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Double inertia modeling and high precision position
response of electro-hydrostatic actuator
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Industry and Technology, Shijiazhuang 050091, China)

Abstract: Aiming at the serious resonance problem of the electro-hydrostatic actuator caused by nonlinear friction, the electro-hydrostatic ac-
tuator was modeled as a dual inertial system and a resonance ratio control method was designed. Firstly, the working principle of the electro-
hydrostatic actuator was studied, and the electro-hydrostatic actuator was modeled as a dual inertial system by using two high-stiffness inertial
bodies connected by a low-stiffness shaft. Then, a feedback modulator was used to compensate the static friction of the actuator, and a reso-
nance ratio control method including a feedback controller and an interference observer was designed based on parameter identification, which
effectively suppressed the vibration of the actuator. Finally, the frequency response and position response were tested on a single-link manip-
ulator experimental device. The results show that the double resonance phenomenon observed in the frequency response curve of electro-hy-
drostatic actuator verifies the feasibility of the proposed dual inertial system modeling. In addition, compared with the other two conventional
proportional-integral control methods, the maximum overshoot of the proposed resonant ratio control method is only 0. 035 rad, and the aver-
age response error is only 0. 005 rad, thus obtaining high-precision position response control performance, which having good reference value
and application prospect in the research field of hydraulic transmission.

Key words; electric hydrostatic actuator (EHA) ; resonance suppression; dual inertial modeling; feedback modulator; friction compensation

75 B #7:2021 -08 - 18

EETR Wb 5 2 MR A 5T 1 RIT0 H (22018225 ,72D2020331)

PEE BT SRR (1979 - ) , Zo Wb A KN Bt 8%, F 2N FAU G E LEAR T AF5E . E-mail :ky9306@ 163. com
BIEBERA G 5,01, BIZUZ . E-mail . ky5330@ 163. com



<72 - Pl o#® T

i 539 35

0 51 5

AR AILH — (A A ST 0 = T R i AR Bl
() 5 SR AN TG I, 33X — e S5 AN S A At 381) e 510 1 i AR 2
A AR, T L FiE (o 51 A S48 B AN B 4 4ids

LT HABSE R VRS 8% RS as B A B
PR ER LG, SR, R AR 28 1 R G A L
ANBRL BN S I RCRARAL L R SRR | Ar] IR AN 4%
EpotaE ., HET, WP G O I UR R H B S R AR 3 A%
(EHA) eIk Rt

TRl i AL AT ZE A 2% sl I s i S L EHA 4%
HiPERESRE 2 . NOH D K 58 N7'X%f EHA 193 )2 fis
BRI AT TORSE, IR G T EHA AR
{HJ2 1% EHA BE80A % 18 R G0 hAA7E I AE e 1k [R)
AL, TR 3k N BB Y BE A AN T T 45

SHEECHEIMESI A L, EHA FE7ERCR 1Y EE
UL, YUE F 28 AW R B35 5 Rk 5 18 il 75
Tl AT EHA SE17 R SR ; SR TTX 26 75 B 0F A
1G0T EHA BRR B AT A ] i 8 1% v 1z 14 B

UEAh, R T d#E—24 EHA A PRI, OBOE R
SR T — P P 7 280 12 R ok B A R 1)
T R R 25 0 RS T R SRS | R N
T B R AT IR 5 (R A B BRI A i
RUEHAE, JEI] JUNG H A Y b
] B AR IR R G, B8 — ST — > 52 ik 3 52 ) 9 U
PERGERARL FFPR N T — kA S s i 2k A 3
il 7 HAR AR R GRS

TE_FaRAF IR A A - 2848 6 EHA 317 X015
PER G I T — IR L s s B U &R
5] A\F| EHA R G0 2B b s 26 R B 358 1 45 (feed-
back modulator, FM ) 47 BEEEAME B 2Rl 1, &1t —Fh
VIR e 2ok i EHA R | 1205 2R RO
S FTHE WL £§ ( disturbance observer, DOB) ! 3k
AR = EHA (1907 5 BREORT B

1 EHA XU R G A

EHA W TAERERME 1 P,

JE ) He ik 2k

O

K1 EHA (TAERER

TEE 1 — B BT, EHA 2R ) i 28 18 o 3R
By, el R S AL B A% O AF 322 %) ] MR FE LRI 3K, -
2o 1 1R TR B B R, SRR R T ik

PRI, TR 1 PR 1 3l v EG AT R 4 e T L
SRR, U EHA T REA RS2 2 AR A AR
NIRRT A B2 R SE, AR JUNG H 58 A5
PR, QSRR KIS G % AR R IR Az Al iR R 4
FERT AR R R 2 A E R4S,

UG AT DL EHA /] DLEERE g BUI 1 2R 42, B
o P R A ek — R I R 4

AP AP TR S ) T S RS 1 FEE 482 T R L 22
HE 1 iR i e IR ZE 9 FR R AL, AILARE B Pk
pik=qlN

EHA RSN 2 B
1

~

1
C,s

K2 EHA 158
FAHTHINEZATABRMNYEZ, THAAm M E
FRECIM GG T F
G 2 a1, EHA 0 DL %R g Ak U v &
g2 A AR ] R AR Y LR AR
KU RGAEE UK 3 Fios

w
T ) i l 0
+ ]]S '
i, 2
s |
T —
+~ Jus fa

3 XUBHE R GEHER

& 2 FIIE 3 ATATL EHA 5 XU PE R G R ]
PAZRIE

(1)

R = D,

_Dﬂl

D 2

2;) (2)

1
k_Cb

N\



514

SRIGERR , 25 . FL BB AT Sl XU A L o R A7 EEE ) L AT 5 =73

o R—IR 35 R0 22 1 HE i 2 B L h—S5 A0
ERBG D, —B U HER D, — T R ¢, — R4
B0, — A e fA

ZBBIR T — A EA R T, MRS
A HAE ERO R Rk R e - A
et g, .

FLE AR 5 B b A B RN

0,.(s)
7,.(s) :]ms2 s +a)i
6,(s) 1 ,
7. (5) I8 a )
oo, — BRI ; 0, — ROIEHRATH ; 0, — L HLON g
S0, —FXTHLMAAE 0, =6, /R,

K (3,4) W, g W R AR, Hitk,
RS ok TR AR A, B M A A7 578 180°
FFER | A ) A2 i) S g il s 1

VB AR 3 1 S TS B A5 % 1Ty S 50 B0 1 A
U, LA B A i an T

1 R
w, = k(]m+11) (5)

o o
2 E IR RN

2.1 RIRPHIZE

H TR BRI AR, WA sl A 7 A X 25 3%
PHBEIX YT D I8 7 I B K Bl B, JE v D o 5
B B IR R L AR IR FE ML A R 20K T
JE iR R K EREEAE ), A BB AE AL IX SR S B % . A
ST N DR PR 2 R A Ak 1 9% 1 BT R fi
X — A, SRR X Fh 7 2 Moo it i A 1R 22 1Y
PR

FET UL R, 25 R FM R GG et 2
PR TAME . T FM & —Fh 4544 &) 51 o))
Sy, EATFERGRA,

FM FIHEEI W&l 4 Fs

+ fc

© —0 REERE | R 9T
09 <0<

Kl 4 FM RIHER

2 2
1 s +o;

(3)

FHIE 4 A0, FM RGBS 2% Q (s) 25, B fa]
WELTH T =aTl, (a>1) 4 (H . a—mF A AL,

T,—RFEEH) .

T Al AR A AR X e A R g AL )

AT RN A

To(s) =7(s) + (1 =Q(s))e(s) (7)
A, — AR i A je—REfLIR2E
2.2 #EHlEE

R T RERUNE R S8 (4 sh AT A A i, 23 42
T — A PR Fe s il oy i, BICR s 4 i 45 A DOB
X HAR A TR E AR .

WAL T ) DOB 2 3 2 DG e 38 4 9 R 1 111
R A R TROR B EE 8 ) AN Tig % 1), DOB 23
iof B R AR 1R 25 5 B4 1 HURT DOB,

[RIHG, 2E 35 T 4t A s ) A 3 — S EAf A BT
DATEAE Shdets Ik T A IX B At B i T4 o8, LA
G RS AT FEAME IR I R

IR LI A HE R AN &L 5 B

K5 iR bl

K5 H, 24 DOB R H B, 7pon 447 DOB BYA{HE,
R SE TN OE R LR

3 SR SER

3.1 SLIGESE
BUAR i FH 0 525626 B ANl 6 T

Ko SiRieHE



.74 . 7 . D

39 %

Kl 6, &4 i F Bl fr] IR AL 528 Maxon E-
60, W E D1k BY5 2k Eaton S-380, P 4 Y A7 B 1) 1 44
FH 17 bit 23 B3 118 5627 2 A5 25 D0 2 45 2] 5 Y He 2 174 7Y
5/ Eaton MA-03,
3.2 SRS

PN A 2] 67 28000 £ B2 ) EHA A3 2 0w 1o 40 (]
7R

Hi25/dB

— bl (%)
M- - - fdk ()

-50

-60 1 1 1 1 1

w/Hz
(a) H4 £ W) 17

FABL/P

=250 |

=300 |

— WAL ()
2350 |- - - AR (ER)
""" WAL ()
RS ﬁﬁ (ﬁﬁ)

-400

w/Hz
(b) AR {32 M)

7 EHA S50 )i

B 7, AR i E) 8. 7 Hz B, EHA SC56
F G0 AL AN B R0 T 0h K A SRR I 4, AR SR
Tk (LR ) [ 14 F5 0w 17 2877 A T 2 AR AT B IR
i T EHA FEhlPERE

TR ST 248 L R R 4 T — 3 Mk — 5 AT A
YLRH EHA 52 HA SUB R g iE T XU
B AT,

EHEAE L A HEMPUE T — Y, LR
S EHA g mlpgmerE , ihF a2 4k i R
AT BB PR R A T ARk

B BB IR S Z [ X R AT

.| kR
', = Jo+AJ (8)

A AJ—EEAYI R,

WY EHA SR N an ik 8 frs .,

0
-10 ...

20 F

s
3
$E 30}
=
40 +
— Wbl (3)
S0l - - ik (em)
HBL (RE7)
SR ()
-60 1 1 1 1 1
2 4 6 8 10
w/Hz
() 4 25 e 7

=50

ML

-300 -

—— WAL (35 '
2350 |- - - R (9R) Vo S e

----- WAL (BE)
e AR (HERY)
-400 I 1 L | |
2 4 6 8 10
w/Hz
(b) AH A 1 37

B8 MHEYIAY EHA J5 200 5

B8 Al I RITR Jy 8. 1 Hz, SROEHRMIR
A 7.8 Hz, 5 7 HIZE R0 — 2L,

EHEFAX(5,6,8), N EYFMILEY I EHA
FITEAR R R S8, BN A L ] EHA W] LR
YERE— XU IR R 45, B2 & A 8 57 0 XU 1 2R
GuisE AT,

PR SR 1 R,

1 PHAHMSE

S THEY) HEY
WEPRINR/ He 8.50 8.10
SOEIRMIZE/ He 8.20 7.80
HLBLIME R J, / kem? 0.000 633 0.000 564
G B T,/ kgm? 0.841 0.951
EERME AJ/ kegm’ 0.110
SRS R E/Nm - rad ™! 0.0915 0.0915

3.3 (rEmAIEEE

ROk SEF R i LI 7 i X P R R A
RO BEATRAE , A LS H AT XU R 2R 4 Hh R 4
Tk B - AR A 053 (PID ) #6457 A LG - L
f5-FG (P-PL) il S 64T AR



514

R AR S E MRS R AR, ek R
MR SR A AR T 25 4-E 0. 01 rad/s B, B A

HHEA DAL,
S SN 2 PR,
xk2 TWBH

ZH ¢!

R ML HE &2 Dm/cm3 < rev! 3.08
G MR D,/em® - rev ™! 393
HEE AR R 127.6
R o /rad - 57 43.9
SRR w,/rad + 5™ 42.1
WhHLAE R S £ K 1.60
Pl 25 K, 30.0
Mo EE K, 20.0

DOB # 1 F41K g/rad - s 40.0
] H AL a 1.05

SR T 3 T./s 0.001

S IR, FRATIE X B IR b 2
AL R I 45 K, DOB ORI LA (1 - K) |, HiAL
AT AE TR R AR T TR LA 17K, DTG AT L3k 21
Hil PRl H i,

PR E LA i 5 5 T 4 Tk B A7 ) i X L 4
R, E 9 FiR .,

0.30 -

o M
020 ava

el
£
g 0.15 |
0.10 |-
0.05
0.00 == L |
0 1 2 3 4 5 6 7
/s
(a) PID ¥
0.30
B /\
020 F
o
£
% 0.15 |
0.10 |
0.05
0.00 - L
0 1 2 3 4 5 6 7

t/s
(b) P-PI#5

TR, 55 - PR BIHIRVE 21 3 BUIB PR A 5 e b A7 25 i g AT 5% .75 -

0.30
0.25 |
0.20 | i

B

S oISt
0.10 |
0.05 |-
0.00 L

0 1 2 3 4 5 6 7
t/s
(c) VR b 45 il

K9 BrliRds < A B e i

K19 (a) i, DA PID 2 il i H nT ULEE 3801 45 KRt E 1)
AR R OB IR 24 0. 1 rad, ELA & 00N A 9% sk
K, XRERA BRI R F B e &k
ARG TR R IR ZE 2R 0. 02 rad;

B 9(b)H, 7ERH P-PL EHI#R 0GB T, BT H:
FIHT HATLRR B 2800015 ., JH o5 R i A B IR
(2320 0.07 rad) ,{HJ& P-PI ASREA %500 ) XU £
BEA VSR , S BOHA B 7 I8 ST, S35 L 1
2577 0.01 rad;

EI9(c)h, SPME S I ik AR, 235 e ik
LU D7 AR i AE AL S5 A R B, ] T AR AR
% GBI K 0. 035 rad; #H LT PID 1 P-PI 5
il 2% , S SRR I o3 AR T 24 3 A5 0 2 4% 5 T34
RZ{UH 0.005 rad, 1 He PID A1 P-PI 45 il 8% , SF- 147 1
NARZE LR T 4 58 2 £, 56045 T B R &
M o7 25 5%

g5 LAk 7E Bk syl deh  EH iR I n
B A IERE

4 Z5RiE

i TAE EHA RRAE AR AT 2ok 67 5 e g 4 i 2%
B VEH P T —Fh R AU RN §] EHA 138
I, IR T — PR L 5 12 s SR S AT AL
EHA S50 B X B S A A g O 25 i A Rk A7
THE,

ARBFGEAF AT 2518

(1) SRR 45 S R B il EHA R80T LA
MELEBER IS, IAE 1T RUEE R 0T H TS 808N,

(2) o7 ) 107 1000 £ 45 SR B A LG T PID AT P-PI
PR TR TSR LA I 5 RE A A R MR EE 5, B K
AR TR AT ARG T 20 3 A5 RN 2 5 [ A, LS 25y 7 5%



- 76 -

51V R N

39 %

ZEOTMR R T 4 FFERN 2 Af S T T PR ) A o

EHA

IR 7 T A A RO, AR AT TR Y A R

T

F T 2 AT ST, R 2 R8I T B 3k T il Xk 4%

RERM 1R SERIBE T o, 2R 2 O i AR e b
PRI R AT HE— 2D A, LR R B RGP R IORT

S 3L Hf ( References) :

ZHANG J, CHAO Q, BING X U. Analysis of the cylinder
block tilting inertia moment and its effect on the performance
of high-speed electro-hydrostatic actuator pumps of aircraft

[J]. Chinese Journal of Aeronautics,2018,31(1):174-

YANG K, YANG W, WANG C. Inverse dynamic analysis
and position error evaluation of the heavy-duty industrial ro-
bot with elastic joints: an efficient approach based on Lie
group[ J]. Nonlinear Dynamics,2018,93(4) :1-18.

YOO S, LEE W, CHUNG W K. Impedance control of hy-
draulic actuation systems with inherent backdrivability [ J].

IEEE/ASME Transactions on Mechatronics, 2019, 24

KO T, KAMINAGA H, NAKAMURA Y. Current-pressure-
position triple-loop feedback control of electro-hydrostatic ac-

tuators for humanoid robots[ J |. Advanced Robotics,2018,

KA, BT, 5 0,45 JLT AMESim 1Y H 3 % AR
e (EHA) RS [ T]. MUK S5 E,2019,47(2) .

YU S, HUANG T H, WANG D, et al. Design and control
of a high-torque and highly backdrivable hybrid soft exoskel-
eton for knee injury prevention during squatting[ J]. IEEE
Robotics and Automation Letters, 2019, 4 (4 ) . 4579-

NOH D K, YOON Y W, KIM D H, et al. Development and
application of thermal hydraulic simulation model for aircraft-
eha( electro-hydrostatic actuator) [ J |. Circulation Journal

Official Journal of the Japanese Circulation Society,

[1]
182.
(2]
(3]
(5) :1921-1930.
[4]
32(24) :1-16.
[5]
54-57.
(6]
4586.
(7]
AX3 AER:

(8]

[11]

[12]

2014,23(2) :17-24.
YUE F, LI X. Adaptive sliding mode control based on fric-
tion compensation for opto-electronic tracking system using
neural network approximations [ J]. Nonlinear Dynamics,
2019,96(1) :1-12.
OBOE R, PILASTRO D. Use of Load-side MEMS Acceler-
ometers in Servo Positioning of Two-mass-spring Systems
[ C]//Proceedings of Proceedings of the 33rd Annual Con-
ference of the IEEE Industrial Electronics. Japan:[s.n. ],
2016 :4603-4608.
JUNG H,JEON K, KANG J G, et al. lterative feedback
tuning of cascade control of two-inertia system[ ] ]. IEEE
Control Systems Letters,2020,5(3) :785-790.
OOMIPALAGAN K, KWON O M, Park M, et al. Compos-
ite synchronization control for delayed coupling complex dy-
namical networks via a disturbance observer-based method
[ J]. Nonlinear Dynamics,2020,99(2) :1601-1619.
WANG L P, WANG D, WU J. Dynamic performance anal-
ysis of parallel manipulators based on two-inertia-system
[J]. Mechanism and Machine Theory,2019(137) :237-
253.
CHOY I, KIM D, BACK J. Load speed control of two-in-
ertia system by load speed/torque estimation and torsion
torque compensation[ J]. Journal of Institute of Control,
2018,24(5) :393-399.
TR I MREE ERESE £ ARtk
B[ J]. WES5S30,2018(5) :26-31.
BeAAr, SR AR, XU H |, 45, 3T Workbench By % 18 &
LR RALBETT[T]. TR JI%54%,2019,36(10) :32-37,61.
BIDIKLI B, BAYRAK A. A self-tuning robust full-state
feedback control design for the magnetic levitation system
[J]. Control Engineering Practice, 2018,78 (9) : 175-
185.
ot SRR, v S R A Sl Y RS B ) BB A T
WFFE[J]. HLHL T2 ,2021,38(4) :458-463.
FE] L E M. — e TR R B — B A R
A58 P M PRI ITIE L) ] i E BRI
#2,2014 ,44(10) :804-810,817.

[ w352 ]

SRR, S e, EE L. PR SRR S oS A S RS L B RIS [ ) ] AL TR, 2022,39(1) <71 - 76.
ZHANG Xiao-na, HU Meng-qian, TIAN Shan-shan. Double inertia modeling and high precision position response of electro-hydrostatic actuator[ J . Journal of
Mechanical & Electrical Engineering, 2022,39(1) .71 -76.

<1‘R%I$§>%$;http;//www. meem. com. cn





