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Abstract: Electro hydrostatic actuator (EHA) has been successfully developed for flight control
applications to replace the cumbersome centralized hydraulic system. It also has excellent potential
for ocean applications due to its advantages on miniaturization and energy-savings. One of the special
technologies for EHA’s underwater application is pressure compensation, which is used to equalize
the return pressure of the hydraulic system and the seawater pressure. This paper investigates the
modeling and control design of underwater EHA to improve performance, especially considering the
effect of additional pressure compensator and uncertain external load. The nonlinear hydraulic model
is extended by the dynamic characteristics of the pressure compensator. Two low-order extended
state observers were constructed to cope with the external load fore and the effect of the pressure
compensator, respectively. The backstepping methods were designed to guarantee the robust stability
of the entire high-order nonlinear hydraulic system. Finally, the theoretical proving and simulation
on Matlab/Simulink are conducted to demonstrate the high tracking performance of the proposed
control strategy.

Keywords: underwater electro hydrostatic actuator; extended state observer; compensator pressures;
backstepping control

1. Introduction

Electro hydrostatic actuator (EHA) is a direct-drive volume-controlled (pump-controlled)
electro-hydraulic system. Compared with traditional valve-controlled hydraulic systems,
EHA has the advantages of higher energy utilization efficiency, less throttling loss, and higher
fault tolerance [1–3]. With the development of the marine and science of ocean, the demand
for miniaturization and high-power equipment increases, which would expand the scope
of practical applications for EHA. It can be used as a power unit in vehicle technology [4],
underwater manipulator [5], and underwater cable cutting device. The underwater EHA
adopted the pressure compensator technology so that the pressure of the oil return chamber is
approximately equal to the pressure of seawater. Due to the changes of additional pressure
compensator in the structure, the modeling and control need to be reconsidered.

EHA is a high-order (third-order) nonlinear system, and the challenge of EHA control
lies in the complexity of the dynamic model. An equivalent transfer function model for
EHA was established in [6–8], and the state-space model was adopted in most studies, such
as [9,10]. Unfortunately, these studies do not consider pressure compensators and seawater
forces. On the other hand, the mathematical modeling of the pressure compensator of
the rolling diaphragm was carried out in [11,12]. The pressure compensator’s pressure
fluctuation characteristics were analyzed under different spring rates and areas of action
using AMESim. However, the integrated modeling including an additional pressure
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compensator for underwater EHA has not yet been established, and the corresponding
control design has not yet been produced.

In the second place, to achieve high control accuracy of EHA, the high-order-dynamic,
inherent nonlinear characteristic, and uncertainties (including parameter uncertainties,
structured uncertainties, and unstructured uncertainties) need to be coped with. Nowadays,
numerous advanced control methods have been developed, like backstepping control [13],
adaptive control [14], adaptive robust control [15–17], sliding mode control [18,19], and
disturbance-based control [20,21]. Specifically, adaptive backstepping control is proposed
for EHA with parametric uncertainties [22] but hardly handles unstructured uncertainties.
Adaptive robust control (ARC) [16] was proposed to deal with structured and unstruc-
tured uncertainties for the hydraulic system. However, it needs high gain to eliminate the
bounded uncertainties and ask for complex calculations and larger known information.
These approaches adopt feedback control rather than feedforward compensation control.
Disturbance-based control (DOB) methods are another frame to solve the unstructured un-
certain, inherent nonlinear characteristic. For example, active disturbance rejection control
(ADRC) can overcome large unstructured uncertainties with less information by using an
extended state observer (ESO) to estimate generalized disturbances and compensate them
feedforward. Nevertheless, the perfect performance quite depends on the observer gain,
where the higher the order dynamic is, the higher gain is needed. However, in practice,
the high gain will usually cause the observer’s oscillation due to actual effects. In order to
avoid the use of higher gain, the integration methods combining observe technology, robust
control, and adaptive control were carried out [23] and verified in DC motor control [24]
and hydraulic system [25], in which ESO is used to observe the structured uncertainties,
robust control is used to deal with the observer error, inherent nonlinear characteristic, and
unstructured uncertainties, and adaptive methods are used to cope with the parameter
uncertainties. It is a powerful tool for EHA systems. However, many parameters need
to be designed, especially the adaptive law, which may not play an important role, and
ESO in [25] does not estimate the unstructured uncertainties. The order of ESO is high due
to the high hydraulic system; hence, adding the hardware sensor to directly obtain and
indirectly calculate the states to reduce the order of ESO and estimate the unstructured
uncertainties is necessary and feasible.

In addition, in order to reduce the energy consumption, the dual variable control is
proposed in [26], and pump and valve combined control is adopted in [27–29]. The accurate
model considered nonlinear actuator friction and the nonlinear pump flow rate at the low
pump speeds is further established in [30–32] to improve low-speed control performance.
Furthermore, the existing control methods on EHA show that position tracking is usually
achieved at a millimeter-level. The experimental result [33] remains at 0.1 mm using
quantitative feedback theory. From [31], the ARC controller’s tracking error is within 2 mm.
The PID controller’s position control accuracy is 20 mm [34]. Herein, nearly all these results
are limited to the conventional EHA systems, and the control for underwater EHA has not
been carried out.

This article establishes the underwater electro hydrostatic actuator model, including
the sea pressure compensator, and proposes an extended state observer-based backstepping
control method. The principal value and contributions of this study are summarized
as follows

• A new underwater electro hydrostatic actuator model with the pressure compensator.
If the sensors can measure the pressure compensator state, the disturbance of the
compensator could be compensated based on the model; otherwise, it is observed by
extending the state observer.

• The backstepping controller combined two low-order extended state observers for
the underwater EHA system. The uncertain external load and the disturbance effect
caused by the pressure compensator are estimated and then compensated by feedfor-
ward. Combining the backstepping method leads to transient motion tracking and
final tracking performance.
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The rest of the parts of this paper are illustrated as follows: Section 2 gives the modeling
and formulation, Section 3 demonstrates the extended state observer-based backstepping
control design, and Section 4 shows the influence of the pressure compensator and the
advantage of the proposed control strategy.

2. Materials and Methods
2.1. Modeling and Problem Formulation
2.1.1. System Description

In addition to conventional parts such as an electric motor, a hydraulic pump, a
new valve opened by differential pressure, and a hydraulic cylinder within a closed-loop
circuit, the underwater EHA also has pressure compensators. As shown in Figure 1, our
underwater prototype EHA uses an electric servo-motor, micro piston pump, signal rod
cylinder, and rolling diaphragm pressure compensator. The rolling diaphragm pressure
compensator is used to overcome seawater pressure and compensates for the differential
flow of the cylinder ports in both extension and retraction cases. The pressure control valve
decides the charging and discharging process of the compensator. The hydraulic schematic
diagram is shown in Figure 2. After the electric motor starts to rotate, the pump unit
delivers the flow while filling the chamber. Then the oil builds up the chamber pressure
and controls the displacement of the hydraulic actuator. Due to the asymmetrical cylinder,
the pressure compensator compensates for the different flows. The compensated flows
inject the compensator in retraction. On the contrary, the flow flows. In addition, the
position and velocity sensor of the piston rod and the pressure sensors are installed.
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rod cylinder, and rolling diaphragm pressure compensator. The addition of a rolling diaphragm
pressure compensator is used to overcome seawater pressure.
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2.1.2. Modeling of the Underwater EHA

This section is concerned with modeling the underwater EHA, including the sea
pressure compensator. The mathematical model of EHA includes the dynamic of the
cylinder described by the second Newton’s Law, and the system’s flow rate is derived from
the EHA system’s configuration.

1. Dynamic of cylinder

The dynamics of a cylinder can be molded as

mL
..
xL = (P1 − Ps0)A1 − (P2 − Ps0)A2 − Bm

.
xL − F(t) (1)

where xL and mL represent the actual position and the inertia of the load. Bm is the
viscous friction coefficient. P1, P2, Ps0 represent the pressures of the head, rod, and the sea
environment. F(t) is denoted by the uncertain external load force, including the seawater
disturbance force. A1, A2 represent the area on each side of the cylinder piston.

The pressure dynamic of the two chambers can be described as

V1
βe

.
P1 = −A1

.
xL + Q1 + L1

V2
βe

.
P2 = A2

.
xL −Q2 + L2

(2)

where V1 = V01 + A1xL, V2 = V02 − A2xL represent the total hydraulic compressible
volumes when the position is xL. Q1, Q2 are the flow of the two chambers and will be
defined later. L1, L2 are the total leakage of the P1, P2 chambers, respectively.

2. Flows rate with the pressure compensator

Based on the working principles discussed earlier, the pressure compensator compen-
sates for the difference flows caused by the asymmetric. The flows satisfy the following
equations, respectively.

When the piston rod extends, the flows equations are written as

Q1 = Qp
Q2 = Qp −Qc

(3)

On the contrary, the flows equation is written as

Q1 = Qc + Qp
Q2 = Qp

(4)

where Qp is the pump flow rate and satisfied Qp = Dp·w− Lp. Qc is the different flows of

the pressure compensator and satisfied Qc = Ae
.
xc − Vc

βe

.
Pc. Dp is the pump flow coefficient.

w is the servo-motor speed. Lp is the total leakage of the pump.

3. Simple dynamic of the pressure compensator

The pressure dynamic of the chamber of the pressure compensator can be described as

Qc = Ae
.
xc −

Vc

βe

.
Pc

where Vc represent the hydraulic compressible volumes when the diaphragm-piston is
xc. Pc is the pressure of the compensator. Ae is the effective area of the rolling di-
aphragm as shown in Figure 2. Kx is the spring stiffness. xc is the placement of the
diaphragm-piston assembly.
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Thanks to the fact that Pc Ae = Ps0 Ae + Kxxc which follows from reference [12] in the
static state,

.
Pc can be written as

.
Pc =

Kx
.
xc

Ae
. Therefore, Qc can be described as

Qc = Ae
.
xc −

Vc

βe
(

Kx
.
xc

Ae
). (5)

2.1.3. Problem Formulation

Combining Equations (1)–(4), and the pressure compensator flows Equation (5), the
state variables are defined as [x1, x2, x3] = [xL,

.
xL, (P1 − Ps0)A1 − (P2 − Ps0)A2]. Thus, the

entire system can be expressed as follows in the case of extension.

.
x1 = x2

.
x2 = 1

mL
x3 − Bm

mL
x2 − F(t)

mL.
x3 = −α(t, x1)x2 + β(t, x1)(Dp·w)− γ(t, x1, xc,

.
xc) + ϕ(x1, L1, L2, LP)

(6)

where α(t, x1) = βe A1 A1
V1

+ βe A2 A2
V2

, β(t, x1) = βe A1
V1

+ βe A2
V2

are the nonlinear and time-
varying term. γ(t, x1, xc,

.
xc) the disturbance of additional pressure compensator and is de-

picted by γ(t, x1, xc,
.
xc) =

{
βe A2 Ae

V2
− Vc A2Kx

V2 Ae

.
xL ≥ 0

−( βe A1 Ae
V1
− Vc A1Kx

V1 Ae
)

.
xL < 0

. ϕ(x1, L1, L2, LP) = L1(
βe A1

V1
)−

L2(
βe A2

V2
)− LP(

βe A1
V1

+ βe A2
V2

) the total leakage.
The leakage coefficients L1, L2, Lp belong to [0, 2.4 × 10−11] referring to [35] and

βe A1
V1

, βe A2
V2

lie in the interval [2× 109, 14× 109] according to model parameters. Thus, the
value of ϕ(x1, L1, L2, LP) varies around 10. However, the disturbance of the additional
pressure compensator γ(t, x1, xc,

.
xc) is about 10 to the 4th power, which will be verified

later. Therefore, the disturbance can be regarded as the main effect compared with leakage
for the underwater EHA.

The task is to achieve high accuracy position control. We adopt the observer to estimate
the disturbances γ(t, x1, xc,

.
xc) caused by the pressure compensator and the uncertain

external load F(t). Then these uncertainties are eliminated by feedforward compensation.
Meanwhile, the backstepping strategy is designed for the cylinder actuator motion tracking
to deal with the high-order dynamics and high nonlinearities of the entire underwater
electro-hydraulic system.

2.2. Backstepping Control Design with Extended State Observer
2.2.1. Extend State Observer Design

This section designed two low-order extend states observers to observe the unknown
external load F(t) and the disturbance γ(t, x1, xc,

.
xc). The position and velocity sensor

measure the system states x1 and x2. Meanwhile, x3 can be obtained by P1 and P2 pressure
sensor. Consequently, the order of extended states observers (ESO) can be reduced. Define
x4 = F(t)/m and the disturbance x5 = γ(t, x1, xc,

.
xc). g1(t), g2(t) as the time derivative of

x4, x5. Thus, the extended system model can be rearranged as

.
x1 = x2

.
x2 = 1

mL
x3 − Bm

mL
x2 − x4

.
x3 = −α(t, x1)x2 + β(t, x1)(Dp·w)− x5.

x4 = g1(t).
x5 = g2(t)

(7)

where g1(t) =
.
F(t)
mL

, g(t) =
.
γ(t, x1, xc,

.
xc).

Assumption 1. According to the actual physics system, we assume |g1(t)| ≤ M1, ‖g2(t)‖ ≤ M2
where M1 and M2 are unknown. The γ(t, x1, xc,

.
xc) is bound due to the state x1 and xc are bound.

.
F(t) is the change rate of uncertain external load force and bounded.
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Based on the extended system model, the linear extended state observers (LESO) are
then constructed as .

x̂2 = R1(x1, x2, t, u)− x̂4 + α1
(y2−x̂2)

ε1.
x̂4 = α2

(y2−x̂2)
ε1

2

(8)

.
x̂3 = R2(x1, x2, t, u)− x̂5 + α1

(y3−x̂3)
ε1.

x̂5 = α2
(y3−x̂3)

ε1
2

(9)

where x̂2, x̂3, x̂4, and x̂5 are the estimate of the x2, x3, x4, and x5, the y1, y2, y3 are the mea-
sured value of the x1, x2, x3. The same gain α1, α2 is designed for two observers and ε1 > 0 is
a small constant, which can be designed. R1(x1, x2, t, u) = 1

mL
[(P1 − Ps0)A1 − (P2 − Ps0)A2]

− Bm
mL

x2, R2(x1, x2, t, u) = −α(t, x1)x2 + β(t, x1)Dpu can be calculated using the information
of y1, y2, y3, P1, P2.

The dynamic of the state estimation errors can be written as the vector
.
^
e(t) = A

^
e(t) + BM(t) (10)

where
^
e = [ê2, ê4, ê3, ê5], ê2 = y2 − x̂2, ê3 = y3 − x̂3, ê4 = x4 − x̂4, ê5 = x5 − x̂5 and A =[

A1 0
0 A1

]
, B =

[
B1
B1

]
, A1 =

[
− α1

ε 1
− α2

ε2 0

]
, B1 =

[
0
1

]
, M(t) = [ 0 g1(t) 0 g2(t) ].

Theorem 1. The observer’s errors asymptotically converge to ê4(∞) = α1ε1
α2

M1 ê5(∞) = α1ε1
α2

M2,
while t→ ∞ . The rate of convergence depends on the parameters of α1,α2,ε1, and the transient
error is bounded in the transient progress, which will be eliminated later by using a robust control
function at each step of the design to achieve a guaranteed final tracking accuracy.

Proof of Theorem 1. The solution of the system (10) can be written as εx = εs + εu, where

εs is the zero-input response satisfying
.
εs = Aεs, and εu =

t∫
0

êA(t−τ)BM(τ)dτ; t ≥ 0 is the

zero-state response. Noting assumption 1 and the fact that the matrix A is stable, one has

εu ∈ Ωε , {εu : |εu(t)| ≤ δu}

where δu is unknown.
Furthermore, when t→ ∞∥∥∥∥^

e(t)
∥∥∥∥ ≤ ^

e
At∥∥∥∥^

e(0)
∥∥∥∥+ t∫

0

^
e

A(t−τ)

BM(τ)dτ∥∥∥∥^
e(∞)

∥∥∥∥ ≤ ∥∥∥∥A−1(I − ^
e

At
)B
∥∥∥∥M(t)

(11)

The first item of the Formula (11) will converge to zero, and the second item expressing
the observer errors ê4, ê5 asymptotically converges to ê4(∞) = α1ε1

α2
M1 ê5(∞) = α1ε1

α2
M2. �

2.2.2. Backstepping Controller Design

In order to deal with the high order dynamics and the nonlinearities of the hydraulic
system, the robust backstepping strategy is designed based on the observer value x4, x5.

The position tracking error is defined as z1 = x1 − x1d and z2 is defined as

z2 =
.
z1 + k1z1 = x2 − x2d, x2d =

.
x1d − k1z1 (12)

where x1d represents the desired trajectory and k1 is the positive feedback gain. Obviously,
it holds that from reference [31]. Making converge to zero is equivalent to making z1
converge to zero. Hence, the rest aims at minimizing z2.
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Step 1:
The error dynamics is written as

.
z2 =

1
mL

x3 −
Bm

mL
x2 − ∆d1(t)−

.
x2d (13)

where ∆d1(t) =
F(t)
mL
− x̂4, it is the observer error for the external load.

We defined FLd as the desired value of x3 and the virtual control input for Step 1, so
the control law can be written as

FLd = FLd1 + FLd2
FLd1 = Bmx2 + mL

.
x2eq − k2z2

FLd2 = − z2
4ε2

(14)

where FLd1 is a physical model-based compensation term and a backstepping-based stabi-
lizing feedback term, k2 is the feedback gain. FLd2 is the robust feedback term and is chosen
to satisfy the following robust conditions.

z2(FLd2 + ∆d1) ≤ ε2
z2FLd2 ≤ 0

(15)

where ε2 > 0 can be arbitrarily small.
Step 2:
We define z3 = FL − FLd as the error of Step2. Let the w as the control input of Step 2

to make z3 converge to zero or a small value.
The error dynamic of z3 when the cylinder piston extends can be written as

.
z3 =

.
x3 −

.
FLD = −α(t, x1)x2 + β(t, x1)(Dp·w)− ∆d2 −

.
FLd (16)

where
.
FLd = ∂FLd

∂x1
x2 +

∂FLd
∂x2

.
x2 +

∂FLd
∂t will be calculated by the x1, x2, P1, P2. ∆d2 = x4 − x̂4

is observer error, which will be covered by roust feedback.
The control input w is designed as

wd = wd1 + wd2

wd1 = 1
β(t,xL)Dp

x2 +
1

β(t,xL)Dp

.
Fld − 1

β(t,xL)Dp
k3z3

wd2 = − 1
β(t,xL)Dp

( z3
4ε3

)

(17)

where wd1 is a physical model-based compensation term and a backstepping-based stabi-
lizing feedback term, k3 is the feedback gain, wd2 is the robust feedback term and is chosen
to satisfy the following robust conditions.

z3(wd2 + ∆d2) ≤ ε3
z3wd2 ≤ 0

(18)

where ε3 > 0 can be arbitrarily small.

Theorem 2. A positive definite function is defined as V3 = 1
2 z1·z1 +

1
2 z2·z2 +

1
2 z3·z3. Consid-

ering the backstepping control law with the observer compensation, the transient performance is
quantified by

V3 ≤ exp(−2λt)V3(0) +
ε

2λ
[1− exp(−2λt)] (19)

where λ = min
{

k1, Bm
mL

+ k2, k3

}
, ε = ε2 + ε3 in which ε2 and ε3 are robust parameters

given, respectively.
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Proof of Theorem 2.
.

V3 = −k1z1
2 − ( Bm

mL
+ k2)z2

2 − k3z2
3 + z2(FLd2 + ∆d) + z3(wd2 + ∆d2)

≤ −k1z1
2 − ( Bm

mL
+ k2)z2

2 − k3z2
3 + ε2 + ε3

≤ −2λV3 + ε

(20)

�

Remark 1. The proposed disturbance-observer-based backstepping controller not only estimates the
disturbance caused by the pressure compensator and the uncertain external load but also guarantees
the transient performance with the bounded tracking error. The transient tracking error and the
final tracking error can be improved by increasing the robust feedback gains λ. What is more, we
can avoid the high gain feedback to limit the final error by adjusting the observer gain α1, α2, ε1.

3. Results
3.1. Simulation Setup

In order to verify the performance of the proposed extended state observer-based
backstepping controller, the simulation was carried out in Simulink/Matlab. The parame-
ters of the simulation system are designed in Table 1. The step of calculating simulation
set 0.001 s, and chose the fixed step, which is consistent with the actual control physics.
We established the mathematical model by the S-function according to (6); the variable’s
value can be directly obtained and calculated indirectly from S-function. The extended
state observer and backstepping controller were designed according to (11) and (19).

Table 1. Parameter of the simulation.

Parameter Value Parameter Value

mL 100 kg βe 7 × 108

Bm 2000 N/(m/s) Ps0 4.5 × 106 Pa
A1 2.3758 × 10−3 m2 Vc0 0.0716 m3

A2 1.76 × 10−3 m2 Kx 3.1 N/mm
Ae 14.314 × 10−3 m2 L1,2,p [0, 2.4× 10−11]

Given that the actual system is different from the simulation model, the parameters βe,
Bm are designed differently in the simulation model and controller.

(1) In the simulation model: βe = 7× 108, Bm = 2000 N/(m/s).
(2) In controller and observer: βe = 0.95× 7× 108, Bm = 0.95× 2000 N/(m/s).

In addition, we design two terms ∆d̃1, ∆d̃2 which simulate the difference between
the actual model and the simulation model. ∆d̃1 is chosen in the sinusoidal form in
consideration of the wave’s fluctuating nature. ∆d̃2 is selected as an exponential form of
dissipation. In fact, they will be observed and compensated by extended stated observers.

∆d̃1 = 20× sin(1 × (t − 1))

∆d̃2 = (100 + 1000× exp(−0.1× (t− 1))× sin(1× t))

We make use of two control methods. The result demonstrates the effectiveness of
the proposed backstepping controller with extended state observer and illustrates the
disturbance of the pressure compensator.

(1) C1: Backstepping controller with an extending state observer.
(2) C2: The classic backstepping controller.
(3) C4: The contractional PID controller.
(4) C5: The ADRC (active disturbance rejection control) controller.
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The desired tracking trajectory is designed as a continuous and smooth point–point
curve, existing higher derivative, as shown in Figure 3. The uncertain external load

F(t) =

{
200× (1− e−0.1(t−1)3

), t < 15
200× (1− e−0.1(t−15)3

), 15 ≤ t < 30
. The controller parameters are as follows:

α1 = 10.8, α2 = 20.8, ε1 = 0.005, k1 = 30, k2 = 80, k3 = 200, ε2 = 0.001, ε3 = 0.001 for
C1-Hign gain, k1 = 6, k2 = 16, k3 = 40 for C1-Low gain; k1 = 30, k2 = 80, k3 = 200 for C2.
kP = 10000, ki = 100 for C4. δ = 0.5, h = 0.1 for C5 [35].
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Figure 3. Desired tracking trajectory of EHA completion of an extension and retract.

3.2. Comparative Results

Figure 4 represents the tracking errors of C1, C2, C4, and C5. The errors are in the
degree of a millimeter for both controllers. The error of C1 is smaller than the others.
That is to say, the disturbance and uncertainties decrease the accuracy of position control,
which means compensation for these is essential. The tracking error of C2 caused by the
disturbance and uncertainty is also increasing for the most progress. The PID controller
needs a large gain, and the performance is hard to improve further. The ADRC controller is
the same as the PID, but it adopted the nonlinear PID and consisted of the ESO so that it
can achieve better accuracy. Still, the final tracking accuracy is not very pleased. However,
the C1 with extended state observer is favorable in two aspects. On the one hand, it can
eliminate the transient error depending on the observed performance. On the other hand, it
can reduce the tracking error further with the gain parameter increasing; the final tracking
accuracy can be achieved at a higher level. As to the gain parameter, the C1 controller
reduces the high gain parameters and can obtain a higher accuracy at the same gain value.

As shown in Figure 5, the output of the C1 controller varies less, and it is suitable for
the service life of motor components and compensators. In the meantime, the proposed
controller has a better ability to overcome transient disturbance. When a shock disturbance
∆d̃2 is given at 20 s, the control input of the C1 controller can converge quickly because
of the compensation of the extended state observer. Still, the control output of the C2
controller fluctuates wildly.
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Figure 4. Tracking error. (a) C1−High gain, C1−Low gain, and C2−High gain. (b) C4−PID, C5−ADRC.
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Figure 5. Pump speeds for C1 and C2 and response to the shock disturbance.

The errors ê4, ê5 are depicted in Figure 6, which shows that the observer errors are
bounded, in which uncertain load error is about 5× 10−3 N (0.25%FS), and disturbance error
of pressure compensator is approximately 300 (N·m)/s (0.3%FS). The result shows that the
observer can achieve high observer performance. The disturbance effect increases with the
piston rod approaching the left endpoint in an extended case. Because when the piston rod
is extended, V2 is significantly decreasing, the

.
xe varies little, as shown in Figures 7 and 8.

Herein, it leads to an increase of the disturbance of the pressure compensator according to
(6). The maximum influence of the rolling diaphragm pressure compensator happens at
the end of the actuator.
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Figure 6. The external load x4, compensator disturbance x5, and their errors ê4, ê5 for observer.
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Compared with the tracking performances of C1 and C2 quantitatively, the numerical
errors [27] of the motion tracking results are listed in Table 2, where ‖e‖max(m) is the

maximum value of tracking error z1, ‖e‖1(m·s) =
t f∫
t0

‖z1(t)‖dt and ‖e‖s(m) is the final

errors. It clearly holds that C1 achieved higher tacking accuracy than C2, C4, and C5. The
proposed controller not only achieves a prescribed tracking transient performance but
also guarantees final tracking accuracy and the high gain feedback is also avoided by the
extended state observer.

Table 2. Numerical comparison of tracking errors.

Controllers ‖e‖max(m) ‖e‖1(m·s) ‖e‖s(m)

C1 high gain 5× 10−5 0.538 9.5× 10−7

C1 low gain 1.5× 10−3 19.172 3.5× 10−5

C2 high gain 1.8× 10−3 25.164 0.001
C4 PID 7.1× 10−3 125 8.2× 10−4

C5 ADRC [35] 2.4× 10−3 39.54 3× 10−4

4. Discussion

Prior works focusing on the conventional EHA have achieved the errors limited
to 2 mm, such as ARC controller [32], and quantitative feedback controller [34]. Our
research limited the position errors to 0.05 mm by the simulation for the underwater
EHA system. Compared with the PID controller [8], the control performance shows
pronounced improvement. We found that the effect of additional pressures compensator
and external load decreases the position control performance, so we designed the extended
state to estimate these and used the feedforward method to compensate. To the best of our
knowledge, this is the first study to investigate the modeling and control of underwater
EHA. The proposed control method ensures the position control performance, and it can
overcome the influence of the pressure compensator and external load. However, some
limitations are worth noting. Although the theory and simulation supported our results,
the actual experiment should verify further.
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5. Conclusions

In this paper, a modeling and backstepping controller with an extended state observer
is proposed for an underwater electro hydrostatic actuator system. Firstly, the model of
underwater EHA is established and analyzed with a pressure compensator. Secondly, two
low extended state observers are designed to handle the unmeasured state and uncertain
external load, which are solved by feed-forward compensation. In addition, the backstep-
ping controller guarantees the stability of the entire high order nonlinear hydraulic system.
Finally, the high tracking performance of the controller is proved by the Simulink/Matlab
based on an underwater electro hydrostatic system model.
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