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Use of the fractional order PD controller

in electro-hydraulic drive
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Abstract; This paper presents initial research on use of the fractional order PD controller of the
electro-hydraulic drive — step response in open and close loop. Test stand built based on hydraulic
cylinder combined with electro-hydraulic servo valve. Control system based on PLC with touch panel.
Experimental investigation is performed for different coefficient of fractional PD regulator. The aim was
to check power of s denominator changes impact in PD controller. Performed test stand allowed to
conduct further comprehensive investigations use of the fractional order controller in electro-hydraulic

drives.
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1. Introduction

The classic differential calculus assumes that the order of the
differential equation (the highest derivative) is a natural num-
ber. The first discussion of whether it is possible to put real
numbers in the order of the differential equation already appe-
ared in 1695. Leibnitz noted that many physical phenomena
can be described with the use of this type of equations. Howe-
ver, only a few years there is a possibility of an effective direct
use in the control due to the increase in computing power of
modern computers.

The literature review, described in below chapter (2.1),
showed a lack of publications regarding the use of the frac-
tional controllers in electro-hydraulic drives. The idea behind
this article to realize initial research focus on implementation of
fractional order calculus in area of electro-hydraulic servo drive
control, by buildup new laboratory test stand and performer
initial tests.

2. Fractional order calculus - theory

2.1Literature overview

A lot of investigations related to the electro-hydraulic drives
have been focused on improvement of the properties of these
drives, by implementation of new types of control [1, 2]. Article
[1] presented basis information about hydraulic system and dri-
ves. Authors described basic technics of control, applications
and equipment like types of valves and cylinders.
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In article [3] authors focus on application of fractional order
system models. They showed two examples: first one is the ultra-
-capacitor, where fractional order models turn out to be more
precise in the wider range of frequencies than other typical used
models, and the second one concerning on the beam heating pro-
blem, where again the fractional order model allows to obtain
better modelling accuracy. The simulation were compared with
experimental results.

In article [4] servo valve and proportional pressure valve are
used to control the composite hydraulic cylinder to generate
alternating force and fixed force respectively. The models of
the electro-hydraulic system are built and its dynamic charac-
teristic is analyzed based on the simulations. Simulation and
experimental results have shown that the fractional order con-
troller is effective.

In the studies [5, 6], few methods of tuning fractional order
PID controller was proposed. In article [7] author used the
library FOMCON implemented in MATLAB/Simulink. It has
been designed by Aleksei Tepljakov from University in Tallinn.
The library allows to create the models described by fractional
order differential equations and build based on it models. Simi-
lar libraries was prepared by author of following publication [8],
but it is not as extensive as the first of the listed.

The paper [9] includes studies of: tuning of PID controllers
using fractional calculus concepts, heat diffusion, and circuit
synthesis using evolutionary algorithms, fractional control of
a hexapod robot, and fractional dynamics in the trajectory con-
trol of redundant manipulators.

The article [10] describes modelling of electro-hydraulic drive.
In the drive a new type of proportional valve with a synchro-
nous motor controlled by dedicated power electronics is used.
The model of the electro-hydraulic drive prepared in MATLAB/
Simulink is described. The study included the examination of
the basic characteristics such as step response. The aim of this
article was to prepare basis for further research concerning of
implementation of new kind of control method in electro-hydrau-
lic drives.

Article [11] described new accuracy estimation method for
Oustaloup approximation. Qustaloup approximation is a typical
and most common use to describe fractional-order systems. The
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accuracy of approximation can be estimated via comparison of
impulse responses for object and Oustaloup approximation. The
impulse response of the object was calculated with the use of an
accurate analytical formula. Approach presented in the paper
can be applied to effective tuning of Oustaloup approximant for
some kind of application. Author of [12] showed theory behind
fractional order calculus. Publication focus on the mathematical
issue like: definition of m-order difference or fractional system
with delays.

2.2. Fractional order controller basis
Fractional differential-integral equation can be described by
the following of equations [5]:

4 R(a) > 0

dt”
D¥=1 1 R(e) = 0
[y R@)<o

(1)
where a and ¢ are the limits of the operation and « is an order.

For practical calculation results of the action the operator
uses the various definitions such as the Riemann-Liouville,
Caputo, Griinwald-Letnikov. A model describing the trans-
formation of the Laplace operator of fractional differentiation
row for zero initial conditions looks as follows [1]:

L[, D f(t)] = s“F(s). (2)

Author used approximation method called Oustaloup,
described by the following formula [13]:
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where: k — gain (adjusted so that both sides of (3) have unit
gains at 1 rad/s [13]), ¢ — the fractional order (real number),
N — order of the finite transfer function approximation, o, —
low frequency limit, @, — upper frequency limit.

3. Test stand structure

During the design process, it was assumed that test stand should:

— allow the measurement of the actuator position of the drive
and its changes over time,

—allow to quick generate code from the MATLAB/Simu-
link software,
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Fig. 1. Laboratory test stand scheme
Rys. 1. Schemat stanowiska laboratoryjnego

Input/Output modules:
- Powerlink bus:

X20BC0083
- Analog input:
Power Panel 500 PLC X20AK632 4
with touch panel z Amlop CulpmE;
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Fig. 2. PLC scheme
Rys. 2. Schemat konfiguracyjny sterownika PLC

— allow to implemented fractional PD controller on the PLC,

— have the possibility of quick and efficient testing of advanced
control systems based on fractional order PD,

— have the possibility of quick reconfiguration of hardware elec-
tro-hydraulic drive and its control system, for the future rese-
arch.

Laboratory stand is consist of the mechanical and control
part (fig. 1). Control system is based on PLC controller with
resistive touch panel type B&R Power Panel 500.

The PLC is based on CPU type Intel Atom 1.6 GHz (fig. 2).
System was running under real-time operating system type
Automation Runtime [14].

The task responsible for the fractional order controller wor-
ked with a time base of 0.4 ms. Visualization was performed in
steps of 10 ms, in order to not loading the CPU of PLC. The
control program is written in Structured Text and ANSI C. It
has been divided into several tasks made of a certain deter-
minism of time. With the same timebase, task responsible for
communication between the input/output modules and PLC
are worked. Communication was carried out using the Power-
link interface [13].
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Fig. 3. View of the control electronics
Rys. 3. Elektronika sterujaca
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Fig. 4. Hydraulic cylinder with servo valve
Rys. 4. Sitownik hydrauliczny z zaworem

The mechanical part (fig. 4) consist of a hydraulic cylinder
combined with a Bosch Rexroth servo valves type 4WS2EM10-45.
Main valve parameters are: nominal size 10, series 5X, maxi-
mum operating pressures 315 bar, maximum flow 180 1/min. The
cylinder was equipped with a magnetostrictive position sensor.
The stroke of the hydraulic actuator was 200 mm. The diameters
of the piston and the piston rod respectively, were A = 40 mm
and Aa = 63 mm.

The testbed is equipped with hydraulic power supplier with
the following parameters: the power of 37 kW, maximum flow
rate of 100 dm?®/min, maximum pressure p, = 40 MPa, filtra-
tion at 6 microns. Authors used non-zinc hydraulic oil with
high viscosity index type: Draco HV 46 Premium Oil. The oil
temperature during experimental investigation was equal to the
constant 45 °C. It was important because of temperature influ-
ence on the oil viscosity and therefore electro-hydraulic drive’s
piston movement. The temperature was controlled by use of
dedicated cooler.

Author implements the thread and the libraries which allow-
ing user to generate code directly from MATLAB/Simulink
software (fig. 6) [13]. Automation Target for Simulink (B&R)
providing additional Simulink blocksets for variables and para-
meters exchange. The variables declared in the Simulink are
connect to the output/input of PLC modules. Significant is the
fact, from the practical reason, that the generated C code can
be modified directly on the PLC software.
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Fig. 5. View of the hydraulic power supply
Rys. 5. Zasilacz hydrauliczny
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Fig. 6. MATLAB/Simulink model used for code generation
Rys. 6. Model regulatora zastosowany do generowania kodu

4. Initial experimental investigations

The aim of the initial test was to verify the effect of adjusting
the fractional order PD" controller coefficient. The electro-hy-
draulic drive is tested by used of the step response signals, with
use of controller described by following formula:

Gropp(s) =k, + kg -s" (9)

where: k — gain coefficient, k, — differential coefficient, p —
fractional coefficient.

The schema of control system structure is presented in fig. 7.

In1 Out1 »

Fractional PD y
Electrohydraulic servodrives

PD* >

Out1 In1

Position sensor

Fig. 7. Scheme of the controller system
Rys. 7. Schemat uktadu regulacji

The experiment on real object is performed for the supply
pressure p; = 6 MPa. The results are shown in fig. 8, 9, 10.
First step was to test of the control system in open loop. The
collected data was shown in following fig. 8, 9. The collected
data can be used for the future identification of the electro-hy-
draulic drive parameters, finding zero position of valve spool,
proper work of control electronics, and can be used in modelling.
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Fig. 8. Valve spool position — open loop test
Rys. 8. Pozycja suwaka zaworu (uktad otwarty)
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Fig. 9. Drive position correspondent to valve opening (fig. 8) — open
loop control
Rys. 9. Pozycja ttoczyska sitownika (uktad otwarty)

Next step was to check of work the controller based only on
proportional gain. In the fig. 10 a small fixed error (about e =
1 mm) has been noticed.

Obtained step responses for fractional order PD" regulator
(piston displacement y) are shown in fig. 9. Order of Ousta-
loup approximation method N was equal to 5 (influences the
accuracy). The order of the equation influences the accuracy of
the mapping. The time constant T, , which is time necessary
to reach 0.63 of its final value, is equal to about 4 s. Following
equations described used controller:

Gropp(s) =150+10 -s%! 10
(0]

Gropp(s) =150+10 - %3 (11)
Gropp(s) =150 +10 - s%° (12)
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Fig. 10. Step response for k =150, k, =0
Rys. 10. OdpowiedZ skokowa napedu dla kp =150,k =0
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Fig. 11. Step responses for kp =150, k, =100 and p =0.1,0.3,0.5,0.7,0.9
Rys. 11. Odpowiedzi skokowe dla kp =150,k,=100ipu=0,1;0,3;0,5;0,7; 0,9

G s)=150+10 -s"7 13
FOPD

Gropp(s) =150+10 - %9 (14)

The movement is started from the central position of the
piston, because of stiffness transition in the length of the cylin-
der (result of the liquid compressibility).

Figure 12 shows fractional derivative signal influence of con-
troller given on the servo valve amplifier. Changing denomina-
tor of fraction derivative has huge impact on controller work.

Next step was to test of the influence only the fractio-
nal derivative part of the equation for the positioning of the
drive’s piston.

Tests were performed for the following parameters (fig. 13):

Grop(s) =20 -s*! (15)
Grop(s) =20 -s%° (16)
Grop(s) =20 -s%9 (17)
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Fig. 12. Fractional derivative influence (kp =150, k, =100, p = 0.1, 0.5,
0.9)

Rys. 12. Wptyw cztonu rézniczkujacego niecatkowitego rzedu na prace
regulatora (kp =150, k, = 100, p = 0,1; 0,5; 0,9)
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Fig. 13. Step responses for k =0, k, = 200, (power of s denominator
equal to 0.1, 0.5, 0.9)
Rys. 13. Odpowiedzi skokowe dla k =0, k, = 200, (4 = 0,1; 0,5; 0,9)

5. Conclusion

This paper presents here research focus on initial experi-
mental tests of fractional order controller implementation in
electro-hydraulic drives. In this paper the laboratory stand
description for testing the factional order controller is pre-
sented. The mechanical part consist of a hydraulic cylinder
combined with the servo valves. Control system based on PLC
with touch panel.

Author test drive with step response in open and close loop.
During experiment individual coefficient for fractional PD regu-
lator was change. Because of the small fixed error, there is
importuned to extend regulator of the integral coefficient in
future research. Also the obtained results will be combine with
the data collect from the classical non-fractional order PD con-
troller.

Performed test stand made allowed to conduct further com-
prehensive investigations of used fractional order PID controller
and modeling of electro-hydraulic drives.
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/astosowanie regulatora PD niecatkowitego rzedu w napedzie
elektrohydraulicznym

Streszczenie: w artykule opisano wstepne badania dotyczgce zastosowania regulatora
niecatkowitego rzedu w napedzie elekirohydraulicznym. Jako obiekt badan postuzyt sitownik
hydrauliczny potaczony z serwozaworem. Uktad sterowania zbudowano w oparciu o sterownik PLC
z panelem dotykowym. Naped poddano testom z zamknietg i otwartg petlg sprzezenia zwrotnego.
Przebadano wptyw zmiany wartosci poszczegdlnych parametréw regulatora niecatkowitego rzedu,
w tym stopnia czesci rozniczkujacej.

Stowa kluczowe: regulator niecatkowitego rzedu, naped elektrohydrauliczny, serwozawdr
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