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Abstract; Aiming at the problem of high-precision position control for the volume servo electro-
hydrostatic actuators, the mathematical models of electro-hydraulic actuator position control were
established, and the three-state feedback and three-state feed-forward control strategy was
proposed. This control strategy adjusts the natural frequency and damping ratio of the system
through the three-state feedback, and uses the three-state forward feed to achieve pole
configuration, and then optimizes parametric design for the controller, improving the dynamic
characteristics of the system effectively. A test platform for volume servo electro-hydraulic
actuators was built, and experimental verification was performed for the proposed control
method. The results show that the proposed position control method of volume servo electro-
hydraulic actuator has good control effect, and can achieve high-precision control of the electro-
hydraulic actuator with the control accuracy of £0. 01 mm. This study may provide a foundation
for the engineering promotion and application of electro-hydraulic actuators.

Keywords: volume servo; electro-hydrostatic actuator; position control; three-state feedback;

three-state forward-feed

o AR SRR AR AR S5 E

FEL VA R B A A DAy Tl 2 5 o 3 40
A Ty R VR R B R LA & R R R S 3R Tk Y

RZ— AEIR 4 BRI PUE 28

Weks B . 2020-05-21,  AEHEMIA: EAELQ8S—) B WA S RMGERBIESR . B . 8%, HL&WH:. BRAKE
22 I AW B H (51927809) ;4L 44 T A MF & T H (20314402D) 5 37 Jb 45 15 45 24 A Bl 24 5 R i 98 3 A 00 H (ZD2020166)
[0 £ H BRI T] . 2020-09-25 W 4% HY B AE : http: // kns. enki. net/kems/detail/61. 1069, T. 20200924, 1859. 004. html



81

FEVHE ), 25 - 2 B R PR TR 3l 6 o 5 42 AT 5 95

BREALHER Y . DI R BOR M E 0L K
HEOTHBRFAREAR S OE R SHEEG . B
YA I 2 2 AR A R o — A T S R
A FRAR] I L A 3l i 2 PR YA IR A 4 B 1 i 2 iy
I Z R Sh 24 25 T HE R B IR o A2 2% B A I
RGLLL e B B AR AR L A 0 e IR TR ] IR
PERORYUTS YL RE T 22 4 B AR BB JRTR 2% 7™ HE A 4
AR B FA R ALY RE | 2 L AR AR AR R
P

HRFARE ARS8 R — 2 E SR a Ak
LNk AL SR B 0% 2R G0, L v o 4 A O R OG
ORI 2 — 6 BB AR 1R BILe A 1T R
ORI AT Bl L A TR AR A
ZENEHT . AARR [ N b 2 25 00 v A 3l 4 1) R G
JEE A7 B A ) 1) R T A OG5

[ 4 Buchun 25 51X B W 1 3 4% 2 25722 1 AR
SRR IR, 4R T A O I T AR ) O S A e
TR AT Bl A e g o () RE 5 Hards S5 £ XS
RV B 2 A0 DXCAR L AR 2 1 T — ol 8 e A Y
A g o v AR T St R AR I 4 3 )
L B R T G0 A R R 5 R R N S R
A5 Chong A5 &1 X oL 1R 2l 25 %1300 R 25 ) AL R
FHRLT- REASDRY) 122 5 7 1 o 0 SR e AT o B 4 ) LAk
ST AE — 2 1 B N 225 B v R

Pl P9 L 2 B0 FL AR sl A 07 B 4 o 3 25 R
lia) 250, SR FH i v HL ML ) LR L R AR PR WL R L 5 5l 1
IR USRI AR AL 20 465 0 <5 4 it D DA Bl 38 3R 48
AR s Yang S5 — RO 20 3 R 1 i 5
RSN LS N G B I R g SURIE cx IS B VA
HRAE A RO T A L A R i B ASE RE AR
ARG L RE B R0 5 22 AU A X o YR A B 5 SE
DRI L PR AR+ SR 6 T 8 30 3 A0 R 4 1
B BERE T RGO E RS

IR TE T AR K 22 I HL AT Bl A 07 B 4 i
LMk BUIX G BB SE A O B A A RS
PREER AR . R GEIE A R e L SEsh 17 2
A Ty JRE 52 B R VAT Bl O L 4 o A A ot — 2P
FE o N SCHE S FL R 2 e R 7 B s o I
S L RUARL IR AR 8l A8 B BB L 4R i = RS R it S =
RS T3 47 1 55 s o 3 i —DIR S BB b Bk R ST A
WA BELJE LE I ) T = bR 2T 45 5 LA 5 T 5 3
170 47 ] i R AT 2 B A BT A R T RS
AR S BRI

http: // zkxb. xjtu. edu. cn

1 AR Shar R A

o4 U I A 328 B L A R L
B R I 5 A AR T O 28 5 HC T AR
(SRR

B4

bl &

fir 8 R

I bl 2—ERmE ;3 — &N 4. 1 AR @EM;4. 2B
JEE I I 55, 1— A R 55, 2 B ISR I :6. 1— A B E 1 %
S 5 6. 2— B IR I AL R s T B AL IR s 8K L .

1 AR Sl AR I 2

FL VR B i R AR Al L BIL - -0 i 4 R
P 7 58 B AR WGCHE I F O T T G P 1 4K
W EALB W 5 E AR AR BC A A 1) 1 5 B AR GE b il
RE 5 Ui L 1 52 B AR L IR 0o AR s P 2 SR AR R G
i3 LR A AR A B I i o 4 4 4 2 Tl o
5 Al Fh AL S BR L 948 1R S i 1 P A ] e A7

2 MR

B LA 3l 4% O T AR AR R FEL AL L TR 5 A
R L R AT AR A3 A+ LA DA B 0 H YA 8l 4 £
B ] R ) R S AT BT
2.1 fARBIEHFER

FL VA gl i 7 R AT 0 4 1 R b A i AL
AR S A ) B0 0 ) PIAT 4 i o7 4 o) ) G B TR A
HHEARE BRI

ML ML SE 1k 4 7 1

v = Laty
4 7 +¢f} (D

S[JII - Llli(l

ML HLE F HL R 7
) d
Ud - Rsl(l + Egbd - w('S[}q

} (2)

U, = R., + %(/Jq + weia
L P R
T = gplgi, + (Lo —Loii] 3




96 [ . ]

R

K% 1 %55 &

Lz 3 5 1

T.—T. =], %JFD(»“] 4)

KM gu g, WEFHEEEN dq oy L, L, BE
TR d-q BRI 1, RE TR dg
B s o MK RERRESE U, U, HE FH KM dg
oy R, NE FHBH s oo A HLHLEE 7 A B T
Sk B AL H R B 5 o S LR G s T Oy L £ 2K
B T MG A B S A wn LY
BUR A 2 B2 5 D A r S AILBHL JE R %K.
2.2 HIERHHFERE
W 2R S HLOR AR Bl 2% 19 3l 1 oo i W T i
SR AL RS 1A .
T 2 i s i O R
Q, = D,w, — C, P, (5
Ko, W ER A B D, R 58 E HE &
Q, Ty W C, W U &R 8G Py
Rt T .
2.3 REGHFER
VAT R VA B 2 I ST TR R H TR VE Bh
a5 0 BRAE AP T A B BRI AR AT .
TR T B 3L o 3% S T R R
v

QL :APSXP+C1PL+§SPL (6)
TR AT A7 28 ) S T R R
AP =ms"X,+B,sX, +KX,+F. (D

Arp s A, R G A BOE T AR Qo o WS 66T 7 2
Uit s Co R RS s 55V, O RG4S
Be A RO TR SR VERL 5 5 m, Ry 16 26 K B 4R AT 55
FN5 %€ IR B, 6 2E K AR BB e R
B K Sy SR s NI B s X, R D A FL
Ve AR 26 LT R AN T .
2.4 (EEFRSEREISH

2 (5) ~ (7) T L WA 3 4 6 8 42 T 9 AE 1]
WE 2 PR, W R 2 ] e 519 2 i R AR 3 4% 47 A
JIR I B4 4% 356 R B

X,=[D,w,/Ap— (K./AD A+V,s/48. K. D F.]/

[m V.s*/4B. AL+ (m K../A,+ B,V /4B.A}) s +
(1+B,K./A;+ KV, /A A s+ K. K/AL 1 (8)
AP Ko - 5 R K. =C 4G,
2 W Zb P BELJE A A 8 sk L B B, =0, K =0,
K 28 1Y = B R AE J7 B2 0 M Ry — B R B T A A
LI

X :Dpwp/Api (Kce/Aé)(1+V‘s/4ﬁeK‘e)Fl
P s(s* /ar T 26,5/ w, 1)

(9
A o, 7 LR Bl A5 W [ A 05 &, O L IRAR
ShasHE L .
t—2w & AT RN N

_ [AB.A]
@h V.m, l
ﬁc’ntJ
NV V.

- (10)

‘ =

& =

3 ¥ kg

A SCAVL I e PR A BB S R A A5 1 7 25 e B
ARG E RN 3 YRS B R
Bt = AR A5 4 ) SR o 30 o A L R B
If] A7 453 S5 B JE LG O C PR B AR A E T 4 v AR B
F 22 il P BE 4
3.1 ZRERZREH

FL YA e R T A AR AR LB B/ R
G e i A% L TV PR SEURS B B BE 1 R B OAHE 4.
I SR =R S5t 05 9 o A AR G I [ AT R
AIEHE B - BC3E 28 40 10 4 A it o

=R A B A i B R AR D < ol T A
ECo) X B IR 3l A5 7 8 A iR &R 48 28 47 1 e 5, L
K 2 338 PR G Cs) B i B S0V R0 5 R T AD B R 5T
I A A A BELE LE il DR 2R G S JE A o S B A
P RE 52 PR 1) A i 26 418 ey 2 0 4 ) A E 4 ] D R A
Kl 3 iR

A1 3 CO) FT R R YR Bl A 07 B 4 T A% 3 e K]
i 16

>

ce
D

F

K
Fy I
% 5 1 . 1 1 1
1o+ C+CH(Vy/B,)s L I+ m, s s X,
[ B
L " |
A
L e |

[ 2

http: // zkxb. xjtu. edu. cn

R YRR 3l i o7 42 T ATE &




FEVHE ), 25 - 2 B R PR TR 3l 6 o 5 42 AT 5 97

g
2t
| K, i
2 W —— — X,
! S[8 T (2 & lop)s+1] Pl

K

G(s) = - 11

() s(s* /b + 28,5 /wn + 1) (11)
Hr K, P 25, il KRl
_ D,

K, = A, (12)

B DRSS 4 W i+ 2R G0 A B A 3R A% 3 R

W(s) = K

s(s* /whe + 2&&/2% + D + K.
F G0 1 VA A% 388 PR BT cone BT G EL S TR
F G0 m ¥ I REVE L H TR VR Bl 45 ] bR DA I S8 A
W H R R My R E ) ¢, SEAT 205, Horp Mo
<5001, <33 s, LA 301 3 2 00 % 30 B8 ) A 3R A% 3
BRI b [ AR R BELJE b AT 25, T A
Nﬂcﬂw¢”ﬁ<5%l

(13)

. :Agggjlggffgggs[ (14)
whe V1 — &
E—, SIRE R ER R G E 4 s
PP 4 AT, IR A B I S X Y R S
EH I PR R A% 338 sR AT 3RO Ry

W) = KK/ | s /wi + Q8 /o, + K KOS +

(L%KJQQ&%KJQJ (15)

L3 FITCLE) A Ay AR 25 T5 2 I o A L 28 2 3T A
A TR MR A

K.K
K. =&
Whe
_ 2% (Ke 1
K=ok 1)
. (16)
K' _ Whe — Wh
vl Kvu)i
_ K. | KiKjwne
Bk T

3.2 =R
SRS S A AT Al AR G A R R BELJE LA B AR

http: // zkxb. xjtu. edu. cn

K

v

s[s*/ol+(2&,/o,)s+1]

B4 RS R B ) R GEHE

AR IR 2R G A T A A5 A ) 2 B A R A DX
1 =R BB il B B Al B 5 1A =R A e 4% 1) 5
W S PR L C L W] R R GG B — LA &R
Gu g i vEfE .

SRS P ] A BAR S AR S il I F ()
A R A B i 0 B P PR A% 12 ek B R R
HE B 850 AT ) 2 T A AR R AN A 5 BTR

|
|

5 =R AS 4 i s R

W FOAFMTIER
F(s) = K, + Kus+ K, s a7
BE—2 FH FCO X TH R GE wn A 5 EI 4
2
Flo = 5 4 2y (18)
Whe Whe
KA A BT L 15
K, =1
_ 26
K. = wn (19
K. = ﬂJ
Whe

=S

SRV B H AR R FLPIL VR AE A5 ] R R A i T
FIRAE 5 P21 22 G20 A8, JHE v K 5l 45 42 1l £ e Pl ML 552
TRV 55 1) i 4] i 42 ) o 20 B v Bl A R S BR T L
IR Bl i B9 A% 0o BB 4 L ZH U 2R AN 18] 6 s

i — 20 W S ] IR R B o 2 R AR T RE I B |, JF
L RS S PAT O W R GO AR 3 . FRAE B
LB WME 7 PR,

T Simulink A 4w 3 = R & S5 =R S0 5%




555

BER

+ { ;

| .'\l-;
B3 ] fR | LI

K6 AL shfal R R OT SR

B W s T #KE'?&I(P\]ELL@%E’@%%)
7 g AL YE

P S5 TR 45 Bk T A e A ) g v B 4 o
i AR A S U » 25T 5 BLSE 580 F 3 19 5 I 42 1
HLIRAE Bh A S0 7 L AR R A 8 BT

5
B R
" Sk
g 1
= &
W
¥
B
i
4 i
2 B
B #)
i =

TR A
B8 S HL AR AR S I

11 R X 5 2%

HLRAE S8 2507 & TAES B2k 1 iR, i
WA B LI 3 AL AR BOR MR AN 2 R

http: // zkxb. xjtu. edu. cn

ZH Hfe
) IR Fi LS HHAE /(N » m) 22
A7) 1 HL L0 R B 7/ (r « mine D) 3000
WERHAE/(mL - r ") 8
WOE R e R/ (r + min ') 4500
RY i K LAEE J1/MPa 35
W G ALAKR 28/ mm @50/P30-300

K2 REERBEHRAA

# R 5 HARSH
F7HE:0~300 mm
7 B 15 IR 2% BTL7-S567
K5 B85 .0. 001 mm
E*” :0’\‘16 MP&
F 4 g SPE511-942 e

WE.<£0.3%

4 E EAE S A8 AN 240 mm iz 8 F] 40 mm, 15

FsLm L anlal 9 pron

280 100
240 0
> ~-100
g0 .5 7200
£ 160 g -300
52120 E -400
%0 ~3-500
= -600
40 -700
1 1 1 ] ,800 1 1 1 J
0 2 4 6 8 0 2 4 6 8
t/s tls
(a) W HE &1 13 B8 (b) HL MLEL 3
10 2.0
8 1.5
[~ [
a 6
3 S0
g, 4 R,
) 0.5
1 1 1 ] 1 1 1 J
0 2 4 6 g 09 2 4 6 8
tls t/s
(DA BIEN (DBEESH

PO BB a0 7% 8/ Mg 1o i £

9 AT SR RS B A 5 A 4 A SR
B ENL R/ 200 mm 48 4 Ji5 Al I HL BI5GB R R
G5 % 3 DA e B, HL AL 406 (T 5K 750 r/min, R
G5 K 1 W ik 8 MPa, R KA B AE 2.2 s Wik
PN E AR 0. 01 mm,

2 E R AE B & L N 40 mm B
mm , 5 ) 5250 it 2 an &l 10 froR .

3 & 240

HHIEI 10 AT, R FH =002 B 5t 5 045 42 1) R
W& . 45 5 2 AL 3G 200 mm $8 4 J5 7] IR B AL 4% T A
BN J—jjl’% M )37 5 FEL ML 2 3 W B T 3K 752 r/min,




%1 TV L 55« 2 TR IR v, YA 20 i o 5 42 11 T 5 99

250 1000 ()T ST FNT B 11404567 ELAT L
S?gg :E 600 FIR 42 T 8CHR  Shy H VA B e o o Y o R R A ) 28
120 £ 400 SE T —E WA

%0 S 200

40 0

0o 2 é s 8 2% 2 j 6 8  BEXH.
o 7 oL (1] Rk, 0. BAESE . . A 3 B
EaR L] bRtz i R R %24, 2017, 43(10)

3.0 10 1939-1952.

2.5 3 FU Yongling, HAN Xu, YANG Rongrong, et al. Re-
§ 2.0 § 6 view on design method of electro-hydrostatic actuator
E = . [J]. Journal of Beijing University of Aeronautics and

1.0 | ) | ) | | | | Astronautics, 2017, 43(10): 1939-1952.

%% 2 t;‘s 6 8 2 fs 6 8 [2] KANG Shuo, NAGAMUNE Ryozo, YAN Hao. Al-

(OA BIES (DB EIE S most disturbance decoupling force control for the elec-

10 R VAT Sl A3 B 38 Jm w3 iy 2

RS E JTEE R 9 MPa, W R R B AE 2.2 s N
KBRS E L FRARE B  £0. 01 mm,

Ry it — 20 Bk T B A i S A R L 4
FE LR AE B 25 0 B 48 A IR AE 5 mm iR 2 Hz, Jirf3
SEEZE R E 11 iR .

1
0.0 05 1.0 1.5 2.0 0.0 05 1.0 1.5 2.0

tls t/s
Ca) o7 '8 B3 i (b) ¥ il #5 &

L1 R A Sl i o ) A BB i 2

H 1T TR F YA B0 A R G5 A% T R R
W07 B 45 4+ (L O 22 45 1 72 0. 01 mm [ A,
AR Al 22 42 i £ £ 0. 1798 [l 4 . B AT R A 2 25 B
KRR e

5 45 i

BT FRL AR Bl A 00 B e A R I R o A A
TS A 4R 1T — Fh =DIR S R B =R A
T ) SR L 75 3 FEZ AR

(ST T HL IR 2l 07 1] il 42 o 3 48 Ko
LRIV

(2 1 = AR s At 5 0T 5t 42 ] S e 3 od b
o VL WA Bl I A 00 R A5 BELJE L L O TR DA B A A
X e 2 Bt AT Bt T R R 2 & 07 i
e A JEE 4

http: // zkxb. xjtu. edu. cn

tro-hydraulic load simulator with mechanical backlash
[J]. Mechanical Systems and Signal Processing, 2020,
135(1) . 1-29.

[3] RHEF, whifli, M=, & BFRENDRERE

Nl kR G R L] AL TR 4k, 2017, 53
(14) . 1-15.
YU Zhuoping, HAN Wei, XU Songyun, et al. Re-
view on hydraulic pressure control of electro-hydraulic
brake system [J]. Journal of Mechanical Engineering,
2017, 53(14) . 1-15.

[4] ZHANG Chao, WANG Shaoping. A novel indicator
for mechanical failure and life prediction based on deb-
ris monitoring [J]. TEEE Trans Reliability, 2017, 66
(1): 161-169.

(5] feASAk, Poaig, skigts, 55 RADIRSMG 0 2R i

B X0 BRI ST AR RS T ) [T ], G 2 A8l R
2017, 51(4): 109-115.
XIONG Zhilin, TAO Jianfeng, ZHANG Fengrong. et
al. A model predictive control strategy of pump-
controlled asymmetric cylinders using state estimation
[J1. Journal of Xi’an Jiaotong University, 2017, 51
(4) . 109-115.

[6] WANG Shaoping. Fault severity recognition of avia-
tion piston pump based on feature extraction of EEMD
paving and optimized support vector regression model
[J]. Aerospace Science &. Technology, 2017, 67(1)
105-117.

[7] ZHANG Junhui, LI Ying, XU Bing, et al. Churning
losses analysis on the thermal-hydraulic model of a
high-speed electro-hydrostatic actuator pump [J]. In-
ternational Journal of Heat and Mass Transfer, 2018,
127(1) . 1023-1030.

[8] SHI Cun, WANG Shaoping, WANG Xingjian, et al.

Variable load failure mechanism for high-speed load




W' o

K

,%,l:

R

1

[9]

(10]

[11]

[12]

[13]

(14]

[15]

sensing electro-hydrostatic actuator pump of aircraft
[J]. Chinese Journal of Aeronautics, 2018, 31(5):
949-964.

LEE S R, HONG Y S. A dual EHA system for the
improvement of position control performance via active
load compensation [ J]. International Journal of Preci-
sion Engineering and Manufacturing, 2017, 18(7).
937-944.

KOU Farong, DU Jiafeng, WANG Zhe, et al. Non-
linear modeling and coordinate optimization of a semi-
active energy regenerative suspension with an electro-
hydraulic actuator [J]. Algorithms, 2018, 11(12);
1-17.

R, MFE e, EAT, AR BWCE E 3 bR ARk
LR S PR LA (). ThEALAC A, 2017, 28
(14) . 1701-1707.

KOU Farong, DU Jiafeng, WANG Zhe, et al. Non-
linear-modeling and coordinate optimization of semi-
active energy regenerative suspensions with electro-
hydraulic actuators [J]. China Mechanical Engineer-
ing, 2017, 28(14). 1701-1707.

ZHONG Haoran, LI Peigen, GAO Liang, et al. Low-
delay admittance control of hydraulic series elastic ac-
tuator for safe human-robot collaboration [J]. Proce-
dia Manufacturing, 2020, 48 147-153.

MINH T N, TRI D D, KYOUNG K A. Application
of electro-hydraulic actuator system to control continu-
ously variable transmission in wind energy converter
[J]. Energies, 2019, 12(13): 1-19.

BUCHUN S, DONGYOUNG L, SANG Y P, et al.
Design and performance of nonlinear control for an
electro-hydraulic actuator considering a wearable robot
[J]. Processes, 2019, 7(6): 1-16.

HARIS SZ, ABASIN U, ADIL Z. Robust model pre-
dictive position control of direct drive electro-hydraulic
servo system [ C]// IEEE International Conference on
NJ,

Intelligent Systems Engineering. Piscataway,

(16]

[17]

[18]

[19]

(20]

[21]

http: // zkxb. xjtu. edu. cn

USA: IEEE, 2016 100-104.

CHONG C S, ROZAIMI G, HAZRIQ 1], et al. Slid-
ing mode controller design with optimized pid sliding
surface using particle swarm algorithm [J]. Procedia
Computer Science, 2017, 105(6): 235-239.

LI Zhihui, SHANG Yaoxing, JIAO Zongxia, et al.
Analysis of the dynamic performance of an electro-
hydrostatic actuator and improvement methods [J].
Chinese Journal of Aeronautics, 2018, 31(12). 2312-
2320.

LI Zhihui, SHANG Yaoxing, JIAO Zongxia, et al.
Surplus torque elimination control of electro-hydraulic
load simulator based on actuator velocity input feedfor-
ward compensating method [J]. Journal of Dynamic
Systems Measurement & Control, 2018, 38(1). 58-
64.

YANG Rongrong, FU Yongling, ZHANG Ling, et
al. A novel sliding mode control framework for elec-
trohydrostatic position actuation system [J]. Mathe-
matical Problems in Engineering, 2018(11): 1-22.
B, Ak, b, . B A IR S o B
PHRE AR [T]. JEatii s i R OR4244k, 2016, 42
(8): 1649-1658.

YANG Rongrong, FU Yongling, WANG Yan, et al.
Free-chattering fractional order sliding mode control of
integrated electro-hydraulic servo pump [J]. Journal of
Beijing University of Aeronautics and Astronautics,
2016, 42(8): 1649-1658.

LUK, FWEE, BR, & OB TR E KRR
A IR 2 4 g B A [T, AR M CL2 D
2018, 48(5) . 1492-1499.

JIANG Jihai, GE Zehua, YANG Chen, et al. Differ-
entiator-based discrete variable structure controller for
direct drive electro-hydraulic servo system [J]. Journal
of Jilin University (Engineering and Technology Edi-
tion) , 2018, 48(5): 1492-1499.

(G )%




