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ABSTRACT This paper focuses on high-performance motion control of the electro-hydraulic system of
hydraulic presses. A detailed mathematical model of the system was constructed. An electro-hydraulic sys-
tem of hydraulic presses is a kind of nonlinear system with parametric uncertainties, uncertain nonlinearities,
and external disturbances. To attenuate the above effects, a nonlinear robust motion controller based on an
extended disturbance observer was developed. The outer position tracking loop was designed with a sliding
mode control to compensate for disturbance estimation error, while the inner pressure control loop using
the backstepping method can realize accurate output force control. The stability of the overall closed-loop
system based on the Lyapunov approach can be proven to be effective. Both simulation and experiment
results showed that the proposed controller has a good transient-response and provides accurate position
tracking in the presence of parametric uncertainties, uncertain nonlinearities, and external disturbances.

INDEX TERMS Hydraulic press, electro-hydraulic system, backstepping method, extended disturbance

observer, motion control.

I. INTRODUCTION

Hydraulic presses are a kind of a machine tool and are
widely used in various industries, such as the automo-
bile, aerospace, and agricultural machinery industries. In a
hydraulic press, force generation, transmission, and ampli-
fication are achieved using fluid under pressure. During the
pressing and forming process, the hydraulic press needs to
complete a process involving a cycle of acceleration, lowering
in rapid traverse power, a working stoke, pressure holding,
pressure relief, a slow return stroke, a fast return stroke,
braking, and stop. In the process of a working stoke, it is
necessary to track a predetermined trajectory [1], [2]. How-
ever, the electro-hydraulic system of hydraulic press is a non-
linear system and subjected to nonsmooth and discontinuous
nonlinearities, such as a nonlinear pressure-flow relationship,
directional change of valve opening, friction nonlinearity, and
external disturbances. Furthermore, parametric uncertainties
exist such as effective bulk modulus, leakage coefficient of
the cylinder, and hydraulic oil density. The external load
on an electro-hydraulic system of a hydraulic press also
involves a large unknown parameter [3]. Despite the develop-
ment of advanced control strategies in the last eight decades,
the proportional-integral-derivative (PID) controller remains
the most widely used control strategy in industry, because of

its simplicity, robust performance and high reliability. A PID
controller takes the current control error (P), past control
error (I), and predicted future control error (D) into con-
sideration; it acts like human’s natural responses to outside
stimulation [4], [5]. Until now, many advanced controllers
have been proposed that achieved good control performance
and can be compared with a classical PID controller. Strictly
speaking, linear systems do not exist in practice, because all
physical systems are nonlinear to some extent [6].

The dynamics of electro-hydraulic systems are highly non-
linear and are very sensitive to any change of in the PID
parameters. When the controlled plant is complex, highly
nonlinear, time-varying, and uncertain, it is necessary to
adjust the PID parameters. To realize better dynamic per-
formance, modeling uncertainties caused by parameter vari-
ations (e.g., bulk modulus and unknown load inertia) and
external disturbances must be well-handled by the designed
controller. Applying model-based advanced nonlinear control
strategies to overcome the influence of parametric uncer-
tainties, uncertain nonlinearities, and external disturbances
in an electro-hydraulic system, is the current hot topic
and development direction. The nonlinear problem of an
electro-hydraulic system can be solved by nonlinear control
strategies. Because an electro-hydraulic system is a kind of
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semi-strict feedback nonlinear system, and parametric uncer-
tainties and uncertain nonlinearities in the system are not
directly related to the control law. That is, the model uncer-
tainties of the system are not matched. This kind of sys-
tem mainly uses a backstepping control approach to realize
asymptotic stability [7]-[9]. The essence of backstepping is to
stabilize the state of the virtual control, which can be derived
by a Lyapunov function.

The effect of the external disturbances and uncertainties
can be eliminated to improve the control accuracy of the sys-
tem by applying an advanced control algorithm [10]. In order
to obtain better tracking performance, a disturbance observer
is an effective compensation method, because disturbances
are not easy to measure in actual systems. In addition, a distur-
bance observer is widely used because of its simple structure,
compensation for external disturbances, and model uncertain-
ties [11]. External disturbances or unmodeled friction force
will degrade position-tracking performance, because friction
is an important source of nonlinearity in electro-hydraulic
systems [12]. In the electro-hydraulic control, a high-pass
disturbance observer was designed for position tracking and
experimental results verified that the observer bandwidth
could be cancelled. Kim et al. [13] proposed a two-order
high pass filter to estimate disturbance which obtained good
position tracking performance. Kim and Lee [14] estimated
the torque disturbance of a variable displacement hydraulic
motor and achieved good speed control. Wei et al. [15]
designed a disturbance observer to estimate unknown time-
varying load flow and achieved good supply pressure
tracking performance. Model-based friction compensation
can achieve accurate position control in machines with
friction [16]. A variable structure system approach based was
developed in designing observers for friction estimation and
compensation in mechanical systems [17]. Han [5], [18] pro-
posed an active disturbance rejection control, which proved
to be a capable replacement of PID in practice. In a robotic
manipulator control, several disturbance observers have been
applied to estimate and compensate for unknown sources of
disturbance [19], [20].

An exact mathematical model of the electro-hydraulic sys-
tem is difficult to obtain because of the existing two types
of uncertainties. One is parametric uncertainty, including
bulk modulus, the square root relationship between pressure,
and flow, temperature, and pressure dependent oil properties,
the other is nonlinearity uncertainty, including friction and
external disturbances [21], [22]. Yao et al. [23] proposed a
practical nonlinear adaptive repetitive controller that would
allow the model to learn and compensate for periodic mod-
eling uncertainties with the goal of achieving asymptotic
tracking performance. Yao [24] has developed adaptive robust
control (ARC) theory, that when combined with both adaptive
and robust control (such as sliding mode control), allows
simultaneous solution systems with parametric uncertain-
ties and uncertain nonlinearities. Guo et al. [25], [26] has
proposed a saturated adaptive control to achieve tracking
accuracy under unknown plant disturbance and parametric
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uncertainty. At present, ARC theory has been successfully
applied to metal powder compaction presses [27], fast forging
hydraulic presses [28], linear motor driven systems [29], [30],
multilateral teleoperation systems, etc. [31]. Yao et al. [32]
employed LuGre model-based friction compensation to
achieve a high level tracking accuracy for hydraulic actuators.
In addition, Sun et al. [33], [34] proposed a filter-based
adaptive vibration control strategy for an electro-hydraulic
active suspension to achieve closed-loop system perfor-
mance and a novel model reference for adaptive control with
an external filter to achieve better transient performance.
Guo et al. [35] developed an extended disturbance observer to
track the desired position trajectory for an electro-hydraulic
system in the presence of both parametric uncertainties and
external disturbance. Wei et al. [36] applied an extended
fuzzy disturbance controller to the motion control of a fast
forging hydraulic press and studied the low speed working
systems under the action of an unknown load.

The rest of this paper is organized as follows. The second
section describes problem formulation and dynamic models.
The third section presents the proposed extended disturbance
observer (EDO) controller design. The fourth section presents
simulation setup and results. The fifth section presents experi-
mental setup and results. The final section draws conclusions.

Il. PROBLEM FORMULATION AND DYNAMIC MODELS

Hydraulic presses are suitable for a wide range of pressing,
foaming, punching, and forming tasks. The electro-hydraulic
system principle of the hydraulic press under consideration is
depicted in Fig. 1. The nonlinear mathematical model of the
hydraulic system was derived by theoretical analysis in the

paper.
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FIGURE 1. Schematic diagram of hydraulic system; 1-Constant pressure
variable flow pump, 2-High-response servo proportional valve,
3-Solenoid 2/2 valve, 4-Pressure sensor, 5-Hydraulic cylinder,
6-Displacement sensor, 7-Relief valve.

The load force balance equation of the hydraulic cylinder
can be described as (1)

mxp = p1A| — prAy — bxp — Feptanh (xp) + G —d (1)
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where m is the equivalent mass of the load, xp is the dis-
placement of the load, p; and p; are the pressure inside two
chambers of the cylinder, A; and A, are the area inside two
chambers of the cylinder, b is the combined coefficient of
modelled damping and viscous friction forces on the load,
F¢, is the modelled coulomb friction force, G is the equivalent
gravity of the load, and d is the lumped disturbance.

By neglecting both the internal and external leakage,
the pressure dynamics can be expressed as (2)

Vi . )
—— b1 = —Aixp+ Qi
Be
Via . )
P2 = Axip — O ()
Be

The internal volume of the two chambers of the cylinder
may be written as (3)

Vi = Vo1 +Axp
Vio = Voo +A2 (L — xp) 3

where Q1 and Q> are the flow through into the two cham-
bers of the cylinder, Vj1 and V), are the volume of the two
chambers, Vy; and Vp are the initial volume of the two
chambers, S, is the effective bulk modulus of the system, L is
the hydraulic cylinder stroke.

The forward and return flow through the cylinder related to
the high-response servo proportional valve (HSPV) described
as:

{ 01 quvu [Sg () /ps — p1 + 5g (—”)vpl 4 )
Q> = kgyut [sg () /D2 — pr + Sg (—1) /Ps — P2

Now, by definition as:

1, ife>0
sﬂ”_{q ife<0 ®)

where k, is the HSPV flow gain coefficients, u is the HSPV
control voltage, ps is the pump supply pressure, and p; is the
tank pressure.

Define u as the control input and define the state variables x
form as:

x = [x1,x2,x3,x4]7 = [xp, Xp, p1, p217. The entire sys-
tem, equations (1) to (4) can be expressed in the state space
form

)'Cl = X2
1

Xy = — [A1x3 — Apxqg — bxp—F ., tanh (x2) + G — d]
m

X3=m (—Alxz + kqvg3u)

X4 = I (Aoxy — kgugau)

(6)

in which
hy o e
Vi
Be
h =
2 Viz

83 = 8g (U) /Ps — X3 + Sg (—u) /X3 — Py
84 = Sg (U) /X4 — pr + 5g (—U) /Ps — X4 @)
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Ill. CONTROLLER DESIGN
The extended disturbance observer is based on an extended
state observer of x,which is defined by:

- l AlAX3 - A/\2x4 + G — F¢, tanh (x2) (8)
» = m| —bxx —d+ W1)~Czp

A~

where Xp,, b and d are the estimations of x2, b and d,
respectively.

b=b—1b
d=d—d
Xop = x2 — Xp )

In (9), e represents the estimation of the parameter, o rep-
resents the estimation error of the parameter, and is defined as
e = & — o. The dynamics of ¥, may be obtained as follows:

: 1 /- ~ -
mp:_;(ma+d+ww@) (10)
The adaptation law is designed as follows:

X 1
b = —ky1—x2%2p + X
m

. I,
= PI‘O_]& (_klzn_1xz[7> (11)

where ki; and k> are positive constants, x, is an extra
corrector term designed to ensure the stabilizing effect of the
closed-loop system which will be specified later.

The simple discontinuous projection mapping has the form
as

Qo

0, d= Elmax &e>0
0, d=dmin&e<0 (12)
, otherwise

Proj;(e) =

[ ]
The conditions that are used in (12) to guarantees

I. dmin = a = dmax

- 1. 1A (13)
. d|——%xyp,—kld| <0
[ 2 T ki } =
Define a positive semi-definite function
1., [ S e
V] = zxzp + Ek“ b + 51(12 d (14)
From (9), we can deduct
b=—b
d=—d (15)

Noting (15), the time derivative of (14) is given by
sz_lw@g+a<_l¢h_kgé)_kyém (16)
m m
Define the motion trajectory tracking error of the cylinder
21 = X1 —X1d 7)
where x14 is the desired trajectory of the cylinder.
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A sliding surface s is defined as follows:
s =121+ Az (18)

where A is a positive constant.

Since G(s) = 1/(s+ X) is a stable transfer function,
making z; small or converging to zero, this is equivalent to
making s small or converging to zero.

The time derivative of (18) and noting (6), it is straightfor-
ward to obtain

1
§ = —[A1x3 — Aoxqg + G — Feptanh (xp) — bxpy — d]
m
—X1d + A (2 —x10)  (19)

Let p = A1x3 — Asx4 denotes the virtual control input
and let zo = p;, — « denotes the input discrepancy. In view
of pr, the desired virtual control function «» is designed as
equation (20)

oy = —G + F,ptanh (x2) + bxs +d
+m[X1g — A (x2 — X1g) —c15 —casgn (s)]  (20)

where c¢1 and c¢; are both positive constants.
The term —casgn (s) is designed to compensate for distur-
bance estimation errors and c¢; is given to satisfy

d

cy) >

/m 2

max

Noting (20) and (19), one obtains
d

1 1-
§=—c1s—cysgn(s) + —z0 — —bxy — (22)
m m m
Define a positive semi-definite function
_ v, 4 ot
Vo=V + 2](2 Ky (23)

where kj is a positive constant.
Noting (16) and (22), the time derivative of (23) is given
by

. 1 2 - 1. 1A 1%
Vo= —— d\——Xp —k,d)—kib
2 o WiXyp + ( e~ ki ) 11 9Xb
1~ 1 -
—}—kz_l (—c1s2 —cp|s| — —ds+ —z08 — —xzbs>
m m m
(24)
The extra corrector term xj; was chosen as:
1
Xb = —ki1k,  —xas (25)
m

Substituting (25) into (24) yields

. 1 ~2 —12 ~ lN _1;'\
Vo= ——wix5, —cik, s“+d | ——Xy — ki, d
2 m 1X2p 1% m2p 12

1~ 1
+ kz_l <—cz ls| — —ds) +k2_1—z2s (26)
m m
Differentiating p; with respect to time yields
pL = A1xz — Axxy 27)
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Substituting (6) into (27), pr. can be obtained

F‘)L = — I:A%]’l] +A%h2] Xy + kqv [A]h](X] )I/tg3
+Aoha(x1)ugs]  (28)

Defining
fi (1) = AThy + A3hy
Ja (x1,x3, x4, u) = Arhigs + Axhogs (29)
Substituting (29) into (28) yields

prL = —fixa + kgfou (30)

According to the virtual control input zo = p; — a2, one
obtains

pL=22+ o (31)
Substituting (31) into (30) yields
22 = —fixz + kgfou — do (32)

The following control law u is designed as

u

1
= fixa + a2 — c3z2 — ky k3 —S) (33)
ko> ( 2 m
where c¢3 and k31 are positive constants. Substituting (33)
into (32), the dynamics of z, can be obtained

. _ 1
f=—c3—k ka1 —s (34
m
Define a positive semi-definite function
1
V=V,+ Ek;]lz% (35)

Noting (26) and (34), the time derivative of (35) is given
by

Ve L1 s L k12
=——WwiXy, —ciky 57 —c3ky T < 0 (36)
m

Equation (36) indicates that the stability of the closed-
loop system consisting of the nonlinear controller; the EDO
was guaranteed. Furthermore, all signals in the system were
bounded under closed-loop operation.

IV. SIMULATION SETUP AND RESULTS

A. SIMULATION SETUP

To validate the performance of the proposed EDO
controller, simulations based on MATLAB/AMESim
co-simulation platform were performed. A co-simulation
model of hydraulic press electro-hydraulic system was plot-
ted under the gravitation conditions in Fig. 2. In order to
shorten the length of this paper, the co-simulation model was
not plotted under external load conditions. The model under
external load conditions can refer to the schematic diagram of
the hydraulic system (Fig. 1). The pressure setting of the relief
valve was 14MPa; the working stoke stage of the hydraulic
press could be simulated.
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FIGURE 3. Principle diagram of the extended disturbance observer.

TABLE 1. Values of electro-hydraulic system.

Parameter(unit) Value Parameter(unit) Value
M/ (kg) 175.0 L/(m) 0.21
4,/(m) 5.0265 4,/ (m?) 3.0361
p./(p.) 2.0x107 p./(p.) 0
F,/(N) 1.2x10° b/(Ns/m) 1.0x10°
Vo (m*) 3.0877x107* W /(m) 23529x107*
k,, /(' )sV[p,) 3.5635%x10°°

The structure of the EDO controller is illustrated in Fig. 3.
The parameters of the electro-hydraulic system in simula-
tions and the EDO controller are given in Tables 1 and 2,
respectively.

The simulation performance of the proposed EDO con-
troller was compared with that of the ARC [22] and PID con-
trollers. The desired displacement signals of trajectory I and II
are shown in (37) and (38), respectively

x} = [60sin (%t + %) +60|mm, 0<r<120 (37)
xtf = [60sin (%z + %) +60]mm, 0sr=6 (39
18506

TABLE 2. Values of the extended disturbance observer in the simulation.
Parameter Value Parameter Value
W 60x10  k 1.0x10°
A 60.0 ky 5.0
ky, 5.0x10° ¢ 20.0
ki, 8.0 c, 10.0
ke, 1.0 ¢ 1,5x102
5(0) 1.0<10° (o) 0

Error (m)

0 20 40 60 80 100 120
Time (s)

FIGURE 4. Positioning errors of trajectory I in the simulation.

-—-PID

N W s

Error (m)

T 1 2 3 4 5 6
Time (s)

FIGURE 5. Positioning errors of trajectory Il in the simulation.

Control law (V)

K0 20 40 60 80 100 120
Time (s)

FIGURE 6. Control law of trajectory I in the simulation.

The PID controller parameters of trajectories I and IT were
tuned to the values that guaranteed the best tracking per-
formance in the simulations and the experiments; these are
shown in (39) and (40)

t
uhyp = 2300 (x14 — x1) + 100/ (x1q — X1)dt
0
+10 (x1a — x1) (39
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FIGURE 7. Control law of trajectory Il in the simulation.

25x1o7

' —Ps-EDO
_of —P1-EDO
g —P2-EDO
=15 .
5
21 .
NUAVAVAVAVAVAVANRYRYE
& 050 ]

% 20 40 60 80 100 120

Time (s)

FIGURE 8. Pressures of trajectory | in the simulation.
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FIGURE 9. Pressures of trajectory Il in the simulation.

t
uEyy = 1800 (x1g — x1) + 300 /O (1 — xp)dr

+ 10 (k14 — X1) (40)

B. SIMULATION RESULTS

The position tracking errors of trajectories I and II are shown
in Figs. 4 and 5, respectively. The tracking error of the
proposed EDO controller with trajectory I was kept within
+5 x 10~ m, while the tracking errors of the ARC and PID
controllers were kept within =1 x 104 mand £2 x 1074 m,
respectively (Fig. 4). The tracking error of the proposed EDO
controller with trajectory II was kept within £2 x 107> m,
while the tracking errors of the ARC and PID controllers were
kept respectively within 1 x 107* m and +2 x 10™* m
(Fig. 5). The control laws of the proposed EDO controller
with trajectories I and II are shown in Figs. 6 and 7, respec-
tively. The pressures ps, pyand p, are shown in Figs. 8§ and 9,
respectively. The parameter estimations of the EDO are
shown in Figs. 10 and 11, respectively.
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FIGURE 10. Parameter estimation of trajectory I in the simulation.

40

5t e

Time (s)

FIGURE 11. Parameter estimation of trajectory Il in the simulation.

| ydraulic
power unit

[ ——
Displacement

sensor
e

computer

FIGURE 12. Photograph of experimental setup.

V. EXPERIMENTAL SETUP AND RESULTS

A. EXPERIMENTAL SETUP

A photograph of the experimental setup is shown in Fig. 12.
The system using a hydraulic press was mainly composed of
a frame, a cylinder, an HSPV, and a slider. In the test rig,
the driving actuator was controlled by a HSPV (REXROTH:
4WRREH6VB40L-1X/G24K0/B5M), which had a band-
width above 80 Hz with a & 100% control signal. The system
state variables used in the controller, including actuator’s
displacement x; and velocity x, that is, the differential of
displacenment, and pressures in the two working chambers
x3 and x4 were directly measured by transducers (WIKA:
S10/0-250BAR/4-20MA/G1/4A) which had a range of
0-25 MPa. The supply pressure p; was regulated to 20 MPa.
The displacement of the actuator was directly obtained by
a position tranducer (SMAT: MS200-30+MR200c-3). The
control strategy was carried out in the XPC Target environ-
ment, which consisted of a target computer equipped with an
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FIGURE 13. Positioning errors of trajectory I in the experiment.
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FIGURE 14. Positioning errors of trajectory Il in the experiment.

—U-EDO

S
=
T
o
=
[e]
o
2 20 40 60 80 100 120
Time (s)

FIGURE 15. Control law of trajectory I in the experiment.

1.5

Control law (V)
o
()]

0
0% 1 2 3 4 5 6
Time (s)

FIGURE 16. Control law of trajectory Il in the experiment.

NI PCI-6259 data acquisition board manufactured by NI
Corp. (Austin, TX, USA) and a host computer with
MATLAB/Simulink. All the measurement signals were fed
back to the controller using 16 bit A/D and 16 bit D/A
converters. Data transmission between the target and the com-
puters was achieved through TCP/IP. The controller sampling
rate was 1 KHz. The parameters of the EDO controller in the
experiments are given in Table 3.
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FIGURE 17. Pressures of trajectory I in the experiment.
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FIGURE 18. Pressures of trajectory Il in the experiment.

20 20 40 60 80 100 120
Time (s)

FIGURE 19. Parameter estimation of trajectory I in the experiment.

N T S B E—
Time (s)

FIGURE 20. Parameter estimation of trajectory Il in the experiment.

B. EXPERIMENTAL RESULTS

The position tracking errors of trajectories I and II are
shown in Figs. 13 and 14, respectively. The tracking error
of the proposed EDO controller with trajectory I was kept
within £2 x 10~* m, while the tracking errors of the ARC
and PID controllers were kept within £2.5 x 10™* m and
+6 x 10~* m, respectively (Fig. 13). The tracking error
of the proposed EDO controller with trajectory II was kept
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TABLE 3. Values of extended disturbance observer in the experiment.

Parameter Value Parameter Value
w, 8.0x10 ky 1.0x10°
A 80.0 ky 5.0

ky, 5.0x 105 ¢, 20.0

k,, 8.0 c, 10.0

ky, 1.0 [ 1‘5><102
b(0) 1.0x10° d(0) 0

within &1 x 10~* m, while the tracking errors of the ARC
and PID controllers were kept within 2 x 10~* m and
+6 x 10~* m, respectively (Fig. 14). The control laws of
the proposed EDO controller with trajectories I and II are
shown in Figs. 15 and 16, respectively. The pressures py, p1
and p, are shown in Figs. 17 and 18, respectively. The param-
eter estimations of the EDO are shown in Figs. 19 and 20,
respectively.

VI. CONCLUSION

A nonlinear motion controller based on an extended dis-
turbance observer was designed with a detailed mathemati-
cal model of an elecrtro-hydraulic system using a hydraulic
press. The controller was made of a dual control loop com-
prised of an inner pressure control loop and an outer posi-
tion tracking loop. The stability of the overall closed-loop
system was guaranteed by the Lyapunov theory. Simulations
and experiments showed that good control performance was
achieved and the proposed controller guaranteed position
tracking accuracy for tracking both trajectories I and II, when
compared with two other controllers.
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