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Abstract: In existing methods, full-state feedback is required for the position tracking of single-rod
Electro Hydrostatic Actuators (EHAs). Measuring a full state is not always possible because of
cost and space limitations. Furthermore, measurement noise from pressure sensors may degrade
the control performance. We propose an observer-based nonlinear position control with nonlinear
coordinate transformation while only using position measurement to improve the position tracking of
single-rod EHAs. The proposed method comprises a position controller and an observer. We propose
a nonlinear coordinate transform for the controller design. The desired force is designed for the
position tracking and boundedness of the internal state. The position controller is designed to track
the desired state variables for the EHAs. Meanwhile, a nonlinear observer is proposed in order to
estimate a full state using only the position measurement. The stability of the closed-loop system
is investigated via an input-to-state stability property. The performance of the proposed method is
validated via both simulations and experiments.

Keywords: electro-hydrostatic actuator; position measurement; state estimation; position control

1. Introduction

Electro-Hydraulic Systems (EHSs) have been widely used in industrial systems because of
their high power density, stiffness, and flexibility as compared with their electrical counterparts [1].
Meanwhile, valve-controlled hydraulic systems, where systems use a pressure-compensated or
load-sensing pump to pressurize fluid for delivery to individual valve-controlled actuators, are widely
used in industries because of their simplicity. However, they pose several problems, such as
environmental pollution that is caused by working fluid leakage, maintenance load, heavy weight,
limited installation space, and low energetic efficiencies that are caused by throttling losses, even if
their designs are simple [2]. These problems can be overcome while using electro-hydrostatic actuators
(EHAs), where the electric motor is integrated, instead of a valve. The embedded motor directly
controls the pump in the EHAs. Hence, the EHA is also called a pump-controlled hydraulic actuator.
EHAs have several advantages when compared with valve-controlled hydraulic actuators, such as
smaller size, higher energy efficiency, and faster response because of their higher stiffness. Controlling
electro-hydraulic systems is difficult because the compressibility of hydraulic fluids and complex flow
properties result in higher nonlinearities in their dynamics.

Various control methods have been developed in order to improve the control performance of
the position/force of EHSs. Linear control theory has been used in hydraulics systems [1]. Moreover,
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variable structure control methods were proposed in [3,4] for the control of EHSs. A robust adaptive
and repetitive digital tracking control was proposed to reject disturbances [5]. The input-output
linearization-based control method was proposed in order to compensate for the global nonlinearities
of EHSs [6-8]. In addition, backstepping control methods were proposed using the dynamics properties
of electro-hydraulic systems [9-12]. A flatness-based nonlinear control method was recently developed
for position tracking [13]. Unfortunately, previous methods were designed for valve-controlled
hydraulic actuators; therefore, they are not applicable to EHAs. Only a few studies regarding the
control of pump-controlled hydraulic actuators have been reported. An adaptive backstepping scheme
with fuzzy neural networks was proposed for EHAs [14]. Furthermore, nonlinear control methods
based on singular perturbation theory have been recently proposed to achieve robustness in the
uncertainty of the effective bulk modulus for EHAs [15].

Although previous nonlinear control methods improved the position tracking of valve-controlled
or pump-controlled EHSs, they require a full-state feedback. Measuring a full state is not always
possible because of cost and space limitations. Furthermore, measurement noise from pressure sensors
and the derivative of the measured position to obtain the velocity may degrade the control performance.
An output feedback control method using a high-gain observer was recently proposed in order to
control the position using only the position feedback [16-18]. However, the method is not applicable
to a single-rod EHA because the system considered in [16-18] was a valve-controlled dual-rod EHS.
Because the electric motor in an EHA is integrated, the dynamics of EHAs differ from those of
valve-controlled EHSs. Furthermore, the areas of two chambers in a single-rod actuator differ to those
of a double-rod actuator. The dynamics of the pressures in the two chambers cannot be combined into
a single load pressure dynamics. Hence, the system dimension increases, and the internal dynamics
appear in the single-rod actuator hydraulic system dynamics [10]. The more complex dynamics in
single-rod hydraulic actuators render the controller more complicated as compared with those in
dual-rod hydraulic actuators. Consequently, previous methods are not applicable to single-rod EHAs
owing to the requirement of the full-state feedback and/or the model difference. To the best of our
knowledge, studies regarding position controller design using position feedback for single-rod EHAs
have not been reported.

In this paper, we propose an observer based nonlinear position control while using nonlinear
coordinate transformation to improve position tracking performance using only position measurement
for single-rod EHAs. The proposed method comprises a position controller and an observer.
Accordingly, we propose nonlinear coordinate transform for the controller design. The internal
dynamics exist because the EHA’s relative degree is three in a four-dimensional EHA model.
The desired force is designed for the position tracking and boundedness of the internal state.
Meanwhile, the position controller is designed to track the desired state variables for the EHA.
A nonlinear observer is proposed in order to estimate a full state using only the position measurement.
Consequently, the proposed method improves the position tracking performance using only position
measurement. The stability of the closed-loop system is investigated via an input-to-state (ISS)
stability property. The performance of the proposed method was validated via both simulations
and experiments.

2. Mathematical Model of Electro-Hydrostatic Actuator

This section introduces the EHA model to be controlled. Figure 1 shows the structure of the
single-rod EHA. The chamber volumes V4 and Vp can be expressed as

VA :VAO+SAxp
VB :VBO - SBxp

@

where x, is the piston position [m], V49 and Vpq are the initial volumes of chambers A and B [m3],
respectively, including the pipeline, when x;, = i 3% Xpay 1S the maximum stroke of the cylinder [m],
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5S4 and Sp are the pressure areas [m?2]. The flow rate equations of both ports of the actuator can
be represented, as follows, when considering the fluid compressibility and continuity principle for
the actuator

. Vao+Saxp .
Qa ZSAXp + 7;71)14
Be 2
e . VBo—Spxp .
Qp =Spxp + TPB
e

where Q4 and Qp denote the flow in the actuator [m3/s], B, is the effective bulk modulus of the
system [N/ m?], and P4 and Pg are the pressure of both chambers [N/ m?]. The change of the flow
direction and the flow rate adjustment through the port are handled by the electric motor directly
connected to the hydraulic pump. In addition, the pressure generated by the continuous supply of
flow in the actuator can produce a minute fluid leakage of the pump. Hence, the equations for the
fluid leakage of the pump are expressed as

ga :Dpwm - CP(PA — Pp)
g = —4A

®)

where g4 and g5 are the in-out flow rate of the pump [m3/s], D, is the volumetric capacity of the pump
[m3/rad], wyy, is the rotational speed of the electric motor [rad/s], and Cp is the leakage coefficient of
the pump [m®/Ns]. The actuator force balance equation of the EHA systems is expressed as

mxv—i-bxv—i-kxp = SAPA_SBPB (4)

where x; is the piston velocity [m/s]. m is the total mass of the piston and the load [kg], k is the load
spring constant [N/m], and b is the viscous damping coefficient [N/m/s]. We also assume that the
conduits that are connected between the actuator ports and the pump ports are very short. The flow
rates in (1) through (3) can then be represented as Q4 = g4 and Qp = gp. The dynamic equation of
the EHA systems can be represented as

xp :xU
1
o ©
A VA(xp)[ pwm SAX-U Cp A +Cp B}
: B
Py = e D Sy o~

where V4 (x,) and V3 (xp) are the volumes of chambers A and B [m3 ] respectively, and P, = P4 — Pp.
In EHA (5), x; is physically bounded as

“Xpim S Xp S Xpyp, (6)
where x,,  is a positive constant. The ranges of V4 (xp) and Vp(x) are defined as

VAO - SAxPﬁm = VA < VA(xP) < VAmax = VAO + SAxth

min —

VBo = SBXpyp, = VB < VB(Xp) < Ve = Vo + SpXpy-

min —

@)
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Figure 1. Structure of the single-rod electro-hydrostatic actuator.

3. Nonlinear Coordinate Transformation

T
Let us define a new state x7 = [xl Xy X3 x4} and a nonlinear change of coordinates, as

x3 =Va(x1)Pa + Vp(x1)Pp

X4 =S5APs — SpPp
where x4 is the force of the EHA. The relationships between the original and new states are

Xp =X1
xZ; :xz
= Spxz + Vp(x1)xs
Va(x1)Sp+ Vp(x1)Sa
P SAX3 — Va(x1)xy
B _ .
Va(x1)Sp+ Vp(x1)Sa

)

The dynamics of x3 and x4 are

%3 =Va(x1)Pa + VB (x1)Pp + Va(x1)Pa + Vp(x1)Pp
= — B[Sa — Sp]x2 + x2x4
X4 :SAPA — SBPB

:BSA
= Dywm — — CyP4 + C,P

BSs
— -D S CyPs — C,P
VB(xl)[ pWm + OBXy + Cplp p B]

(10)

BISA V(1) — S3VaCr)] . BC,IS4 o]
Va(x1)Vp(x1) 2T Va(e) Ve ()

~ BCp[Va(x1) + Vp(x1)] ; BDp[VaoSp + VBoSal o

Va(x1)Vp(x1) ! Va(x1)Vp(x1) "
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Control u is defined as # = w;,. We then obtain the new dynamics of the EHA, as
X1 =x2

1
Xo :a[—kxl — bxy + x4]

XgI*‘B[SA*SB]Xz+sz4 (11)
o BlSAVe(x1) —S3Va(x1)]  BCplSa —Ss]
4 VA(X1)VB(X1) 2 VA(xl)VB(xl) ’
~ BCp[Va(x1) + Vi(x1)] . BDy[VaoSB + VBoSal
Va(x1)Vp(x1) ! Va(x1)Vp(x1)
Equation (11) can be represented as
X1 =Xp
Xo :% [—k)q — bX2 + X4] (12)
X3 = — ‘B[SA — SB]XZ + X2X4
X4 = — folx1)xo + fa(x1)x3 — fa(x1)xa + g(x1)u
where
_ BIS%VB(x1) — S3Va(x1)]
fa(xn) = Va(x1)Vp(x1)
_ BCp[Sa — Sg]
fala) = Va(x1)Vp(x1) (13)
falx) _ BCy[Valx1) + Vi (x1)]
e Va(x1)Vp(x1)
_ BDp[VaoSp + VpoSal
gba) = Va(x1)Vp(x1)

Remark 1. The relative degree of the new EHA model (12) is three. A one-dimensional internal dynamics, xs,
exists because the new EHA model (12) has it a dimension of four. The stability of the internal dynamics must
be verified.

We now define x1, as the desired position. From (12), x2, and x4, are derived as

de :de

Xy, = med + bJQd + kxld + (—k3Sgn(x2,,)x3) (14)

X4a X4

b

where k3 is a positive constant. In x4, x4, is the part of the desired force for the position tracking,
whereas x4, is the part that guarantees the boundedness of x3.

4. Position Controller

In this section, the design of position controller for tracking the desired state variables for the
EHA model (12) is presented.

4.1. Controller Design

The tracking errors are defined as
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t
€o :/0 (x1, — x1)dt
€1 =X1;, — X1 (15)
€2 =X, — X2
€4 =Xg4, — X4.

Remark 2. The integrator of the position tracking error is defined in order to eliminate the steady-state error
due to constant disturbances.

The error dynamics are derived as

ép =e1
61 =e
1 (16)

é :ﬁ[_kel — bey + 64]
ey =34, — (—fa(x1)x2 + f3(x1)x3 — fa(x1)xs + g(x1)u).

The controller u is designed as

) [f2(x1)x2 — f3(x1)x3 + fa(x1)x4]

1
g(x1)

where ko, k1, k2, and k4 are control gains. The error dynamics (16) then become

(17)

[X4d + koeg + k1eq + kpen + k4€4}

éo =e1

él =€y

1 (18)
é :%[—kel — bey + 64]

ey = — koeg — k1e1 — koex — kyey.

If the control gains ko, k1, k2, and k4 are selected, such that

_k (19)
m
ko —ki —ky —ka

T
is Hurwitz, thene = |ey €1 e 64:| exponentially converges to zero.

4.2. Stability Analysis of Internal Dynamics

The dynamics of x3 in the new EHA model (12) are internal dynamics as
X3 = —B[Sa — Sp]x2 + x2x4. (20)

We will now prove the stability of the internal dynamics. x1, x, and x4 will track x1,, x2,, and x4,
respectively, while using the controller (17). Thus, the zero dynamics are

X3 = —B[Sa — Splxa, + x2,X4,. (21)
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Theorem 1. Consider the zero dynamics (21). x5 is globally ultimately bounded in the zero dynamics (21).

Proof. Let us define the Lyapunov candidate function V., as

1
Vi, = Ex%. (22)
We have Vi, as
Vi, =X3%3
ZX3(—ﬁ[SA — SB]de + deX4d)
:x3x2d(—ﬁ[sA —SB] +mx2d+bed+kx1d) (23)
- k3x2dsgn(x2d)x%

d
= — k3x3x2, (sgn(xzd)xg - k3)

where d = —B[S4 — Sp] + miy, + bxy, + kxy,. If xq, is the desired position trajectory for point to point
motion, such that x1,(c0) = ¢, where ¢ is constant, and then x,,(c0) = 0. Hense V¢, (c0) = 0, such that
x3 converges to x3, where x3_ is constant. If xy, is the desired position trajectory for a repetitive
motion, the x3 of the zero dynamics converges to B, = {x € R||x| < df,?—;x} where dpax = sup, |d(t)].
Consequently, x3 is globally ultimately bounded in the zero dynamics (21). O

5. Nonlinear Observer Design and Closed-Loop Stability Analysis

In this section, we design the observer in order to estimate the full state. Subsequently,
the closed-loop stability is proven using the ISS property.

5.1. Nonlinear Observer Design

The estimated state variable vector £ is defined as
A . T
2= [aep %y Dy PB} . (24)

The dynamics of £ are designed as

JACP =%, + 14 [xp — J?p]
. 1 ~ N
Xy Za[—kfp — bRy + SAPs — SBPB]
R B X R R (25)
Py = D -S —C,P C,P,
A VA(xp) [ pWm AXv pPa+Cp B]
R B . R R
Pp=——(-D S C,P4 — Cy,Pg].
B VB(xp) [ pWm + OBXo + CpPy p B]
The state estimation error ¥ is defined as
Xp Xp — %p
. X Xy — %o
= |~ = 2
g Py Py — Py (26)
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The dynamics of ¥ are

. 1 5 5
M @)
A =V ST Gt Gl

2 ‘B ~ D) D
Pp=—r— Pa—CpP

B Vi (xp) Sp%o+ Cpa = Cpl)

In the EHA, because x) is measurable, the estimation error dynamics (27) can be rewritten as

B S S A
.
BT de v v 2 )
Py O B we  wed U
Aolep)

Theorem 2. Consider the estimation error dynamics (27). If Iy is positive and an affine Lyapunov matrix,
P(04,0p) exists to satisfy the conditions, such that

P>=0, 60 €Xy, 0g€lp

T (29)
AP+ PA, <0, 84 €Ly, 0 € Xp
then % exponentially converges to zero.
Proof. The problem that analyzes the eigenvalues of (28) for all xXp € [—xphm,xphm] is

equivalent to the robust stability analysis of a linear system with uncertain real parameters [19].

Because x;, € [—xphm, xphm], v (1xp) ,and v (1xp) are in the sets X 4 and Xp, respectively.
L
=0A A = [YAmin7 Y Amax
Va(xp) (30)
1
=0gecXg=10g . ,0 .
VB(xp) B 6 B [ Bmm Bmax}
where 64 . = ﬁm, 04, = VA%’ 0B, = V'%max, and 0 = ﬁm. The mean values of V4 (x,) and
Vg (xp) with the given sets ¥4 and L, respectively, are presented as
0 HAmin + GAmax
Oa= g
31
9_ _ BBmin + BBmax ( )
B=— 5
Ao (04,0p) can be rewritten as
Ao(04,08) = Ap + 0454 + 05Sp. (32)

With the general EHA parameters and positive I;, Ag is always Hurwitz. Hence, a symmetric
matrix Py exists, such that Ag Py + PyAg = 0. The results in [19] showed that with Hurwitz Ay, if an
affine Lyapunov matrix, P(6 4, 0p) exists to satisfy condition (29), then A, (64, 0p) is Hurwitz. For given
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compact sets X4 and Xp, we can then determine the existence of by solving LMI with the MATLAB
robust control toolbox. Consequently, ¥ exponentially converges to zero. U

Remark 3. The convergence rate is determined by Iy and the EHA parameters. The output injection parameter
Iy will not fully affect the convergence rates of the origin in the estimation error dynamics as the output injection
parameter is used in only %,. However, the convergence rates determined by the EHA parameters in the
observer are sufficiently fast when compared with the slow EHA system. Furthermore, with the EHA parameters,
P(04,0p) exists to satisfy the conditions. Consequently, only a positive Iy is required to guarantee the stability.

5.2. Stability Analysis of Closed-loop System

We define the estimation of x7 as X7 = [321 Xy X3 9?4} , where

%, =%

A ; (33)
%3 =Va(x1)P4 + Vp(x1)Pp
%4 =SP4 — SpPp.

T
The estimation error of x7 is defined as X7 = [il X X3 324} , where

Xy =X

2 4 (34)

%3 =Va(x1)Pa + Vp(x1)Pp
%4 =SP4 — SpPs.
From (34), ¥1 = T(x1)%, where
0 0
T(x1) = ; )

Va(x1) Vp(xq) |’
Sa —S3.

oS O O =
S O = O

In the control input (17), the estimated state variables £, P4, and Py are used, except for xj.
Hence, the error dynamics (18) become

éo =e1
é1 =ey
1
éy :%[—kel - b€2 + 64] (35)
¢y = —koeo — kyeq — kaez — kaey

+ fa(x1)%2 — f3(x1) %3 + fa(x1)%s + ko%o + kaZg.
From (35) and (27), the closed-loop system is obtained as

é=Ace+ Be(X1)T(X1)5C'

9LC :Ao (xl)f (36)
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where

o O O

0 0 0
-l 00
0 falx1) +ka —f(x1) fa(x1) + ks

In (36), B.(x1) and T(x;) are bounded. Hence, ¢ is ISS stable because A, is Hurwitz [20].
From Theorem 2, it was proven that & exponentially converges to zero. Finally, e converges to zero.

Figure 2 shows the block diagram of the controller structure. x, and x4, are generated using x1,
in (14). The observer (25) estimates x using x; and u. The current input is then obtained by the control

law (8), (17).

\
Desired state [ Xy X, Controller u Electro-
X > variables > ) (17) »  hydrostatic > X
(14) actuator (5)

~A
X

Observer
25 -

Figure 2. lock diagram of the controller structure.

Remark 4. In (17), the derivative of x4, is used. The derivative of sgnxy, function is infinite in zero
(x2,). As the sgn(x) function can be replaced with tanh(rx), where r is a sufficiently large positive
constant [21,22], x4, = mxa, + bxa, + kx1, — kasgn(x2,)x3 can be used instead of x4, = mip, + bxy, +
kx1, — katanh(rxy,)x3 for the digital implementation of the control law (17).

6. Simulations

The simulations were conducted in MATLAB/Simulink in order to evaluate the performance of
the proposed method. The parameters of the EHA and the control gains listed in Table 1 were used.
The load force disturbance was set to 300 Nm. Figures 3 and 4 show the simulation results with the
trajectory reference. Figure 3 shows the estimation performance of the proposed method, where the
blue and dashed red lines denote the actual and estimated state variables, respectively. The estimated
state variables tracked the actual state variables well. A small peak appeared owing to the difference
in the initial values of the estimated and actual velocities in the estimation of x,. Figure 4 shows
the position tracking and the control input of the proposed method. The blue and dashed red lines
presented in Figure 4a denote the desired and actual positions, respectively. The position tracking error
that is shown in Figure 4b is less than 0.1%. The small peak in the position tracking error appeared
owing to the small peak in the estimation of x.

Figure 5 shows the position tracking and the control input of the proposed method with the
sinusoidal reference. In this simulation, a step load force disturbance of 300 Nm was injected at
5 s. The blue and dashed red lines presented in Figure 5a denote the desired and actual positions,
respectively. At5 s, a small peak in the position tracking error appeared owing to the step load force
disturbance of 300 Nm, but this peak was suppressed by the proposed method. The position tracking
error shown in Figure 4b was less than 0.3%. At 5 s, the small peak in the control input suppressed the
step load force disturbance.
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Table 1. Parameters.

110f 16

Parameter Value Parameter Value
k 4000 b 100
m 80 Sa 7.94226 x 107>
Sp 5.43251 x 107° Dy 8.43521 x 108
Cp 2x10713 Be 1.8 x 10°
ko 9.8 x 10!2 kq 3.7620 x 1010
ko 5.6 x 107 ks 0.01
ky 3800 I 100
20} : : B
Y =]
E
s 0
ng_—w
20 I I I I I I I I I I e
12 14 16 18 20 22 24 26 28 30
Time [second]
(a) Estimation of Xp
100

50

Velocity [mm/s]
o

Actural
— = —Estimated

-50 - 1
100 I I I I I I I I I I
12 14 16 18 20 22 24 26 28 30
Time [second]
(b) Estimation of x,
7
6210 ‘ ; ;
Actural
&4 — Estimated |
£
=
e
3>
[7]
1%
o
a

12 14 16 18 20 22 24
Time [second]

(c) Estimation of P4

Pressure [N/m 2]
J; n o n £ (2] e ]

12 14 16 18 20 22 24
Time [second]

(d) Estimation of Pp

Figure 3. Estimation results of the proposed state observer in simulations with the trajectory reference.
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Figure 4. Position tracking performance of the proposed method in simulations with the trajectory reference.
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500

Rotational speed [rad/s]
o

-500
0 1 2 3 4 5 6 7 8 9 10
Time [second]

(¢) Rotational speed of the electric motor (Control input)

Figure 5. Position tracking performance of the proposed method in simulations with the sinusoidal reference.
7. Experiments

The experiments were executed to evaluate the performance of the proposed method. In the
experiments, the proposed method was compared with the proportional-integral (PI) with a
feedforward controller used in industrial applications, as follows:

t
w=108(xd — x7) + 1000/0 (x4 — x1)dT + 20032, (37)

The gains of the PI controller with velocity feedforward were well tuned for tracking the desired
position. The same parameters and the load force disturbance were used in both the simulations
and experiments. Figure 6 presents the experimental setup. The EHA with the AC servo motor
designed by KCC Co., Ltd. was used. The effective stroke of the piston range was +0.025 m. Only a
potentiometer was used as the sensor to measure the position. For the experiments, the control
algorithms (i.e., the proposed method and the PI controller with velocity feedforward) that were coded
in C by an S-function were used in realtime operating systems. The derivatives in the control law
formulation were calculated using the Tustin method. A sampling rate of 1 kHz and 16-bit A/D and
16-bit D/ A converters were also used. Figures 7 and 8 present the position tracking performances of
both methods. In the PI controller with the velocity feedforward, the peaks of the position tracking
errors appeared due to the static friction whenever the direction of motion was changed. Furthermore,
relatively significant lag also appeared. On the contrary, the peaking in the transient responses was
suppressed by the proposed method. In the proposed method, the position tracking error rapidly
converged to zero when compared with the PI controller with the velocity feedforward. Meanwhile,
the influence of friction was insignificant in the proposed method. The use of the proposed method
resulted in decreasing the phase lag. The position tracking error of the proposed method was 40% less
than that of the PI with velocity feedforward. Hence, the position tracking performances in both the
transient and steady-state responses were improved by the proposed method.
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OS : Windows 7 +

Control PC

TwinCAT3

(a) Photo of the EHA
Remote PC Ethernet
0OS : Windows 7
&I
EHA

[AC Servo Motor]e

~[ Servo Drive

I |

Position sensor
(Potentiometer)

]_

—)[ ADC 16bit

1vJiepg

(b) Block diagram of the experimental setup

Figure 6. Experimental setup of the EHS system.
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Figure 7. Position tracking performance of the PI and feedforward controller in experiments.
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Position [mm]
|
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1
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(@) Position tracking performance

vV '

Position error [mm]
o
-4
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Time [second]

(b) Position tracking error
Figure 8. Position tracking performance of the proposed method in experiments.

8. Conclusions

The observer based nonlinear position control with nonlinear coordinate transformation using
only position measurement was proposed in order to improve the position tracking performance
in single-rod EHAs. The proposed method consisted of a position controller and an observer.
The nonlinear coordinate transform was presented to design the simple position controller. The position
controller was designed to track the desired state variables, while the observer was proposed to
estimate the full state using only the position feedback. The performance of the proposed method
was validated via simulations and experiments. It was shown that the proposed method reduced the
position tracking errors in both the transient and steady-state responses. Consequently, the proposed
method can improve the the position tracking performance using only the position measurement in
both the transient and steady-state responses.
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