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Nomenclature

area [m?]
viscous damping coefficient of cylinder [N/(m/s)]

flow coefficient

external leakage coefficient of cylinder [m’/(N-s)]
internal leakage coefficient of cylinder [m”/(N-s)]
external leakage coefficient of pump [m”/(N-s)]
internal leakage coefficient of pump [m”/(N-s)]
total leakage coefficient of cylinder [m’/(N-s)]
total leakage coefficient of pump [m’/(N-s)]

switching gain of sliding mode controller
pump displacement [m®/rad]
disturbance

equivalence disturbance

control error [V]
Force of cylinder [N]
Force of load [N]
moment of inertia of load [kg-m’]

Proportional gain of PID controller
angular velocity—-voltage coefficient of servomotor [(rad/s)/V]

mass of cylinder kgl

,Vi,



Qq> Qp
Q

pressure
pressure of hydraulic pump
pilot pressure

volumetric flow

Flow rate of the hydraulic pump

load flow rate
moment arm length
sliding mode function
differential time
integral time

time

control input
equivalent input
switching input
volume

initial volume
displacement of piston

reference dis;oacement of piston

Greek symbols

angle of load
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[N/n’]
[N/m’]
[N/m’]
[m?/s]
[m?/s]
[m?/s]

[m]

[s]
[s]
[s]
[V]
[V]
[V]
[m’]
[m’]
[m]

[ml]

[deg]
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pcv

TV

angle of cylinder

bulk modulus of hydraulic oil
density

sliding mode control gain

angular velocity of servo motor

head side of No. 1 cylinder
rod side of No. 1 cylinder
rod side of No. 2 cylinder
head side of No. 2 cylinder
A port

B port

head side

pilot check valve

rod side

relief valve
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A study on EHA modeling and control

using hydraulic cylinder parallel movement

Ji-Won Bae

Department of Mechanical System Engineering,

The Graduate School, Pukyong National University

Abstract

Hydraulic system has high power density and excellent dynamic
response, so it 1s widely applied to position, speed, force and torque
control of wvarious machinery. Existing hydraulic systems control the
movement of loads through valves of variable displacement pump control.
Although these systems can obtain high power, they require large
equipment and hydraulic pipes compared to an electric motors, and has
problems such as oil leakage, performance change due to temperature
change, and low power transmission efficiency. To solve this problem,
EHA (Electro Hydrostatic Actuator) system 1is integrated with servo
motor, two-way hydraulic pump, cylinder, hydraulic valve and piping, so
that it can be miniaturized compared to the existing hydraulic system and

minimizes piping. It can reduce the leakage of oil. In addition, since the

,iX,



position and pressure control of the hydraulic cylinder is performed
through the hydraulic pump flow control directly connected to the
servomotor without using the control valve, it is possible to improve the
energy transfer efficiency problem. The EHA system is mainly applied to
aircrafts, but recently, research and development are being conducted to
apply industrial actuators to presses, injection molding machines, and
construction machinery in general industrial sites.

However, the EHA system is relatively less responsive than conventional
hydraulic systems due to the rotational inertia of the pump and motor. It
also has the nonlinearity of the system and uncertain system parameters
such as, changes in viscosity and volume modulus with the temperature
and pressure of the fluid and frictional characteristics of the cylinder.
Uncertainty due to these operating environments and nonlinearity of the
system are factors influencing control performance in controlling the EHA
system. Despite this, the EHA system has to be robust and precise in
order to be applied to various industrial sites.

In this study, we designed an EHA system to implement the rotational
motion of a load, construct a nonlinear simulation model based on a
mathematical model, and verify the wvalidity of the model by comparing
the experimental and simulation results. Sliding mode controller (SMC)
and PID controller are designed for rotation load angle control using EHA
and control performance 1is verified by nonlinear simulation and

experiment.
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Ql_qc(Pl_PQ)_CecPl:F—F @F
av, 'V, dP,
qc(Pl_Pl) CecPQ QQ dt FEF
(2-7)
av, V, dP,
Q3 qc(P3_P4) CLCP:;—F FEF
av, 'V, dp,
qc(P3_P4)_CecP4 Q, dt FEF
A71A, .9 C & Adre yi 2 JRpAAFel, g FEHo
FE AASRAASE UEaT 4 Ad Awel AAV, V, V, Ve
g3 o] ehdt
Vl_Vo1+Al$p
Vy = Vi AQ%
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Vi=Vy A4$p
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dx (V.. +A,x.) dP
. . p 01 1%p 1
Q=GP =P)+ O P+ At — 5 =

d:c (VO2 — AQCUP) dP,

Q= C, (P, = P,) = G Py + Ay 5 =

(2-9)
d:c (Vo3 + A3£Up) dpP,

5 dt B, dt

Q, = C, (P,—P,)+C, P, + A,

d:c (Vo4 —A4:cp) dP,

Q= C,(P,=P,)= QP+ A, 5 =

HE BT Q% Qo i Fatrd Q= 4 (2-1003 o] A9

QT Q 9Tt T,

(2-10)

Voo = Voa=Vor, Vot Vs =V,

p p ep
dxc (%h+VOr) dpL (2_11>
=(4,+A,) = 2 7 +(2C,+C., )P, ,P,=P,+Py
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Table 2-1 Parameter of simulation model

Parameters Symbol Value Unit
voltage—displacement coefficient [ 1/20 V/mm
angu%r velocity—voltage . 4719 (rad/s)/V
coefficient of servomotor
pump displacement Dp 9.39x10°7 m3/rev
bulk modulus of hydraulic oil B, i S N/m?
tank volume Vr 0.003 m®
head area of cylinder A, 0.002 m’
rod area of cylinder A | 0.0013 m’
stroke of cylinder L 0.2 m
angular limit « 0~106.7 deg
moment arm length R 0.125 m
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Displaicement [mm]|

Fig.

Magnitude (dB)

Phase (deg)

Time [s]

2-9 A comparison on response characteristics of simulation and
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experiment (u=Asin2rf, A=5[V], f=0.5[Hz])

Bode Diagram
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— exp

— sim

10

Fig
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. 2-10 Bode diagram with simulation and experiment

— 1(3 —



T

-

Bl

S

5t

°©

3= Al

a5
=

Al

A

FololE el )

QH
o wE el 3

f

E 35
3 3¢
H 2

[}

Negle] adsel qUx Eg AL 9

[e]

o)

H
]/\Eﬂ._
ZH =

o
T

EAe] A&

I EHA *

=
h

A 3 A7l AA H A EH oA

(M B

AT ul
==

A

:_FL

SR
Aol MuE Aofu 7]E

EHA A|Z2=d"l2 7]

A 225 0] o}
EERRE

A
)

T
el

To
0
=0

ES

TR

A<

=

319}
bt

=

=

] 7 o]
7

Aetzleke] s HalE

A

1

0
N

A%

A
=

sha, 4etel 9

835
- 17 -

&to] A& o]

Pk e

S

°©

SEXBRERE EEIE AR
A

A
=

"

-

o]
A7 &

1=

Ao 7] o o
v 7hs
14

o

2}

MATLAB Simulink® T4



3.1 Aloi7] A A

X _ U, U, Xp

Angular t
nguer e controller EHA system

displacement A

L 4

Fig. 3-1 EHA system control strategy

ol
N
oy
Q

i
Jo
2
(2
e
in}
B
do
8

1o
i

2 AFo = Fig. 3-13 o] Hs3
AL olgate] Hat Zwe] me WNiEY 944 AAAE Sz

ok o] AlaEe) AlojE s G Ak £2% ol AFHAL Tx o

rol

2 AAsIS T

3.1.1 €& olgd E= A7

&gold Aoj7] AAE ] B AFoA AAS EHA Al2="S v&3
22 Al (canonical form)e] AEjWA A o2 FH3aAp sk},

z(t) = Az+ Bu+ Bd (3-1)

,us Al Y, de S7F o r vty

,18,



2

x dx
(A, +A, )P, =M, dt;’ +BCd—t”+ F, (3-2)

dr, (A,+A)dP, B, dz, dF,

P c P

e M dt M, q¢? dt (3-3)

dP
Ad e P& % A@2-1D)< d—joﬂ sl Aeletd 4 3-49= gd
=
il 20, {Dk (A A)dx” (C O)P}
dt - (%h+%r) D am® h+ r W_ tp+ tc/* L
(3-4)
28Dk, 26,(4,+A4,) dz, 26,(C,+C,)
T VUt Vo) | (Vo t Vo) @t B W+ Vo) "
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2 (3-4)E 24 (3-3)90 "k
g 4 359 9e 4 U
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V=05s% V=ss< 0 (3-10)

u,, . =u, +u, (3-11)

eq

(3-14)¢} 7ol FAFATh 293 Al DE 571 A 4 rvr A A
g},

s=cetcete

. .. . .. <3_12)
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1 s>0
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Table 4-1 Parameter of experimental device

Components Parameters Value Unit
rated output 5000 AW
servo motor & rated current 23.3 A
drive rated torque 15.9 Nm
rated speed 3000 rpm
Higen Co., FMA CN50A &
manufacturer & model
gear pump FDA 7045
volumetric displacement 59 cm’/rev
max. pressure 250 bar
manufacturer & model| Vivoil Co., X1R3131DBBF
dia of piston head 50 mm
cylinder } )
dia. of piston rod 28 mm
stroke 200 mm

manufacturer & model | DI-140H-2LA50B200AN-S
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Table 4-2 Steady state error and settling time with PID controller

reference angle
steady state error [%] settling time [s]
[deg]
20 1.6926 5.25
30 1.0521 5.40
40 1.4594 5.79
50 1.9467 6.15
60 1.4683 6.52
70 1.4799 6.97
30 — -
90 - -

Table 4-3 Steady state error and settling time with SMC controller

reference angle
steady state error [%] settling time [s]
[deg]
20 2.0905 0.95
30 1.6472 1.29
40 1.0499 1.47
50 1.077 1.99
60 0.8351 2.36
70 0.964 2.53
30 1.6722 3.04
90 1.998 3.35

,31,




106.7 ~—reference 90
Py > ~——reference 80
rﬁj reference 60
80 [rr— —reference 407
——reference 20
o0 60 4
=,
-
é‘a 40 b
«
20 ]
0 |_ 'W.‘ -
0 10 20 30 40 50 60

—reference 80
reference 60

~——reference 20

—reference 40|

Fig. 4-5 Experimental results with PID controller

200

160 =

g

)

1120 ¥

5]

=

180 S

=

j=h

2

140 =2
10

4200

160 =

g

)

120 2

5]

=

>

80 %

j=h

2

40 <
0

Time [s]

Fig. 4-6 Experimental results with SMC controller

,32,



EHA

T

k9
.

_CH

o
=

@23

AS5F4AE
T A" 2¥g3e oux &g

file)
il

e

X

o

olo

|

=
=

A EHA

S

T8 79

B/
T

)

A ek Aol

< €l
i

>

¢}

P om, Al

°©

A

=

Fslow A EEH7

°©

Hj 4]
AT,

2

°

oA

0
.

gold B Ao 7](SMC)

-
[e]

PID Aoi7]= AA

T

°

a4 7}

o

T

o7 HA
o)

-

uhe
H] 1l
o4 Mg ¢
a7

i

Ae Axtz PID A7)

DS

-0
o=

SMC$¢} PIDE] Ao A

-

Ry

]

w7 =] el ol A

o

Aol 7}

A EmgstHM AlxEo] ZIAH]D S

EEREED

J

S
=

oj

N
el
T

—

0

&

e
4qr
B

o

=
R

+

i

o
o

el

3)

of H

of-
T
o
oo

X
EE

79 PID #]o]7] q

s
a

57

HFEZE Ao WA

(@)
a

5

o

| Aol elo] TrialEel

o

Skl o= &9%

o} o
=

514

°©

<

B
file)
o
)

S
o

i+

o
o

,33,



o1 (SMC)7F B 714

A

e

& ehol

I PID Ao Xt

9|

Ao el

BE

=i
=

,34,



23 73

(1) I Young Lee, “Hydraulic Engineering”, Munundag publisher, 2012.
(2) I Young Lee, Ji Seong Jang. “Designing of Hydraulic and
pneumatic system”, Sae—jong publisher, 2008.

(3) S. H. Park, “Characteristics of an Electro Hydrostatic Actuator and
Application Fields”, Journal of The Korea Fluid Power Systems Society,
Vol. 6, No. 1, pp. 2-10, 2009.

(4) Ahan, J. M, Lee Y. W, L, T. K. and J, H. Y., 2010, “Current
Development of Electro hydrostatic Actuator(EHA) and Composition of
the Actuator System.”, KSAS spring conference, pp. 909~912.

B) J. H Jun and K. K. Ahn, “Extended-State-Observer-Based
Nonlinear Servo Control of An Electro-Hydrostatic Actuator”, Journal of
Drive and Control, Vol. 14, No. 4, pp 61-70, 2017.

(6) H H. Kim, “A Study on Control of an Electric-Hydrostatic
Actuator”, Pukyong National University, 2017.

(7) J. G. Yeo, “Robust Pressure Control of Hydraulc Systems Using
Sliding Mode Control with Perturbation Estimation”, Pusan National
University, 2009.

(8) M. G. Park, “Modeling and Control of Electro Hydrostatic Actuator
Systems”, Pusan National University, 2009.

(9 Y. S. Hong at all, “Design of Hydraulic Circuit for an
Asymmetrically Dualized Electro-Hydrostatic Actuator”, Journal of

Aerospace System Engineering, Vol. 8, No. 2, pp.7-13, 2014

,35,



(100 G. H. Jung, “Start and Stop Characteristics of Single-Rod
Electro-Hydrostatic Actuator”, journal of Korea Society of Mechanical
Engineers, KSME, A vol.35 No.11, pp.1483-1490, 2011.

(11) T. W. Ha, “Position control of an Electro-Hydrostatic Rotary
Actuator using adaptive PID control based on a sliding mode”, Ulsan
University, 2017.

(12) H. S. Choi, “A Positon Tuning Control of Multiple Cylinders Using
Variable Design-Parameter Fuzzy PID Controller”, Korea Maritime
University, 2003.

(13) LMS Inagine. Lab Amesim: User's guide

(14) D. K. Noh at all, “Development and Application of Thermal
hydraulic  Simulation Model for Aircraft-EHA (Electro-Hydrostatic
Actuator)”, journal of Korea Society for Simulation, Vol. 23, No. 2, pp.
17-24, 2014.

(15) W. C. shim, “Development of Pneumatic Booster Pump Control

System Using PID” Incheon University, 2003.

,36,



	제 1 장 서 론
	1.1 연구 배경 및 목적
	1.2 논문 구성

	제 2 장 EHA 시스템 구성 및 모델링
	2.1 EHA 시스템 개요
	2.2 EHA 시스템 수학모델
	2.2.1 서보모터와 유압펌프
	2.2.2 파일럿 체크밸브
	2.2.3 릴리프밸브
	2.2.4 유압실린더

	2.3 시뮬레이션 모델

	제 3 장 제어기 설계 및 시뮬레이션
	3.1 제어기 설계
	3.1.1 슬라이딩 모드 제어기
	3.1.2 PID 제어기

	3.2 시뮬레이션
	3.3 시뮬레이션 결과

	제 4 장 실험 결과 및 고찰
	4.1 실험장치의 구성
	4.2 각도제어 실험

	제 5 장 결 론
	참고 문헌


<startpage>15
제 1 장 서 론 1
 1.1 연구 배경 및 목적 1
 1.2 논문 구성 3
제 2 장 EHA 시스템 구성 및 모델링 4
 2.1 EHA 시스템 개요 4
 2.2 EHA 시스템 수학모델 6
  2.2.1 서보모터와 유압펌프 6
  2.2.2 파일럿 체크밸브 7
  2.2.3 릴리프밸브 8
  2.2.4 유압실린더 9
 2.3 시뮬레이션 모델 14
제 3 장 제어기 설계 및 시뮬레이션 17
 3.1 제어기 설계 18
  3.1.1 슬라이딩 모드 제어기 18
  3.1.2 PID 제어기 22
 3.2 시뮬레이션 24
 3.3 시뮬레이션 결과 25
제 4 장 실험 결과 및 고찰 27
 4.1 실험장치의 구성 27
 4.2 각도제어 실험 29
제 5 장 결 론 33
참고 문헌 35
</body>

