
����������
�������

Citation: Mustalahti, P.; Mattila, J.

Position-Based Impedance Control

Design for a Hydraulically Actuated

Series Elastic Actuator. Energies 2022,

15, 2503. https://doi.org/10.3390/

en15072503

Academic Editor: Wencheng Guo

Received: 7 March 2022

Accepted: 27 March 2022

Published: 29 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Position-Based Impedance Control Design for a Hydraulically
Actuated Series Elastic Actuator
Pauli Mustalahti * and Jouni Mattila

Faculty of Engineering and Natural Sciences, Tampere University, 33720 Tampere, Finland; jouni.mattila@tuni.fi
* Correspondence: pauli.mustalahti@tuni.fi

Abstract: Series elastic actuators (SEAs) have become a common actuation method in torque-
controlled electric lightweight arm applications that physically interact with the environment in
assembly tasks. Compared to traditional actuators, SEAs can provide high force fidelity, shock
tolerance, and force sensing for interaction control. Considering inherent system dynamics and the
variable stiffness of the fluid, the control design for hydraulic SEAs (HSEAs) that lead into fifth-order
system is a challenging task. As a novelty, a full state feedback controller design for the developed
fifth-order HSEA system is presented to serve as an inner-loop controller to handle highly nonlinear
dynamics behavior. In addition, as an outer-loop impedance controller for HSEAs in heavy-duty
applications, the position-based impedance controller is designed to handle control of the HSEA
system during the contact motion. Experimental results with a one-degree-of-freedom real-size
experimental setup with a payload of 200 kilos demonstrates the effectiveness of the proposed HSEA
control methods both in the free-space motion and in a contact impedance motion.

Keywords: elastic actuator; heavy duty manipulator; impedance control

1. Introduction

In the future, the rapid development of robotics will enable the collaboration of
humans and robots in factories and in our houses. A fundamental capability for these
robots is safe, smooth, and accurate control in uncertain environments. Unpredictable
interactions between environments and robots cause challenges for stable position control
design, because environmental dynamics affect closed-loop systems. Thus, force control is
needed to handle uncertain environmental dynamics. Force control methods have been
subject to research for many years.

Series elastic actuators (SEAs) are widely used in torque-controlled lightweight electric
applications [1–4]. Compared to traditional actuators, a SEA provides high force fidelity,
shock tolerance, and force sensing [5] by placing a spring between the power output shaft
of the actuator and the environment. SEAs have been developed, for example, for electric
humanoid robots [6], teleoperation [7], and walking robots [8]. In addition, the hydraulic
SEA (HSEA) for lightweight arms is presented in [9–11]. Compared with electric SEAs,
HSEAs provide higher power-to-weight ratios but lower speed ratios. However, most of
these studies have focused on lightweight output force cases. In this research, as a novelty,
we focus on studying the design control architecture for SEAs in heavy-duty manipulation.
In addition, selection of the spring stiffness for the HSEA system in heavy-duty applications
is considered.

Impedance control methods for torque-controlled SEAs have been actively
researched [12–15]. As explained in [13], a cascade control structure is used to isolated
slow outer-loop controller from nonlinear dynamics of the controlled system by using
fast inner-loop control structure. A disturbance observer-based control for SEA has been
presented [12]. In addition, control stability in different environments has been studied [14].
Control design for a linear electric actuator is presented in [16], where high motor voltage
with a drivetrain is used to produce continuous actuator force.
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In [15], a force-controllable HSEA is modeled as a second-order system that consists of
an integrator (cylinder model) and a first-order delay (servo-valve model). Thus, the non-
linear dynamics of the fluid are neglected. Considering the inherent system dynamics and
the variable stiffness of the fluid, HSEAs lead into a fifth-order model. As demonstrated
in [17], full model-based control methods provide high control performance with heavy-
duty hydraulic systems compared to other methods. In this study, we focus on analyzing
a fifth-order model of an HSEA to design a full state feedback controller to handle the
nonlinear dynamic behavior of hydraulics. The proposed state-feedback controller is used
as an inner-loop controller to provide high control performance for the HSEA system.
In [18–20], performance analyses and simulation results with HSEA for a heavy-duty load
are given, however the experimental results are still missing. The experimental results with
higher load mass are presented in [21]. However, considering the real-size heavy-duty
manipulator, the used load mass is still low.

As presented in [22,23], the outer-loop controller can be implemented using a cylinder
position error to describe the interaction force between the cylinder and the environment.
In this study, as an novelty, we design the position-based impedance controller for the
HSEA. The proposed impedance controller is used as an outer-level controller. Considering
the fast dynamics of the spring and the slower dynamics of the hydraulics, a control
architecture with a fast inner-loop controller and a slower outer-level controller is needed
to handle control of the HSEA system. The experimental results are used to verify the
control performance of the proposed control architecture for the HSEA system.

This paper is organized as follows. Section 2 introduces the linear modeling of the
HSEA and the inner-loop state feedback controller. In Section 3, the outer-loop position-
based impedance controller is presented. The experimental results with a one-degree-of-
freedom (DOF) real-size experimental setup are given in Section 4. Finally, conclusions are
given in Section 5.

2. Modeling of the Hydraulic Series Elastic Actuator

SEAs use a spring in series with an actuator to decouple the actuator from the en-
vironment. As illustrated in Figure 1, the HSEA consists of a hydraulic cylinder with a
mechanical spring and a hydraulic servo-valve. In Figure 1, the spring output force is
symmetric in both directions to the symmetry of the spring stiffness. Therefore, the cylin-
der contact force can be estimated by measuring the spring compression. The hydraulic
cylinder force can also be estimated via cylinder chamber pressures and cylinder areas.
As Figure 1 shows, a 1-DOF HSEA is studied in a linear test case. Therefore, gravitational
force does not affect the spring compression. In this study, spring compression, cylinder
chamber pressures are measured, and cylinder position is measured. The supply pressure
for the HSEA is 20 MPa.

Δxspring

mload

xload

Fl

Q1 Q2

Kl
xcyl

Bl

xloadxload

Figure 1. Schematic diagram of a HSEA.

In this study, the main focus is on designing a linear state feedback controller for the
HSEA in Figure 1, to be used as an inner-loop controller for a outer-loop position-based
impedance control. First, the fifth-order linear model for the HSEA is presented. Then,
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the state feedback controller for the system is defined. Finally, the selection of a spring for
the HSEA is given.

2.1. State-Space Model for the HSEA

The linear model equations for the HSEA in Figure 1 can be derived by assuming that
the hydraulic cylinder is symmetrical. Thus, the flow equations for a hydraulic servo-valve
can be written as

Q1 = Aẋcyl + Cv pl +
V0

Be f f
ṗ1 (1)

Q2 = Aẋcyl + Cv pl −
V0

Be f f
ṗ2 (2)

where A is the area of a symmetrical cylinder, Be f f is an effective bulk modulus, V0 is
half of the total volume of the hydraulic cylinder, Cv is the total leakage coefficient of a
piston, ẋcyl is the cylinder velocity, p1 and p2 are cylinder chamber pressures, ṗ1 and ṗ2
are the derivatives of cylinder pressures in both chambers, and pl = p1−p2 is the pressure
difference in the cylinder.

The flow continuity Equations (1) and (2) can be linearized, by assuming that
Q = Q1 = Q2, as

Q = Kqxv − Kc pl ⇒Kqxv − Kc pl = ẋcyl A + Cv pl +
V0

Be f f
ṗ1

Kqxv − Kc pl = ẋcyl A + Cv pl − V0
Be f f

ṗ2
(3)

Here, xv is the spool position of the hydraulic valve, Kq is the servo-valve flow gain,
and Kc is the valve flow-pressure gain. In Equation (3), the servo-valve flow gain and valve
flow pressure gain are used to linearize the flow-continuity equations. These gains can be
defined by taking partial derivation of Equations (1) and (2):

Kq =
∂Q
∂xv

(4)

Kc =
∂Q
∂pl

(5)

Therefore, Equation (3) can be simplified as

ṗl = −
2ABe f f

V0
ẋcyl −

2KceBe f f

V0
pl +

2KqBe f f

V0
xv (6)

where Kce = Kc + Cv is the total leakage coefficient in the cylinder.
Considering the HSEA in Figure 1, the dynamics equations for the system can be

written as

ml ẍload + Bl ẋload + (Ks + Kl)xload − Ksxcyl + Fl = 0 (7)

mcyl ẍcyl + Bcyl ẋcyl + Ksxcyl − Ksxload − Apl = 0 (8)

where mcyl is the mass of the piston, ml is the load mass, xload is the load position, Fl is
the load contact force, Bl and Bcyl are the viscous damping coefficients of the load and
the piston, Ks is the spring stiffness, and Kl is the spring stiffness of a load. In actual
applications, the external load force and the damping of the environment are often absent.
Therefore, coefficients Kl and Bl are neglected in this study.

Now, the state parameters for the HSEA can be defined by using Equations (3)–(8) as

x = [x1 x2 x3 x4 x5] = [xload xcyl ẋload ẋcyl pl ] (9)
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Then, the state-space equations for the HSEA can be written as

x1 = x3
x2 = x4
x3 = − Ks

ml
x1 +

Ks
ml

x2

x4 = − Ks
mcyl

x1 +
Ks

mcyl
x2 −

Bcyl
mcyl

x4 +
A

mcyl
x5

x5 = − 2Be f f A
V0

x4 −
2Be f f Kce

V0
x5 +

2Be f f Kq
V0

u

(10)

where u is the control voltage to the hydraulic valve. In the hydraulic servo-valve, the spool
position follows directly from the control voltage. Finally, Equation (10) can be rewritten as

A =



0 0 1 0 0
0 0 0 1 0
− Ks

ml

Ks
ml

0 0 0

− Ks
mcyl

Ks
mcyl

0 − Bcyl
mcyl

A
mcyl

0 0 0 − 2Be f f A
V0

− 2Be f f Kce
V0

 (11)

B =


0
0
0
0

2Be f f Kq
V0

 (12)

2.2. State Feedback Controller Design for the HSEA

According to Equations (10)–(12), the full state feedback controller for the HSEA can
be presented based on the work in [24] as

u = K1(xloadre f
− x1)− K2(xre f − x2) + K3x3 − K4x4 − K5x5 (13)

where the state feedback gains K1, K2, K3, K4, and K5 are tuned such that the position error
of the cylinder is minimized. In Equation (13), xloadre f

is desired position for load, which
is provided as a reference trajectory to control system. Considering the fifth-order model
for the HSEA in Equation (12), the proposed full-state feedback controller can be used to
handle the dynamics of the HSEA system. The effectiveness of the proposed controller is
verified by the experimental results.

2.3. Stiffness and Natural Frequency of the HSEA

As Figure 1 illustrated, the HSEA consists of a normal spring connected in series to a
hydraulic spring. By connecting elastic springs in a series, the effective stiffness reduces.
Thus, the system’s equivalent stiffness can be presented as

1
Ksys

=
1

Ks
+

1
Khyd

(14)

where Ksys is the system stiffness, Khyd is the hydraulic spring stiffness, and Ks is the spring
stiffness of normal. In Equation (14), the hydraulic stiffness can be defined by assuming
that the pipes’ volumes are small compared to the cylinder chamber volume. The minimum
hydraulic stiffness occurs when the cylinder piston is centered. Therefore, the stiffness can
be calculated as

Khyd =
4 ∗ Be f f ∗ A2

Vt
(15)

The natural frequency of the HSEA can be presented by using Equations (14) and (15) as
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ωn =

√
Ksys

ml
(16)

As reported in [5,8], increasing the equivalent spring stiffness of the SEA increases
the force bandwidth. On the other hand, minimizing the non-linearities requires a low
spring stiffness. Simultaneously, increasing spring stiffness also increases the system’s
natural frequency. The purpose of the SEA is improving the contact-force control. Thus,
the spring stiffness for the normal spring needs to be lower than the hydraulic stiffness.
Considering heavy-duty manipulators with a low natural frequency (e.g., excavators and
forwarders), the hydraulic resonance frequency is between 0.5 and 10 Hz. The selection of
spring stiffness is a compromise for smooth response and force bandwidth.

The selected spring stiffness is illustrated in Figure 2. The selected spring stiffness
is not linear due to the pre-tension length of the spring. The modeling parameters for
the studied HSEA are presented in Table 1. Now, by substituting these parameters into
Equations (14)–(16), we find that the value of the natural frequency is about 7.95 Hz.

Table 1. Parameter values for the HSEA.

Symbol Value

dcyl 32 × 10−3 m
dpiston 18 × 10−3 m

ml 200 kg
lcyl 0.4 m
Be f f 900 MPa
mcyl 2 kg
Cv 1.16 × 10−12 m 5/Ns
Kq 6.7× 10−4 m2/s
Kc 2.5× 10−12 m5/Ns

0 1 2 3 4
Spring compression [mm]

0

1

2

3

Sp
rin

g 
fo

rc
e 

[k
N

]

Spring force

Figure 2. Spring force as a function of spring compression. Adapted with permission from [25].
Copyright 2020 IEEE.

3. Position-Based Impedance Control Design

Hydraulic manipulators are used in many industrial tasks to move heavy loads. Their
grip on different objects inevitably causes interaction with the environment. Here, high
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contact forces may stress a manipulator or an object’s mechanical structure. Therefore,
impedance control design for these manipulators is needed. One method for implementing
this for the HSEA is to use a position-based impedance controller using the cylinder position
error to describe the cylinder contact force.

In Figure 1, the actual cylinder piston position is given by the cylinder piston position
and the spring compression. Thus, the actual cylinder position can be calculated as

xa = xcyl + ∆xspring (17)

where xcyl is a measured cylinder piston position and ∆xspring is a spring compression.
Now, the cylinder contact force can be estimated by calculating the position difference
between a desired cylinder position and a measured position as

fe = Ks(xr − xa) (18)

where Ks is a spring stiffness, xr is a desired cylinder position, and fe is a contact force. The
relation between a suitable position reference related to force error can be presented as

x f = fr − fe (19)

where fr is the desired contact force. In this study, fr is set to zero to minimize contact force.
The inverse dynamics control law with force measurement can be presented [22] as

ẍe = Md
−1(−Bd ẋe + Kd(xe − x f )) (20)

where Md, Bd, and Kd are the mass, damping, and stiffness matrices for the contact force
dynamics, respectively, and xe is the contact compression. In Equation (20), the contact
dynamics stiffness matrix is assumed to be same as the spring stiffness. Along the vertical
direction, the contact dynamics can be presented as

Md =
Kd
ω2

n
(21)

Bd = ζ(2
√

Kd Md) (22)

where ωn is the natural frequency of the system and ζ is the defined damping factor.
Now, the position reference for an inner-loop controller can be written as

xre f = xr − xe (23)

where xr is a desired load position, which is usually provided as an reference trajectory for
the control system.

Finally, the proposed position-based impedance controller in Equations (18)–(20)
can be presented with the block diagram in Figure 3. Now, the connection between the
outer impedance controller and the inner state-feedback controller is shown in Figure 4.
In Figure 4, the desired reference xr for a load position is generated with a point-to-point
quintic reference trajectory. As Figure 4 demonstrates, in this study, we assume that all
state variables for state-feedback controller can be measured.

1/s 1/s +−+−

Kd

+−+− +−+− Md
−1

Bd
Ks

+−+−

xr−xa

xexe
xr

xexexexf

fe

fr xref

Figure 3. Block diagram for the position-based impedance controller.
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Hydraulic Series Elastic
Actuator

uPosition-based Impedance 
Controller

(Equations 19-21)

State Feedback
Controller 

(Equations 12-14)
+−+−

xr

xa

xloadref
xcylxcyl,xcyl,xload,xload,xload,plxcyl,xcyl,xload,xload,pl

xref 

Figure 4. Control system block diagram.

4. Experimental Results

The effectiveness of the proposed position-based impedance controller is verified by
a full-scale 1-DOF experimental setup, which is presented in Figure 5. The experimental
setup consists of the following hardware components:

1. Industrial PC Beckhoff CX2030 with a sampling rate of 1000 Hz
2. Hydraulic cylinder with the dimensions φ32/18–400
3. Bosch Rexroth NG6 size servo solenoid valve (40 L/min at ∆p = 3.5 MPa per notch)
4. Druck UNIK5000 pressure transmitter (range 25 MPa) for all pressures
5. MTS linear position sensor (range 0.015 m) for a spring compression
6. Heidenhain linear position sensor (range 0.54 m) for a cylinder position
7. Load mass 200 kg
8. Shell Tellus VG32 Hydraulic oil

Spring
package

Sensor for cylinder
position

Sensor for spring
compression

Cylinder

Servovalve

Chamber pressure
sensors

200 kg
load mass

Figure 5. HSEA experimental setup.

In the experiments, the spring compression and cylinder position were measured
using linear incremental position sensors. The hydraulic diagram for the experimental
setup is presented in Figure 6. The supply pressure for the HSEA from the pump and the
pressure relief were set to 20 MPa during the experiments.

mload

M

Figure 6. Hydraulic diagram for the experimental setup.



Energies 2022, 15, 2503 8 of 14

4.1. HSEA in a Free-Space Motion

First, the performance of the proposed controller was verified under free-space motion.
Considering the HSEA system with heavy load, during a free-space motion, accelerations of
the load could cause spring compression. In this case, we verify that the proposed controller
can handle control of the HSEA system without contact motions and that proposed spring
package can used to estimate the contact force.

In the HSEA, the system dynamics comprise slow system dynamics and fast spring
dynamics simultaneously. Therefore, the fast inner-loop controller needs to handle the
spring dynamics. In Figure 7, the HSEA was controlled using a step-like input for the
cylinder position reference. As Figure 7 shows, the load pressure term in a state-feedback
controller could be used to damp the oscillation of the spring. The corresponding spring
compression is presented in Figure 8. As Figures 7 and 8 show, the spring compression’s
effects on the cylinder could be decreased using the proposed inner-loop controller. Con-
sidering the fast dynamics of the spring in Figure 8, the control results in Figure 7 verify
that full-state feedback can be use to improve the control performance of the HSEA system.
For this reason, a full model-based inner loop controller is needed to handle dynamics of
the fifth-order HSEA system.

1 1.5 2 2.5 3 3.5 4 4.5

0.3

0.32

0.34

0.36

Po
s 

[m
]

Cylinder position
Reference
w/o pressure feedback
with pressure feedback

2 2.2 2.4 2.6 2.8 3 3.2
Time [s]

0.366

0.367

0.368

0.369

Po
s 

[m
]

Cylinder position Reference
w/o pressure feedback
with pressure feedback

Figure 7. Cylinder position under free-space motion.

Figure 9 shows the results with the step-like position reference in free-space motion.
The trajectory was designed so that valve control would be about 80% of its maximum.
As Figure 9 shows, the proposed impedance controller affects the reference trajectory in
a free-space motion due to spring compression. Even so, the system’s steady-state errors
and compression were low, as demonstrated in Equation (14) which shows spring stiffness
effect in relation to the total stiffness of the HSEA system. For this reason, the selection
of the spring stiffness affect the system dynamics. As presented in Section 2.3, the spring
selection should do according to the natural frequency of the system. Now, Figure 9 shows
the selected spring stiffness thus selected achieves a high steady-state control performance
when the total system stiffness is lower than that without the spring.
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1 1.5 2 2.5 3 3.5 4 4.5
Time [s]

0

1

2

3

Sp
rin

g 
po

si
tio

n 
[m

m
]

Spring position

w/o pressure feedback
with pressure feedback

Figure 8. Spring compression in a free-space motion.

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
0.15

0.2

0.25

0.3

0.35

Po
s 

[m
]

Cylinder position

Ref.
Modified Ref.
Pos

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
Time [s]

0

0.5

1

Sp
rin

g 
co

m
pr

es
si

on
 [m

m
] Spring compression

Figure 9. Cylinder position and spring compression in a free-space motion.

An SEA enables us to measure the cylinder force by using spring compression. In
Figure 10, the cylinder force via spring stiffness (see Figure 2) and cylinder chamber pres-
sures are presented when the impedance controller is not enabled. As Figure 10 shows,
the spring force provides quite a smooth force measuring output. The cylinder force os-
cillates more during the transient motion. Moreover, cylinder friction and valve leakages
affect the cylinder force. Considering, heavy-duty hydraulic systems, the cylinder force is
typically estimated by using cylinder chamber pressures. Due to noisy pressure signals, it
is typical that the estimated load force is noisy, which making force control of these kinds
of systems difficult task. For these reason, measuring spring compression in HSEA systems
allows contact force to be estimated without any force sensors.
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2 4 6 8 10 12 14
Time

0

2

4

6

8

10

12

C
yl

in
de

r f
or

ce
 [k

N
]

Cylinder contact force
Cylinder force
Spring force

Figure 10. Spring force and cylinder pressure in a contact.

4.2. HSEA in a Contact Impedance Control Motion

The effectiveness of the proposed controller under contact impedance motion was
verified by driving a cylinder against a rigid obstacle. Figure 11 displays a desired cylinder
position reference, the position reference modified by impedance control (see Equation (23)),
and the actual position during the impedance motion. The reference trajectory was de-
signed so that the cylinder would be in contact with the environment for a period of ~7 s.
As Figure 11 shows, the proposed controller could effectively compensate for the effect of
the contact with the environment. The proposed controller’s effect on the cylinder’s contact
force is presented in Figure 12 with the same reference as in Figure 11. As Figure 12 shows,
the proposed controller could significantly decrease the cylinder contact force.

0 5 10 15

0.2

0.3

0.4

Po
s 

[m
]

Cylinder position
Ref
Modified Ref.
Cyl. pos.

3 4 5 6 7 8 9 10 11
Time [s]

0.43

0.44

0.45

0.46

Po
s 

[m
]

Cylinder position zoomed

Figure 11. Cylinder position under contact motion.
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0 5 10 15
Time [s]

0

Fo
rc

e[
kN

]

Cylinder contact force
with impedance control
w/o impedance control

Figure 12. Spring compression with and without impedance control.

Finally, the effectiveness of the proposed controller is verified with various stiffness pa-
rameters in Equations (21) and (22). In Figure 13, the proposed control law in Equation (20)
was tested with different contact force dynamics parameters, and it is shown that the
proposed controller could also be used to compensate contact force effects in an environ-
ment with different contact stiffness. As the experimental results in Figure 13 demonstrate,
the proposed HSEA system is robust against different environment stiffness.

0 5 10 15
Time [s]

0

1

Sp
rin

g 
co

m
pr

es
si

on
 [m

m
]

Spring compression

KD=500000
KD=600000
KD=700000
KD=900000

Figure 13. Spring compression with a different stiffness.

5. Conclusions

This paper focuses on studying HSEAs for heavy-duty manipulation applications.
As a novelty, the full state-feedback controller for the fifth-order HSEA system is pre-
sented. Second, the proposed state-feedback controller is combined with the position-based
impedance control to handle HSEA system control during contact motion. The effectiveness
of the proposed state-feedback controller is verified in free-space motion. As the experi-
mental results show, the proposed full state-feedback controller can effectively handle the
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controlling of the fifth-order system. The experimental results also verify that the proposed
position-based impedance control enables significantly decreasing the contact force of
HSEA system during the contact motion. In general, the experimental results show that the
proposed controller structure can efficiently handle control of a highly non-linear HSEA
system with a heavy load in free-space and contact motions. In addition, the spring stiffness
selection is presented in this paper and the experimental results verify that selected spring
stiffness is working with heavy loads. These experimental results provide a baseline for
our future studies, in which we intend to study the proposed HSEA with a position-based
impedance controller will be studied with a real-size multi-DOF hydraulic manipulator.
Moreover, the gravitational force effects on an HSEA will be studied.
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Nomenclature

SEA Series Elastic Actuator
HSEA Hydraulic Series Elastic Actuator
DOF Degrees of Freedom
A Cylinder area (m2)
V0 Half of the total cylinder volume (m3)
xcyl Cylinder length (m)
ẋcyl Cylinder velocity (m/s)
dcyl Cylinder diameter (m)
dpiston Cylinder piston diameter (m)
ml Load mass (kg)
lcyl Cylinder stroke (m)
Be f f Cylinder bulk modulus (MPa)
Bl Viscous damping coefficients of load (N/m/s)
xv Spool position of the hydraulic valve (m)
Kq Servo-valve flow gain (m2/s)
Kc Valve flow-pressure gain (m5/Ns)
Kce Total leakage coefficient of a cylinder m5/(Ns)
p1 Cylinder A chamber pressure (MPa)
p2 Cylinder B chamber pressure (MPa)
pl Cylinder chambers pressure difference (MPa)
Fl Load contact force (N)
mcyl Cylinder mass (kg)
Cv Total leakage coefficient of a piston m5/(Ns)
Bcyl Viscous damping coefficients of piston (N/m/s)
∆xspring Spring compression (m)
xload Load position (m)
xloadre f

Desired position for load (m)
ẋload Load velocity (m/s)
Ksys System total spring stiffness (N/m)
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Khyd Hydraulic system spring stiffness (N/m)
Ks Spring stiffness (N/m)
x f Relation between a suitable position reference related to force error
fr Desired contact force (N)
fe Contact force (N)
u Valve control voltage (V)
Md Mass matrix
Bd Damping matrix
Kd Stiffness matrix
ωn Natural frequency of the system (rad/s)
ζ Damping factor
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