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ABSTRACT

This research proposes an advanced proportional-integral-derivative (PID) controller for
position-tracking control problem of a pump-controlled Electro-Hydraulic System (EHS).
Although conventional PID controller is a practically robust and easy-to-use method, it is
difficult to maintain good control performance of such system which contains both high
nonlinearities and unknown terms. The key idea of the proposed approach is thus developed
from a combination of the conventional PID signal, a robust nonlinear compensator which is
properly derived from the system model, and a suboptimal regulator. Effectiveness and
feasibility of the designed controller have been successfully evaluated through theoretical
proof and experimental results of fast response (0.3s) and excellent steady-state error (Omm).

Keywords: Electro-hydraulic system; PID control; Advanced PID control;Optimal control;
Tracking control.
TOM TAT

Trong nghién cizu nay, tac gia dé xuat mgt b diéu khién nang cao diwoc mé réng tir cau
triic bg diéu khién vi-tich-phan-ti-é (PID) dé giai quyét bai toan diéu khién bam v; tri ap
dung cho mét hé thong bom dién - thiy lirc. Mac du, bé diéu khién PID truyén thong la mét
phurong phap dé sir dung va diroc ap dung réng rai trong cong nghiép, nhung nd khé dam bdo
dwoc chat lwong diéu khién tt cho nhing hé thong cd do tuyén tinh cao va chiza dieng nhiéu
yéu té chira biét. Vi vdy, y twong thiét ké chinh cia bg diéu khién dwoc dé xuat ¢ day 1a dua
trén su két hop wu diém cua bg diéu khién PID truyén thong, véi mét bg bu phi tuyén va mét
bg chinh d@inh téi wu. Sir hiéu qua va tinh kha thi cia phirong phép thiét ké ndy da duwoc kiém
chitng thanh céng diwa vao chizng minh ly thuyét va céc két qua thuc nghiém véi ddp ing
nhanh (0.3s) va sai sé xac lap tét (Omm).
Tir khoa: Hé thong dién thuy luc; Biéu khién PID; Piéu khién PID nang cao; Piéu khién ti
ww;, Diéu khién bam.

1. INTRODUCTION

Nowadays, Electro-Hydraulic actuators
(EHA) have been very widely used in
modern industries, especially heavy industry,
thank to ability of high force generation.

Some typical applications of the actuators
have been commercialized as press machines
[1], excavators [2] or track cranes [3], etc.
There are two common Kkinds of
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electro-hydraulic systems: Valve-controlled
EHS and pump-controlled EHS. The
configuration of valve-control EHS usually
consists of a high-pressure fluid supplier and
controlled valve(s). The supply pressure is
maintained at a fixed value while the system

output is decided by operation of the valve(s).

Although the system can provide a fast
response, a lot of system energy may be lost
at the control valve(s) due to throttle
phenomenon. In order to cover this problem,
the pump-controlled systems have been
proposed and already commercialized in
recent years. The operation of the new
systems is controlled directly from the speed
of controlled pumps. Hence, the lost energy
is reduced significantly. Low bandwidth and
complicated design are drawbacks of this
kind of systems.

Many techniques have been developed
for the position or force control of the EHA
system. First of all, it must be mentioned
about the proportional-integral-derivative
(PID) and advanced PID approaches [4-6].
The PID gains are employed under many
methods such as genetic algorithm, or
incorporating with a fuzzy controller or
analyzing the detailed modeling of control
system, etc. The obtained performances are
improved clearly. However, the closed-loop
stability has not yet been proven. Another
category of adaptive nonlinear controllers has
been successively proposed to control the
system with the full mathematical nonlinear
model. The adaptive sliding mode [7] and
back-stepping [8-11] controllers have been
adopted to cover the system uncertain
nonlinearities by adaptation law and robust
nonlinear design. Though the remarkable
results have been displayed, the adaptation
only applied to last stage of the mathematical
model. In practice, the uncertainties exit in
all stages of the system. As a sequence, some

comprehensive control approaches have been
designed based on the integrated adaptive
nonlinear techniques [12-13]. Both transient
and steady-state control performances are
further improved. Nonetheless, employing so
many control gains may make difficulties in

reproducing the controllers in different
applications.
In this research, an advanced PID

controller is studied on a typical model of the
pump-controlled EHS. First of all, to realize
control  objective of the system, a
conventional PID controller is utilized.
According to the reviewed studies [4-6], the
nonlinearities of such system are difficult to
be compensated well by a linear method. A
nonlinear control signal is thus derived to
improve the control performance from the
mathematical model. Selecting proper control
gains to satisfy both the transient and
steady-state responses is facilitated by
designing an additional optimal control
signal. Stability of the closed-loop system is
then theoretically proven by Lyapunov
constrains. Finally, effectiveness of the
proposed method is verified on a real-time
application  via  various  experimental
conditions.

The paper is organized as followings:
Section 2 presents the mathematical
nonlinear modeling of the studied system,
Section 3 derives the proposed controller
based on a combination of the PID controller,
the nonlinear compensator and the
suboptimal regulator, Section 4 briefly shows
the experimental setup and results, and
Section 5 contains conclusions of the study.

2. SYSTEM MODELING

Working principle of the studied system
is presented in Fig. 1. The system motion is
generated by a double-acting single-rod
cylinder (DAJON TECH, D140H-SD50B-
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N300), which is driven by a gear pump
(GALTECH, SM-G-4-R-SAEA-13GGA-VT)
through a control hydraulic circuit. The pump
is actuated by an AC servo motor (HIGEN
FMACN10-AB00). In order to exactly
control speed of the motor, a motor driver
(HIGEN FDA7010) is used with a stable
controller already integrated inside.

Position dynamics of the system can be
presented by applying Newton’s second law

mX=PF A -F. (1)

wherein, m is total mass including the piston
mass and load; P, =B —-PF,(A,/A) is load

pressure in which P, and P, are pressures in
chambers of cylinder. A, A, are bore and
rod-side areas, respectively; F, is lumped

unknown force which consists of the
external force d, viscous friction, static
friction, Coulomb friction and
hard-to-model terms [7, 14].

Pressure dynamics inside the chambers
can be written as in Ref. [14-16]

If)l :\%(Ql_AiX_QLl)
tl (2)
=L (0 AxQu)

t2

wherein, g, is the effective bulk modulus of

used hydraulic fluid,
V, =V, +AxandV, =V,, —AX are active
volumes, V,, andV,, are original total
volumes in the chambers, respectively. The
original volume consists of volume of
pipelines and initial cylinder chamber at the

same side; Q,,Q,denote supply flows to the

Q.. Q, are the

flumped leakage flows in the sides of the
chamber 1 and chamber 2, respectively.

appropriate  chambers.

The concerned flows can be calculated as
follows:

QLl = CLPL +5|_1
QLZ = QLl + 5|_2
Ql = QPl +le = Dw

OQAZ (A - A)St(-¥) + 6, @)

t

Qz = sz +Qd2 =—-Dw
DA (A - A)SX)+ 5,

+ X

+ X

V,

t
where d,,,9;,,9,,,and o, ,are modeling errors
Qy1,Qy,,Qy.and Q, ,, respectively.

By defining state variables as:
X, =XX%X =X%X=AR /m, and combining

Egs. (1 - 3), the system dynamics can be
rewritten in a state-space form as

>
A | X
& N O

QPl QPZ

Fig. 1 Configuration of the studied system

X, = X i
2 3 m

Xy = mV’inz (_(AlzthO + A22Vt1) X,

~C.P (AVp +AV,) &)
+( AV, + AV, ) Dw
+X,a A A (A — A;)sign(—X,)
—XaAA (A -A)sign(x,)+5,)

Where in, ¢, is lumped modeling error.
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It can be seen that the studied system is a
highly nonlinear system with presence of
unknown terms of the external force and
un-modeled elements. In next section, a
robust controller will be designed to improve
the control performance based on the derived
system.

3. SUBOPTIMAL ROBUST CONTROL
DESIGN

In this section, a nonlinear controller is
developed to control the system output x
track to the desired inputx, as closely as

possible and cover all nonlinearities of the
system.
Assumption:

1.The desired inputx, is bounded in the
working range of the system.

2.The state variables X;,X,andXx; are

measurable.
3. All modeling errors are bounded.

A conventional PID controller can be
expressed as follows:

t
Wop = Koe+ K, [e(r)dr+Kpe (5)
0

wherein, w,, is control input, e=x, —X is

control objective, and K, K, ,and K, are

positive control parameters.

Proper selection of the control parameter
can yield a good control performance for a
specific set point. However, the performance
is difficult to maintain for position-tracking
control. A compensator is thus proposed as
the following procedure. First, define a new
variable as

Xgn =X, + k1X1 + kzxz (6)

The system dynamics (4) can be

re-written as follows

X = Xz
XZ 3n 1X1 k X

Xgn =Vir (—Co (X — KX =Ky, Vs )
—( AN, + AN, )V, X, +V,V, Dw
_aAzAi(Ai_Az)Slgn(Xz)anz
—k, K, %, + (K, —kZ)X, + K, X, — ..

n

()

where §,2-V,(5,—F) is a composited

modeling error, and

Ai t20 AZth
v 2B
thlth
V 2VV,.

The use of Xx,, is to replace the pressure
signal x, which commonly contains heavy
noise due to employing the analog sensor.

Here, the nonlinear control input can be

easily obtained by combination of the new
system and the desired input x, :

V.D\V

P

1(1,.
W, :_(_(Xad +klk2X1d _(kl_kzz)xzd)
I1

+C, (Xg —kx =k %, )V ®)
-k, X, +(Al +AV, )x2
+(aAA (A - A)(sign(x,) -sign(-x,)))x, |
wherein X,, = X4 and X,q =K X4 +K, X4 + %54

To verify theoretical effectiveness of the
designed method, the following theorem is
studied:

Theorem 1:

Given a nonlinear system as Eq. (4), if
employing a PID controller (5) incorporated
with a nonlinear compensator (8) and
properly selecting the control parameters
k.,k,, then the control objective e will be

asymptotical stable at infinite time.



Journal of Technical Education Science No.40 (1/2017) K
Ho Chi Minh City University of Technology and Education

Proof:
Consider a synthesized error vector as

E2[e e e, e]

:[je(r)dr;e;é;(é'—kle—kzé)]T ®)

The error dynamics is presented from Egs.
(7) and (8)

0 1 0 0
. |0 0 1 0
E= E
0 —k  —k, 1
0 _klkz (kl - k22) ;CLVS + kz (10)

After applying both the PID and nonlinear
control inputs to the system, the closed-loop
dynamics becomes

0 1 0 0 0
. 0 0 1 0 0
E-= E+0,
0 -k -k, 1 0
Kel Ke2 KeS Ke4 1 (11)
= AE +BJ,

Ky =-V,DK,;K,, =-V,DK, —kK,;
Kes = —VsDKp +(k, - kzz); Keo =—C.Vs +k,

Now, validate a Lyapunov function as
follows

V =ETPE (12)

If the control parameters k;,k, are chosen

such that the matrix A is positive definite,
then according to Lyapunov theory, there
exists a pair of positive matrices (P, S) for:

V =—ETSE + 2B"PES,

. 13
S—jb’“L(S)V +2B"PES, (13)

min

Employing Barbalat’s Lemma leads to the
proof of Theorem 1.

Remark: With a given set of PID parameters,
there always exists a proper nonlinear signal
to lead the system converge to a desired
bound. Value of k, should be less than that

of min(C V;).However, selecting the proper

control parameters to maintain the transient
performance is not a trivial task. As a result,
to deal with this work, an additional control
signal is proposed from the optimal control
technique.

Now consider an index functions as
follows
J== (ETQEHWZ)dr

0

(14)

where w, is the additional control signal,
Qandr are positive definite matrix and
constant, respectively.

To force the control errors to be as small as
possible in the shortest time with minimum
control effort, the control signal is designed
as follows

w, =V, DrT,B" (1+T,A)" QE (15)

where T, is the sampling time and 1 is the
proper-size identify matrix.

4. EXPERIMENTAL VALIDATION

In this section, experimental results of
the designed controller for a real-time system
are presented and discussed. The
experimental system consisted of the studied
model, which has been introduced in Section
2, and a control-data acquisition (CDAQ)
system. The CDAQ system includes an
Advantech Industrial Computer (Core
13-2100 3.1GHz), a data acquisition (DAQ)
card (PCI-6014), a encoder reader
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(PCI-QUAD 04) and a sensor system. A
linear encoder (WTB5-500MM) was added
to the system to measure position. The
designed controller was run in the computer
within Real-time Window Target Toolbox of
Matlab under a sampling time of 2ms.
System specifications obtained from the
manufactures are summarized on Table 1,
which the system apparatus is setup as Fig. 2.

The system parameters were set as follows:

The total mass m=5kg ;

The effective bulk modulus g, =700MPa;

Coefficients of the leakages
C_=10"(m’/Pa);
Original total control volumes

V,, =3.2x10*m*andV,, =2.15x10m®;
Control input range: u €[-10;10](V);

Two kinds of the desired input signals
(sinusoidal and smooth multistep) were used
to verify the proposed controller. To clearly
show advantages of the proposed idea, the
method was employed in two cases under
same working conditions: a conventional PID
controller and the PID controller combined

with the nonlinear compensator and regulator.

The PID gains were determined by
trial-and-error method as:

Ky, =65K, =1.2,K, =5. Meanwhile, the
control parameters of the compensator and
regulator were chosen to be
k, =0.5;k, =0.0001 and

Q=eye((0.1 12 15 0.002])andr =107,

respectively. Moreover, a Fuzzy PID
controller was also applied to the same
system to confirm the effectiveness of the
designed method more certainly. Structure of
the Fuzzy PID method was developed as
shown in [5].

Table 1.Specification of the studied system

Device Specification
Type: DAJON
D140H-SD50B-N300
Hydraulic Stroke: 300(mm)
cylinder | Tube diameter: 50(mm)
Rod diameter: 30(mm)
Max. pressure: 140(bar)
Type: GALTECH
Hydraulic | 2SM-G-4-R-SAEA-13GGA-VT
pump Displacement: 4 (cc/rev)
Max. speed: 4000(rpm)
Type: HIGEN FMACN10-ABO0
AC Servo Pg\ri)ver: 1(kW)
motor

Max. speed: 3000(rpm)

v og 8

L B

Industrial
| Computer

Fi. 2- Phdtograph of the expérimental
apparatus

The first case of simulation process was
carried out with the sinusoidal desired inputof
amplitude 100 mm and a frequency of 0.05
Hz. Figures 3 and 4 show the control results
of the proposed controller (APID), the
conventional PID controller (CPID) and the
Fuzzy PID controller (FPID). As seen in Fig.
3, trajectory of the proposed system was
almost same as those of the conventional and
Fuzzy PID systems. However, thanks to the
use of the improvement terms (Egs. (8) and
(15)), output of the compensated system was
more closed to the reference input than that of
the conventional PID controller. Efficiency of
the improvement can be clearly seen from the
control errors in Fig. 4. The obtained error of
the advanced system was only +0.2 mm (~
0.2%) while those of the PID system tuned by
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the trial-and-error method without
compensator and the intelligent PID system
were in the ranges of [-1.2; 1.7] (mm) (~
1.2%) and [-0.4; 0.6](mm) (~ 0.4%),
respectively. Here, the effectiveness of the
proposed controller is confirmed.

| ---- REF—APID- - PID--- FPID [

Position [mm]
8 o

[u
o
(=]

1
5 10 15 20 25 30 35 40
Time [s]

Fig. 3Comparative responses with respect to
case 1

o

[ ---- PID——APID--- FPID |

Position Error [mm]

1
0 5 10 15 20 25 30 35 40
Time [s]

Fig. 4 The obtained control errors with
respect to case 1

For further investigating the controller,
the second experiment was performed for the
smooth multi-step trajectory. After applying
the same controllers to the system,
comparative responses are depicted in Fig. 5
and 6. Although steady-state errors of three
controllers are the same, transient behaviors
are clearly different. For example, as
presented in Fig.6, to control the system
output from the -60mm set-point to the Omm
set-point, the maximum error and the settling
time of the conventional and Fuzzy PID
controllers are respectively about (4mm and
3s) and (2mm and 2.5s) while those of the
advanced controller are only 2mm and 0.3s.

Hence, for the faster response, the smaller
overshoot and settling time are remarkable
advantages of the proposed method.

100 '

(2]
o
T

\\

f ',

L L |
91 | e2 93 |

o

Position [mm]

o
o

=) 190 L

40 50

0 30
Time [s]
Fig. 5 Comparative responses with respect to

case 2

CPID—— APID-~-- FPID

Position Error [mm]

R RN SN SR R N
=

L | | |  — 1
10 0 30

Time [s]
Fig. 6 The obtained control errors with
respect to case 2

o

5. CONCLUSION

In this paper, an advanced PID controller
has been introduced for position control of a
pump-controlled hydraulic system. Both
mathematical model of the studied system and
the proposed algorithm are fully derived. Then,
the designed controller is successfully verified
via comparing with the conventional and
Fuzzy PID controllers in  real-time
experiments. The effectiveness and feasibility
of the advanced method are confirmed by
both theoretical proof and experimental results.
However, the control error can be further
improved by employing adaptive laws to deal
with the modeling error. Hence, developing an
adaptive robust PID controller is planned as a
future work of this study.
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