:SUN:HZLG.0.2012-07-006
https://doi.org/CNKI:SUN:HZLG.0.2012-07-006
https://doi.org/CNKI:SUN:HZLG.0.2012-07-006
https://doi.org/10.1016/j.conengprac.2007.02.009
https://doi.org/10.1016/j.conengprac.2007.02.009
https://doi.org/10.1016/j.conengprac.2007.02.009
https://doi.org/10.5739/isfp.2008.369
https://doi.org/10.5739/isfp.2008.369
https://doi.org/10.1109/ACCESS.2020.2992458
https://doi.org/10.3778/j.issn.1002-8331.1612-0139
https://doi.org/10.3778/j.issn.1002-8331.1612-0139
https://doi.org/10.15938/j.emc.2010.01.001
https://doi.org/10.15938/j.emc.2010.01.001
https://doi.org/10.1109/IWISA.2009.5072691
https://doi.org/10.1109/IWISA.2009.5072691
https://doi.org/10.1109/IWISA.2009.5072691
https://doi.org/10.1109/IWISA.2009.5072691
https://doi.org/10.1109/IWISA.2009.5072691
https://doi.org/10.1109/IWISA.2009.5072691
https://doi.org/10.1371/journal.pone.0207018
https://doi.org/CNKI:SUN:WHGY.0.2017-08-007
https://doi.org/CNKI:SUN:WHGY.0.2017-08-007
https://doi.org/CNKI:SUN:WHGY.0.2017-08-007
https://doi.org/CNKI:SUN:WHGY.0.2017-08-007
https://doi.org/10.1109/ACCESS.2019.2946518
https://doi.org/10.3963/j.issn.1671-7953.2019.02.025
https://doi.org/10.3963/j.issn.1671-7953.2019.02.025
https://doi.org/10.11832/j.issn.1000-4858.2019.04.012
https://doi.org/10.11832/j.issn.1000-4858.2019.04.012
https://doi.org/10.11832/j.issn.1000-4858.2019.04.012
https://doi.org/10.11832/j.issn.1000-4858.2019.04.012
https://doi.org/10.11832/j.issn.1000-4858.2019.04.012
https://doi.org/CNKI:SUN:HZLG.0.2012-07-006
https://doi.org/CNKI:SUN:HZLG.0.2012-07-006
https://doi.org/CNKI:SUN:HZLG.0.2012-07-006
https://doi.org/CNKI:SUN:HZLG.0.2012-07-006
https://doi.org/CNKI:SUN:HZLG.0.2012-07-006
https://doi.org/CNKI:SUN:HZLG.0.2012-07-006
https://doi.org/CNKI:SUN:HZLG.0.2012-07-006
https://doi.org/CNKI:SUN:HZLG.0.2012-07-006
https://doi.org/10.1016/j.conengprac.2007.02.009
https://doi.org/10.1016/j.conengprac.2007.02.009
https://doi.org/10.1016/j.conengprac.2007.02.009
https://doi.org/10.5739/isfp.2008.369
https://doi.org/10.5739/isfp.2008.369
https://doi.org/10.1109/ACCESS.2020.2992458
https://doi.org/10.3778/j.issn.1002-8331.1612-0139
https://doi.org/10.3778/j.issn.1002-8331.1612-0139
https://doi.org/10.15938/j.emc.2010.01.001
https://doi.org/10.15938/j.emc.2010.01.001
https://doi.org/10.1109/IWISA.2009.5072691
https://doi.org/10.1109/IWISA.2009.5072691
https://doi.org/10.1109/IWISA.2009.5072691
https://doi.org/10.1109/IWISA.2009.5072691
https://doi.org/10.1109/IWISA.2009.5072691
https://doi.org/10.1109/IWISA.2009.5072691
https://doi.org/10.1371/journal.pone.0207018
https://doi.org/CNKI:SUN:WHGY.0.2017-08-007
https://doi.org/CNKI:SUN:WHGY.0.2017-08-007
https://doi.org/CNKI:SUN:WHGY.0.2017-08-007
https://doi.org/CNKI:SUN:WHGY.0.2017-08-007

182 TRERp A HEOR

% 53 %

[15] Liu Zhiquan,Jin Hongzhang.Method for rudder roll stabil-
ization control by maintaining ship speed[J].Chinese Journ-
al of Ship Research,2017,12(1):128-133.[X| &4, 483
FE T AR BB IR P 50k (0. P LA 5, 2017,
12(1):128-133.]

[16] Zhang Wenying,Tang Lizhi,Zhang Xun.Observer design
for the RRD system based on the T-S fuzzy model[J].Con-
trol Engineering of China,2015,22(2):227-231.[5K 3, &
LA, 5K A T RO TSR B fE D8 2R 9 1) WL 5 15
T2 T #,2015,22(2):227-231.]

[17] Liu Sheng,Tang Yinchao.Vessel vector rudder reduction
roll control system[J].Ship Science and Technology,2019,41(4):
7682 [XIJHE, LR A AN O B AR IS 647 1l R e (0] LA
REHAR 2019,41(4):76-82.]

[18] Liu Ling,Li Huadong,Mei Zhiyuan,et al. Experiment and
method research on hydrodynamic load equivalence and ap-
plication of composite rudder[J].Journal of Ship Mechanics,

2017,21(4):421-428.[ X4 ZRHER My 58, 56 2 G M RHIE

K B 3 A S RO AN 75 ¥ Bk B F SR (3] 050 77,2017,
21(4):421-428.]

[19] Xiao Zhihu,Xu Guohua.Study on dynamics of underwater
manipulator under flow influences[J].China Mechanical En-
gineering,2011,22(21):2521-2526.[ 4 1632, i FE 4. 3 T4k
T E K T AU T 20 7 2 A A (3] b E AL AR,
2011,22(21):2521-2526.]

[20] Zhou Guangli,Du Du,Ou Yongpeng.Experimental study on
hydrodynamic performance of rudders in continuous swing
steering condition[J].Journal of Ship Mechanics,2020,24(9):
111211 U8.[J8 4L, 0 B R B G, 46 S S R e T 00 F
WIS ek 2 R IR S WSS [ M 71 %7,2020,24(9):
1112-1118.]

[21] Deng Pan.The research and development of rotary vane hy-
draulic steering gear loading test bench[D].Harbin:Harbin
Institute of Technology,2007.[X[S % %42 FEAEHLIN
G 5 BRI (D] 7K R Tk R°7,2007.]

(w3 AN

D e S SR S S S S S S SR S S S R R S S R R S S SR SR S S S S S S S SR S SR S S i S SR S R SR R S SR

TR SR, 2021,53(5):175-182.]

> o o o o

I A= Li Gegiang,Zhao Wenkui,Mao Bo,et al.Steering principle of compound swing cylinder for rotary vane steering
gear[J].Advanced Engineering Sciences,2021,53(5):175-182.[2= &5 X SC4s B, 55 Fe AL &2 22 sh i fe IR ).

> o ® *

A S S S S R R S S R SR R S S S e S S S S S S S S S S S S e S R S R S S S S S S S S S S S 2


https://doi.org/10.3969/j.issn.1673-3185.2017.01.019
https://doi.org/10.3969/j.issn.1673-3185.2017.01.019
https://doi.org/10.3969/j.issn.1673-3185.2017.01.019
https://doi.org/10.3969/j.issn.1673-3185.2017.01.019
https://doi.org/10.3404/j.issn.1672-7649.2019.04.015
https://doi.org/10.3404/j.issn.1672-7649.2019.04.015
https://doi.org/10.3404/j.issn.1672-7649.2019.04.015
https://doi.org/10.3969/j.issn.1007-7294.2017.04.006
https://doi.org/10.3969/j.issn.1007-7294.2017.04.006
https://doi.org/CNKI:SUN:ZGJX.0.2011-21-000
https://doi.org/CNKI:SUN:ZGJX.0.2011-21-000
https://doi.org/CNKI:SUN:ZGJX.0.2011-21-000
https://doi.org/CNKI:SUN:ZGJX.0.2011-21-000
https://doi.org/10.3969/j.issn.1007-7294.2020.09.002
https://doi.org/10.3969/j.issn.1007-7294.2020.09.002
http://dx.doi.org/10.7666/d.D448262
http://dx.doi.org/10.7666/d.D448262
http://dx.doi.org/10.7666/d.D448262
https://doi.org/10.3969/j.issn.1673-3185.2017.01.019
https://doi.org/10.3969/j.issn.1673-3185.2017.01.019
https://doi.org/10.3969/j.issn.1673-3185.2017.01.019
https://doi.org/10.3969/j.issn.1673-3185.2017.01.019
https://doi.org/10.3404/j.issn.1672-7649.2019.04.015
https://doi.org/10.3404/j.issn.1672-7649.2019.04.015
https://doi.org/10.3404/j.issn.1672-7649.2019.04.015
https://doi.org/10.3969/j.issn.1007-7294.2017.04.006
https://doi.org/10.3969/j.issn.1007-7294.2017.04.006
https://doi.org/CNKI:SUN:ZGJX.0.2011-21-000
https://doi.org/CNKI:SUN:ZGJX.0.2011-21-000
https://doi.org/CNKI:SUN:ZGJX.0.2011-21-000
https://doi.org/CNKI:SUN:ZGJX.0.2011-21-000
https://doi.org/10.3969/j.issn.1007-7294.2020.09.002
https://doi.org/10.3969/j.issn.1007-7294.2020.09.002
http://dx.doi.org/10.7666/d.D448262
http://dx.doi.org/10.7666/d.D448262
http://dx.doi.org/10.7666/d.D448262
https://doi.org/10.3969/j.issn.1673-3185.2017.01.019
https://doi.org/10.3969/j.issn.1673-3185.2017.01.019
https://doi.org/10.3969/j.issn.1673-3185.2017.01.019
https://doi.org/10.3969/j.issn.1673-3185.2017.01.019
https://doi.org/10.3404/j.issn.1672-7649.2019.04.015
https://doi.org/10.3404/j.issn.1672-7649.2019.04.015
https://doi.org/10.3404/j.issn.1672-7649.2019.04.015
https://doi.org/10.3969/j.issn.1007-7294.2017.04.006
https://doi.org/10.3969/j.issn.1673-3185.2017.01.019
https://doi.org/10.3969/j.issn.1673-3185.2017.01.019
https://doi.org/10.3969/j.issn.1673-3185.2017.01.019
https://doi.org/10.3969/j.issn.1673-3185.2017.01.019
https://doi.org/10.3404/j.issn.1672-7649.2019.04.015
https://doi.org/10.3404/j.issn.1672-7649.2019.04.015
https://doi.org/10.3404/j.issn.1672-7649.2019.04.015
https://doi.org/10.3969/j.issn.1007-7294.2017.04.006
https://doi.org/10.3969/j.issn.1007-7294.2017.04.006
https://doi.org/CNKI:SUN:ZGJX.0.2011-21-000
https://doi.org/CNKI:SUN:ZGJX.0.2011-21-000
https://doi.org/CNKI:SUN:ZGJX.0.2011-21-000
https://doi.org/CNKI:SUN:ZGJX.0.2011-21-000
https://doi.org/10.3969/j.issn.1007-7294.2020.09.002
https://doi.org/10.3969/j.issn.1007-7294.2020.09.002
http://dx.doi.org/10.7666/d.D448262
http://dx.doi.org/10.7666/d.D448262
http://dx.doi.org/10.7666/d.D448262
https://doi.org/10.3969/j.issn.1007-7294.2017.04.006
https://doi.org/CNKI:SUN:ZGJX.0.2011-21-000
https://doi.org/CNKI:SUN:ZGJX.0.2011-21-000
https://doi.org/CNKI:SUN:ZGJX.0.2011-21-000
https://doi.org/CNKI:SUN:ZGJX.0.2011-21-000
https://doi.org/10.3969/j.issn.1007-7294.2020.09.002
https://doi.org/10.3969/j.issn.1007-7294.2020.09.002
http://dx.doi.org/10.7666/d.D448262
http://dx.doi.org/10.7666/d.D448262
http://dx.doi.org/10.7666/d.D448262

	1 舵机工作原理及负载分析
	1.1 调速机构
	1.2 液压动力机构
	1.3 舵机负载
	1.4 反馈环节
	1.5 直驱式舵机系统数学模型

	2 复式摆动缸
	2.1 工作原理
	2.2 系统稳定性分析
	2.3 系统响应特性分析

	3 仿真分析
	4 结　论

