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Abstract: Problem statement: Electro-hydraulic actuators are widely used in iomotcontrol
application. Its valve needs to be controlled tdedwine direction of the motion. Mathematical
modeling is a description of a system in termsafations. It can be divided into two parts; physica
modeling and system identification. The objecti¥ahis study was to obtain mathematical model of
an electro-hydraulic system using system identificatechnique by estimating model using System
Identification Toolbox in MATLAB.Approach: Experimental works were done to collect input and
output data for model estimation and ARX model whesen as model structure of the system. The
best model was accepted based on the best fitiortand residuals analysis of autocorrelation and
cross correlation of the system input and outpl®. €ontroller was designed for the model through
simulation in SIMULINK. The controller is tuning b¥iegler-Nichols method. The simulation work
was verified by applying the controller to the regkstem to achieve the best performance of the
system.Results: The result showed that the output of the systeth wontroller in simulation mode
and experimental works were improved and almostilamConclusion/Recommendations. The
designed PID controller can be applied to the sdeleydraulic system either in simulation or reahi
mode. The self-tuning or automatic tuning controdeuld be developed in future work to increase the
reliability of the PID controller.
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INTRODUCTION Important specifications for electro-hydraulic wel
actuators include actuation time, hydraulic fluigpgly

Electro-hydraulic actuator system: Electro-Hydraulic  pressure range and acting type. Other featurethéme
Actuators (EHA) are highly non-linear system with actuators include over torque protection, localitpms
uncertain dynamics in which the mathematicalindication and integral pushbuttons and controlse T
representation of the system cannot sufficientyesent  applications of electro-hydraulic actuators areontgnt
the practical system (Wang al., 2009). The actuator in the field of robotics, suspension systems and
plays a vital role in manoeuvring industrial prazsand  industrial process. This is because it can propigeise
manufacturing line. The electro-hydraulic actuaten  movement, high power capability, fast response
use either proportional valve or servo valve. Itnarts  characteristics and good positioning capability.
electrical signal to hydraulic power (Zulfatman and

Rahmat, 2009). There are electro-hydraulic valve MATERIALSAND METHODS
actuators which move rotary motion valves suchals b
plug and butterfly valves through a quarter-turnmare In order to acquire the highest performance of the

from open to close. There are also valve actuatbish  electro-hydraulic actuator, a suitable controlles ho
move linear valves such as gate, globe, diaphragsn a be designed. As the controller design require
pinch valves by sliding a stem that controls thesgie  mathematical model of the system under control, a
element. Usually, valve actuators are added tdtlimp  method of identifying the actuator need to be chase
valves which can be moved to any position as plagt o that the best accuracy of the model can be olutaifve
control loop. model identification of electro-hydraulic positi@ervo
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system based on hardware-in-the-loop simulatioracceleration and jerk which are generated in tlsgde
environment of Real-Time Workshop (RTW) and procedure of the standard back-stepping control
system identification toolbox in MATLAB has been scheme. Dynamic model of the entire actuator
proposed (Wanet al., 2009; Shaet al., 2009). A new incorporating highly non-linear hydraulic functioaad
nonlinear hybrid controller composed of a proparéio the LuGre dynamic friction model is used to arratea
controller, a fuzzy controller and a classical PIDsuitable controller (Zeng and Sepehri, 2008). An
controller for the model attained has been intredu@®  adaptive observer is used in the controller to dbe
similar work to identify the model of electro-hydie use of acceleration measurement. A new control
actuator also had been done (Zulfatman and Rahmaicheme called repetitive control is proposed incwhi
2009). However, the proposed PID controller for thethe controlled variables follow periodic reference
model obtained is applied in simulation mode onlycommands (Haret al., 1988). Sufficient conditions for
without applying it in real time mode. The electro- the stability of repetitive control systems and ified
hydraulic actuator is identified and modelled amdr repetitive control systems are derived by applyting
periodic systems perturbed along periodic input angmall gain theorem and the stability theorem foreti
output trajectories (Dean and Tsao, 1998). Perioditag systems. Various robust control techniques ssch
repetitive controller is designed and implementedntegral-block, sliding mode and H-infinity contrate
within the valid range of the linear approximation. combined to design controller forcing EHA system to
Pseudo Binary Random Sequence (PRBS) signals weteack a chaotic reference trajectory (Loukiaretval.,
applied as input to the electro-hydraulic actuator 2009). This approach enables one to compensate the
order to model the system. The Root Mean Squartherent nonlinearities of the actuator and reject
(RMS) errors between the outputs of actual plamt anmatched external disturbances and attenuate
one-step predicted values belonging to models withmismatched external disturbances.

different orders have been compared (Ziaei and Block control, sliding mode control and integral
Sepehri, 2000). A model-based Fault Detectioncontrol techniques has been combined to design a
Identification and Estimation (FDIE) scheme hasrbee controller in order to force an EHA system drivey b
developed for the condition monitoring of the EHA servovalve to track a given chaotic trajectory (&et al.,
System (Wang and SyrmOS, 2009) This Schem8004) ThUS, it is able to compensate the inherent
combines the use of a model of EHA system with the'onlinearities of the actuator and to reject exaern
multiple-model estimation algorithm to evaluatdaiit ~ constant disturbances. A sliding mode control
is present, its cause and its severity. A reseaah technique IS applled to design a discontinuous
been done to develop a model reference adaptive PIpPntroller which is able to track force reference

control based on Radial Basis Function (RBF) neurafl J€Ctory system (Lizaldet al., 2005). Siding mode
network to improve the control performance of controller with varying boundary layers insteadiréd

hydraulic parallel robot (Pet al., 2007). RBF neural boundary layers has been proposed to improve the

network is also used to identify the hydraulic serv tracking performance of a nonlinear EHA position

i d th | h servo system (Chemt al., 2005). A robust time-
system on-line and then regulate the PID parameterg, o iant controller is designed for EHA systemnagsa

on-line which makes the system more adaptive. RobUgyethod called nonlinear Quantitative Feedback Theor
de5|g_n techniques are suggested for controlling th?QFT) (Niksefatet al., 2000). A new control strategy
velocity of a hydraulic actuator (Skarpedtsal., 2007).  \which combines the classical fuzzy control theong a
The effectiveness of the controllers for the sysiem tri-state valve technology is presented in ordebtm a
illustrated through simulations for several valoéshe  discontinuous controller for hydraulic valve (Zheng
model’'s uncertain parameters. On the other haate st 1997). An integrated hybrid design, consisting wé t
estimation of electro-hydraulic actuator by usingindependent sets of cylinder controllers (a feasvéod
proportional integral observer is presented (Parld controller and a fuzzy tracking controller) and one
Mukhopadhyay, 2004). The proposed approach utilizesoordinate fuzzy controller is proposed for a dual-
the complete model of the system including thecylinder electro-hydraulic lifting system (Chea al.,
nonlinear dynamics. The observer performance i2007). The system is used to achieve a synchronized
demonstrated with the simulated results. positioning  objective with unbalanced loadings,
An adaptive control scheme is offered in order touncertainties and disturbances.
overcome the large variation of the effective bU|kModeIing of electro-hydraulic actuator system: A
modulus of the working fluid which is due to the mathematical model of electro-hydraulic actuator

absence of a heat exchanger ¢Lal., 2009). This new consists of the dynamics of the system disturbedrby
scheme uses the error equations for velocityexternal load and the dynamics of a servo valvée T
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linearized differential equations that describe theWhere:

actuator-valve dynamics are given by (Skarpettial., v,(t)
2007): X(t) =[ }
) R
. 1 -
Vo(t) == [ AR, (1)~ by, (1)~ . (1) @ A= M Am
m -4qA/V -4q0,/V
: 4B B,(a) = 0
P ()= Kix, (0= KR (0= Ay, ()] @) o D= 4k, 1V
-1/m
Where Do =1
V, = Piston velocity _
P. = Hydraulic pressure ¢ =1 ¢
F. = External load disturbance
x, = Spool value displacement The objectives of this study are to represent a
A = Piston surface area mathematical model of Electro-Hydraulic Actuator
m = Mass of the load (EHA) system using system identification technigite.
B = Effective bulk mod ulus is followed by designing suitable PID controller the
b = Viscous damping coefficient , system in simulation and real-time mode.
V = total volume of hydraulic oil in the piston

chamber and connection lines Experimental and simulation setup: The electro-

For zero initial conditions, the Laplace transform hydraulic system that is used in this study is cosepl
of the Eq. 1-2 produced the following input-output ©f @ single-rod hydraulic cylinder driven by a dire

relation: servo valve Bosch Rexroth 4AWREES6, 40 Ipm flow rate
at 70 bars. The dimension of hydraulic cylinder is
U,(s)= H(s)X, (sH+ H (S)F (s 3) 63/30/300 mm. Piston position is measured by using
300 mm draw wire sensor. About 100 bar pressure
Where: transducers are attached to measure the presgore in
and from the cylinder. NI PCI 6221 card is used as
4BAK interface between MATLAB’'S programs in PC with
H(s)= : (4) electro-hydraulic test bed.

(ms+ b)(Vst € K, )= 4bA Since the model and parameters of electro-

hydraulic actuator are unknown, appropriate tealmiq

H, ()= —4BK,, —sV (5) which is known as System ldentification is applied
(ms+ b)(Vs+ 4 K, )+ 4bK attain the model of the system. The experimentsstar
with injected multi sine input to the EHA system

The transfer function of solenoid can be through SIMULINK to capture the position of the tba

approximated by the servo valve spool position gairfecorded by draw wire sensor. The collected inmuat a
denoted by k Thus, input-output relation (3) can be Output data that has been stored in workspace

rewritten as: MATLAB then is used for model estimation and
validation part. Validation process is done to canep
U,(s)= H(S)k i, (SH H (S)E (s (6) the estimated model output with the real outpumfro

the experiments (Ljung, 1999). The validated model
can be accepted based on the best fit criterioroémet
related specifications (Zulfatman and Rahmat, 2009)
Vin(D)- . _ . . The response of the model obtained then is testien) u
Usmg Eq._ 12 linear _system W't_h uncertain step and sine input without any controller so that
structure is derived in state space form as: suitable controller can be designed to improve the
performance of the system.
%x(t):Ao(q)x(t)_BO(q)vm(t)+ D,F (t) ) ~ PID controller is designed based on Ziegler-
Nichols tuning method. The calculated parametees ar
inserted in PID block in SIMULINK and the output
y(t) = Cox(t) (8) result is examined. The PID controller for the systis
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tested in two different ways. Firstly, it is opexatin
simulation mode which the PID controller is coneelct
to the discrete transfer function model in SIMULINK
block only. The output response is observed and
recorded. Then, the similar PID is inserted in al-re
time system. In this step, the PID controller wsdme
parameters as simulation PID is located in the éodw
path of real-system. The different between this enod
and the previous mode is the latter used the electr
hydraulic actuator system itself instead of diseret
transfer function model in the previous one. Thigpou

response is also recorded and compared with thribut Fig. 1: Electro-hydraulic actuator system
response attained from the simulation mode.

Estimation of the mode: The electro-hydraulic
actuator system used in this work is shown in Eig. 2
It is an open-loop system with draw wire sensor

which acts as position sensor to track the locatictine

load. Multi sine signal with three different freaquoées or
is chosen as the input to the system (Teial., 2007).
This signal is preferable compared to original
sinusoidal signal in order to capture the dynamic -zt
characteristic of EHA system. The signal is repné=e

by Eq. 9 and illustrated in Fig. 2: O 200 400 600 800 1000 1200 1400 1600
multisine= cos(0.5t } cos(2t} cos(5! 9) Fig. 2: Multi sine signal with three different fregncies

This signal is given to the EHA system and theTable 1: The value of KK; and k; for PID controller using Ziegler-
output of the system is recorded. Several inpupwut Nichols tuning method
data from the experiments are collected for model ! Calculation of characteristic values
estimation and validation. 1500 number of data ar ygre‘"o er " T iy " "
collected with sampling time 50 m sec. P 05K, — - = -

PD 08K, - 0.12%, - KpxTa

Controller design: Proportional Integral Derivative PI 0.45K;  0.85T: - Ko/Ti -
(PID) control is one of the earlier control straéag Its PP 0.6kr 05T« 0.12Tx KT KexTa

early implementation was in pneumatic devices,
vacuum and solid state analogue electronics beforéometimes derivative action may not be requiredesin
arriving at today's digital implementation of the proportional and integral action already preduc
microprocessors. It has simple control structuréctvh 9ood output response (Ogata, 2001). The tuningevalu
was understood by plant operators and which the@f Ky Ki and K, are determined by using Ziegler-
found relatively easy to tune. Since many controlNichols tuning method (O’Dwyer, 2003; Ogata, 2001).
system using PID control have proved satisfactiry, The tuning method begin with finding the criticalin,
still have wide range of applications in industrial Ker and critical period of oscillation, . The value of
control. Kp, Ki and Ky is adjusted from this two parameters

The performance of the system such as rise timé?ased on Table 1. These calculated values aretbﬂly
overshoot, settling time and steady state errortman reference value. K K; and K; might be adjusted
improved by tuning the value of KK; and K, of the manually around this value to produce the bestudutp
PID controller. K or proportional controller is used to '€sSponse.
assure the output reach the reference input. Haweve
the output of the system with this controller wikver RESULTS
reach zero steady state error. In order to obtaio pr
very small steady state error, & integral controller Estimated model: The input and related output data of
is given to the system. Derivative controller of K the electro-hydraulic system with multi sine input
will improve the speed performance of the syste injected to it is shown in Fig. 3.
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Input and output signals Autocorrelation of residuals for output 1

S0 0.5
N g 0r N/\ /\_/\
W W
50 - 2 — — 0.5 . L " . " . L
0 500 1000 1300 2000 2500 20 -15 -10 -5 0 35 10 15 20
- Cross corr for input 1l and output v1 resids
2
01t
0
10 L . L " 01
0 500 1000 1500 2000 2500 09 ) ) ) . ) ) )
Time a0 <13 <10 -3 0 3 10 15 20

Samples
Fig. 3: The input-output data of EHA system
Fig. 5: The residuals graph

Measured and simulated mods! output

60
30 Table 2: The calculated value of,K; and K; for PID controller
:H] Input Ko Ki Ka
) Step 0.276 0.028 0.09
30 Sine 1.800 0.030 0.01
20

0 . . .
1; The polynomial model attained is in the form of
1'] discrete time equation which is represented aevioll
-11
20
.30 ] A@)y(t) =B(a)u(t)+ e(t)
40 , A(g) =1-2.056q"+ 1.186¢f + 0.177§

S 8 &8 8§ 3 8 8 8 & 3 —-0.3061qg* (10)

- T T T wme T B(q) = 0.01944q"+ 0.60054— 1.014Y

+0.5188q*

Fig. 4: The best fit graph of the estimated model
) ) The loss function = 0.0200356 while FPE criterion
The steps to estimate the model is completed by g g20658.
System Identification Toolbox in MATLAB. The data The transfer function for ARX model is given by
obtained is divided into two parts. The first partused ) B(q)
to estimate the model of the system while the oplaet ~ (Ljung, 1999)G(Q):m-
for model validation. .
Auto-Regressive Exogenous (ARX) model is Thus, the transfer function for the system can be
selected as the model structure of the system. THEPresented by:
model can be accepted when the best fit percensage
more than 90% (Ljung, 1999). Besides, from the 0.01944q" + 0.6005¢ — 1.014Y
residuals analysis, the auto correlation and cross 10.5188q*
correlation of input and output data should beha t a 1z 2.056q" + 1.186¢ + 0.1774

range of confidence interval. Validation of the adat iy (11)
obtained shows that 92.8% best fit meaning that the —0.3061q

estimated model is almost tracking the real outiaia

from the experiments. It can be seen in Fig. 4. PID controller: The critical gain for the model

The residuals graph in Fig. 5 also revealed thabbtained is K = 0.46 with critical period, J= 7.1481.
the auto correlation and cross correlation of thgut  From calculation based on Table 1 and manual
and output data are within the range of confidenceadjustment, the parameters of PID controller with
interval. different input are shown in Table 2.
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To workspace
0.0104473-0.60032" -1.014z 10
[} > =0 5188
Z4-2.0368-1.18622<0.177z-
Step 0.3061 }
Discrete 2
transfer Fen
To workspace 1
0
Fig. 6: The model with step input
B Input
[T -10 . . ) L " . )
To workspace 2 0 10 20 30 40 50 60 70 80 90 100

0.019442°=0.600522 -1.014z

I\ . ~0.5188 )l . I

Y > — - Fig. 9: Response of the model with sine input

—_ Z5-2.0562°+1.1862°+0.177z- Scope 1
Sine wave 0.3061

Discrete
sfe 2 To workspace |
transfer Fen Output 0.01944z2-0.6005z- -1.014z ¢ e

To workspace 3

T

Scope

Fig. 7: The model with sine input

+0.51
FID Z3-2.0562°+1.18622+0.1772
Step 0.3061
Discrete sorete
PID gontro',;er Uﬂ;f{.;tfm

Output

To workspace 2

120 Fig. 10: System with PID controller with step input
100
To workspace 3
80 0.019447° 06005z -1.014z \_.I_’@
-0.5188 »
60 PID [ Z20562-1.186200772- [ T Seope t
- Sine wave Discrete 0.3061
PID controller Discrete
40 fransfer Fon 1 To workspace 3
20 Fig. 11: System with PID controller with sine input
0
0 10 20 30 40 50 60 70 80 90 100 0.06
Fig. 8: Response of the model with step input 0.05

Figure 6 and 7 show the block diagram of the 0.04
model without controller with step and sine input
respectively. The output response with each ingut i 003 1
illustrated in Fig. 8 and 9.

The block diagram of the system with PID g2 .
controller can be seen in Fig. 10 and 11 and thpubu
response is illustrated by Fig. 12 and 13. 001 i

These responses are obtained through simulatior
mode. Figure 14 shows the similar PID is inserted i i L Ly
the forward path of the system in real-time mode. R
Based on this Figure 14, the response of the syste
with step and sine input are revealed by Figurei®
16 respectively.

ili —Ill_ 45 30

Fig. 12: Response of the system with PID controller
with step input (simulation)
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DISCUSSION

Based on Eq. 11, the frequency response and the
step response of the model are observed. Figuend7
18 demonstrate the frequency response and step
response of the model respectively.

Although the model is accepted as the best model
for the system by looking at short rise time, fast
response and settling time of the step responge, th
stability of the model need to be improved. This is

Response of the system with PID controlle?€cause based on the frequency response analysis; t

with sine input (simulation)

output
displacement (m)

Tracking signal

Real-time PID controller

0.06

0.05

0.04

0.03

0.02

0.01

-0.01
0

100 200 300 400 300 600

Response of real-time PID controller vsthp
input (experiment)

0.03

-0.01

-0.02

0,03 L . . .
0 100 200 300 400 300 600

Response of real-time PID controller vathe
input (experiment)

phase plot does not give 180° when amplitude e
magnitude.

The ARX model obtained by injected with step and
sine input as shown in the Fig. 6 and 7 respegtivel
The system is simulated in open loop condition auith
controller. The output responses of these two &ignd
7 are shown in Figure 8 and 9 correspondingly.
Referring to Fig. 8, the system produced large
steady-state error when step input is injectteid.

Frequency response

H
T

- ‘_H-‘_H__‘_H""‘h--q-._
Ei R —
= 10 =T T H——
=
e 1071 107 10
0
3 -100 .
2 200
2 -300
= 400
1 10 10 10

Frequency (rad sec™!)

Fig. 17: Frequency response of the system

Step response

2000

1800 —
1600

1400
1200

1000
/
800
/

600
400 //
200

[
=
¥

-1 -0.5 0 0.5 1 1.3

3 1
Time 107

Fig. 18: Step response of the system
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Figure 9 also illustrates that the sine input cdug®e Chen, C.Y. P.S. Liao and H.M. Cheng, 2007. Fuzzy
output of the system being unstable and oscillate. controller  design for positioning and
Figure 10 and 11 shows that PID controller had been  synchronization of electro-hydraulic system.
applied to the forward path of the system with two  proceeding of the 2nd IEEE Conference on
different input i.e., step and sine input signadsgd on Industrial Electronics and Application, May 23-25,
Figure 12 and 13, the output response of the system |EEE Xplore Press, Harbin, pp: 971-976. DOI:
with step and sine input is improved by adding PID 10.1109/ICIEA.2007.4318552
controller in the forward path of system. The syste poan H K. and T.C. Tsao, 1998. Identification and
produced very small steady-state error W'th bomji_s. control of electro-hydraulic actuator modeled as a
The output of the system also tracked the inputgito linear periodic system. Proceeding of The
it. The similar PID with same parameters is inskite American Control Confer.ence June 21-26. IEEE
forward path of real-time system in Fig. 14. Figl&® Xplore Press, Philadelphia PA’ USA.. pp: 82’3-827
and 16 show that the outputs from real-time DOI: 10 1loé/ACC 1998 7’035'2’3 o :
experiments are almost similar with the outputiagd T : :

Hara, S., Y. Yamamoto, T. Omata and M. Nakano,

from simulation which produce very small steadyesta -
error and fast response time. It also can be desritie 1988. Repetitive control system: A new type servo

output tracked the input with very small correctidhe system for periodic exogenous signals. IEEE
best fit of the model also has been proved to asme Trans. Autom. Control, 33: 659-668. DO
from 92-98%. It indicates that the setting valueKgf 10.1109/9.1274

K; and K; of the PID controller is acceptable and Ljung, L., 1999. System Identification: Theory ftre
improve the performance of EHA system. A slight User. 2nd Edn., Upper Saddle River Prentice-Hall,
different between input and output happened because New Jersey, ISBN: 10: 0136566952, pp: 672.
the electro-hydraulic system which is nonlinear slod Le, J.M., H.M. Kim, S.H. Park and J.S. Kim, 2009. A
is modeled in linear model and some nonlinearitgt an position control of electro-hydraulic actuator
uncertainties characteristic are ignored. systems using the adaptive control scheme.
Proceeding of the 7th Asian Control Reference,
CONCLUSION Aug. 27-29, IEEE, Hong Kong, China, pp: 21-26.
System identification technique using SystemlLoukianov, A.G., J. Rivera, Y.V.  Orlov  and

Identification toolbox in MATLAB has been E.Y.M. Teraoka, 2009. Robust trajectory tracking
successfully applied to electro-hydraulic system in  for an electro-hydraulic actuator. IEEE Trans. Ind.
order to produce the best linear discrete modehef Elect., 56: 3523-3531. DOI:
system. A suitable controller which is PID conteolls 10.1109/TIE.2009.2029014

dgsig;lngd effeczjctivelly. for thg systelrn a’.‘dh "Jllp%igjh inl_izalde, C., A. Loukianov and E. Sanchez, 2005cEor
simulation and real-time mode. Ziegler-Nichols tracking neural control for an electro-hydraulic

is chosen as a tuning method to determine the w#lue ; - .
Ky, K and K; since this tuning method is used widely. actuator via second order sliding mode. Proceeding

Step and sine input are injected to the systemthad of the IEEE, International Symposium on

simulation result shows that the output tracked the Intelligent Control, June 27-29, IEEE Xplore Press,

input. This is also proved from the real-time Limassol, pp: 292-297. DOI:

experiments where the output obtained is almositasim 10.1109/.2005.1467030

with the output response from simulation mode. Niksefat, N., Q. Wu and N. Sepehri, 2000. Stable
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