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Abstract: In aggressive environments for humans, such as those present in the offshore industry, the
main alternative is to replace human labor by remotely controlled robots, and some cases completely
autonomous robots. The environment affects directly on robots tasks. When a robot works in a structured
environment, its automation is easier since the environment can be modeled by dynamics equations.
However if the environment is non-structured this modeling is quite difficult and presents a high
computational effort. To overcome this difficult, over the years series elastic actuator (SEA) has been
applied in non-structured environments. Actuators of the mechanical systems are always rigidly
connected to the load to be moved. This can be observed in the hydraulic systems of agricultural,
highway construction and mining equipment and in elevation and cargo transportation, among others.
Unlike rigid actuators, a SEA contains an elastic element in series with the mechanical energy source.
Such an elastic element gives SEA’s several unique properties compared to rigid actuators, including
tolerance to impact loads, low mechanical output impedance, passive mechanical energy storage, and
increased peak power output. However it is not trivial to select the correct spring for the system. The
spring has to be able to support the loads, but the spring cannot be too stiff, otherwise system impedance
will be high. Iterative methods are needed to select the spring, which fits in impedance and bandwidth
parameters. The resonance frequency is another issue for SEAs. This paper describes an entire digital
prototyping of a linear serial elastic hydraulic actuator. It is done a digital prototyping of a tubular
actuator design, which encapsulates the mechanical and electrical components and sensors. The digital
prototype dimensions, mass and inertia properties are used to build the dynamic model for simulations
and implementation of a controller. Moreover the methodology adopted results in a good response

actuator with a compact and high force design.
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1. INTRODUCTION

Trends in the oil and gas industry to improve safety and
efficiency and reduce environmental impact suggest the use
of industrial robotics. New developments in regions difficult
or dangerous for humans to work in could be enabled with
maintenance, inspection and repairs carried out by remotely
controlled industrial robots. This new application area
highlights some difficulties with today’s robots, as they do
not adapt well to dynamic environments. Therefore, new
decision models, methods of control, actuators need to be
developed.

Series elastic actuator (SEA) has been successfully used in a
number of applications for almost 20 years (Pratt and
Williamson, 1995). As widely reported by a number of
researchers (see (Pratt and Williamson, 1995), (Arumugom et
al. 2009), (Paluska and Herr, 2006) and (Paine et al, 2013))
series elastic actuators provide many benefits in force control
of robots. Unlike rigid actuators, SEA’s contain an elastic
element in series with the mechanical energy source. Such as
elastic element gives SEA’s several unique properties
compared to rigid actuators including low mechanical output
impedance, tolerance to impact loads, increased peak power
output, and passive mechanical energy storage. These
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properties are well aligned with requirements on legged
actuation systems; as a result, SEA’s have been widely
adopted in the fields of legged robotics and human orthotics
(Parietti et al., 2011)).

The SEA’s components can be chosen and configured in
many different ways, producing designs with various trade-
offs which affect the power output, volumetric size, weight,
efficiency, back drivability, impact resistance, passive energy
storage, backlash, and torque ripple of a SEA. (Kong et al,
2009), and (Ragonesi et al., 2011) propose rotary designs
based primarily on commercially available off-the-shelf
components. (Lagoda et al., 2010) and (Diftler et al., 2011)
design a compact rotary SEA using a harmonic drive and a
high-stiffness planar spring.(Hutter et al. 2011) use linear
springs coupled to rotary shafts between the motor and the
chassis ground to achieve compact actuator packaging with
low spring stiffness. In (Taylor, 2011), the authors placed the
spring within the reduction phase. This arrangement reduces
the torque requirement on the spring compared to designs
with the spring at the actuator output. (Pratt and Pratt, 1998)
propose a prismatic designs which use ball screws as the
primary reduction mechanism followed by a cable drive to
remotely drive a revolute joint. Ball screws are highly
efficient, even for large speed reductions (85-90%), are back
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drivable, are tolerant to impact loads, and do not introduce
torque ripple. (Paine et al., 2013) is a good review of some
recent progress in series elastic actuators. In this paper it is
presented a different design of a SEA. In order to avoid
accidents risks and components contamination, the internal
components were encapsulated in a unique hollow tubular
structure. That allows substitute the heavy structure of solid
steel tubes of the reference model (Pratt et al., 2002),
permitting the applications in wearable robots, exoskeletons
and prostheses.

Different control architectures have been proposed for
controlling series elastic actuators. The variation of controller
design is related to the different physical characteristics of the
hardware. For example, force can be observed either by
measuring spring deflection and applying Hooke’s law in
(Kong et al., 2010), or by measuring change in resistance, as
is accomplished using strain gauges, as shown in (Pratt and
Williamson, 1995). If friction and backlash are too large, a
pure high-gain PID approach can suffer from stability issues.
In order to avoid this issue, (Pratt et al., 2004) suggest using
position feedback as the innermost control structure for force
control. This idea is adopted in others researches see (Lagoda
et al., 2010), treating force control as a position or velocity-
tracking problem.

In general, the SEAs can be actuated by electrical source,
pneumatic cylinder, hydraulic cylinder. The hydraulic SEA is
similar to a SEA with electrical source replacing the electrical
source, which is a motor with a recirculating ball screw by a
hydraulic cylinder. According (Prat et al., 2002) a hydraulic
SEA has high output force with force and position
controllability.

In this paper the digital prototyping of a hydraulic SEA is
developed. The methodology showed in (Robinson and Pratt,
2000) is used specially to choose the spring stiffness. The
dynamic model has to contemplate the hydraulic cylinder
internal leakage (Qian et al., 2014) and a PID controller has
to be designed by pole placement and phase margin (Tang et
al., 2010).

The hydraulic SEA developed here is a contribution for
robot’s desing for non-structured enviorement, in special for
oil and gas aplication since this industry applies robots on
drilling platforms which uses the Remotely Operated Vehicle
(ROV). The ROVs have two actuators on each ROV
manipulator which can be replaced by two hydraulic SEAs
for more force with less weight. The impact tolerance
provides one of the major advantages of a hydraulic SEA
increasing actuator durability and smooth contact which
makes the actuator suitable to operating valve. The serial
elastic element provides that impact tolerance and it makes
the possibility of contact inspection on pipe by spring
deflection analysis for example.

2. METHODOLOGY

A basic model of a serial elastic hydraulic actuator has the
serial element i.e. a rod with the spring’s arrangement and a
hydraulic circuit which contains the hydraulic cylinder and
the servo valve.
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The actuator may be understood as a combination of two
parts. The first one is the serial elastic element presented in
Figure 1. The other one is the hydraulic circuit which has
some alternatives of construction as well.

With the components of the actuator defined, the next step is
to select the correct component based on the application. This
decision is made defining a condition for this system. In this
case the condition was the actuator with an output force up to
5000N.

To achieve the output force required, the springs were
selected based on consolidate knowledge presented by
mechanical engineering design bibliography. Moreover, the
rod had to be able to support the load without buckling.
Therefore, the knowledge presented by the solid mechanics
bibliography is able to help with the design of the desirable
rod by considering the systems behavior with all loads.

A special attention must be given to the actuator’s springs
because they affect system’s impedance and bandwidth. After
setting these two parameters, iteration could be necessary to
evaluate the desirable spring constant.

Knowing the rod and the spring, it is possible to use the force
caused by the spring as the force output of the hydraulic
cylinder. This force and the maximum speed of 0.5 m/s (as
defined by Robinson and Pratt (2000) led to the selection of
the correct cylinder by a commercial catalogue, otherwise
would be possible to manufacture a custom cylinder.

After design the parts it is assembled in a digital prototyping
environment. The parts are drawn using the Siemens Solid
Edge software which allows obtaining inertial properties of
the assembly.

The actuator’s dynamic model was developed from well-
known mass-spring-damping system and the actuator’s
hydraulic part, which is the most challenging, was developed
by all hydraulic system components analysis with
linearization and simplification as defined in (Qian et
al.,2014).

The PID control was obtained by a method based on pole
placement and phase margin as defined in (Tang et al., 2010).
After the tuning, the time response and the bode diagram of
the system were analysed in order to describe system’s
characteristics of force control.

Fig.1. Single rod hydraulic serial elastic actuator schematics:
(1) servo valve; (2) hydraulic cylinder; (3) spring; (4) load.
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3. DIGITAL PROTOTYPING DESIGN

Over the years, digital prototyping has been successfully
applied in engineering and manufacturing allowing virtually
explore a complete product before it’s built ((Thurfjell et al.,
2002), (Soyguder and Alli, 2007), and (Wang, 2011)). As
reported by Johansson et al. (2004), the digital prototyping
has been important to development of industrial robots,
reducing the time of robot-programming phase. The robot
task can be simulated in a virtual model of the work cell
when still only a digital prototype of the work piece exists
and the risk of technical failure for a transition can be
reduced. In this way, before manufacture of the proposed
serial elastic actuator, is presented in this paper its digital

prototyping.
3.1 Model

The design was done by the methodology mentioned on the
previous section. Following these steps, the actuator had the
maximum output force with the most compact design. Also
all the internal components had been enclosed to avoid
accidents, components contamination and make the actuator
suitable to human interaction.

Figure 2 shows the prototype of the actuator. There is a
hydraulic cylinder (1) that moves forward and dislocates the
movable rod (2) fixed in it with a screwed connection. The
model has two guides (6) and (8) fixed on the base tube and
one guide (7) fixed on movable rod (2). There are two springs
(4) and (5) fixed between the guides. A connection guide
(10) is used to connect the hydraulic cylinder rod (1) to the
base tube (3). The load terminal (9) is also connected directly
on the base tube (3). The encapsulation tube (12) is the last
part of the assembly. It is connected on the hydraulic cylinder
(1) and base tube (3). A guide bolt (11) was applied to make
the connection between the base tube (3) and the
encapsulation tube (12), but without interfere on the base
tube’s (3) linear movement.

Fig.2. Actuator's components: (1) hydraulic cylinder; (2)
movable rod; (3) base tube; (4) and (5) springs; (6), (7) and
(8) guides; (9) load terminal; (10) connection guide; (11)
guide bolt; (12) encapsulation tube.
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There are four guides (6), (7), (8), and (10) in this actuator
model. The application of the four guides is to give to the
system the necessary stability. Without the guides the
movable rod (2) would oscillate creating additional forces on
the springs instead of only an axial force. Moreover, the load
terminal is connected with the base tube only.

The springs are responsible to the hydraulic SEA stiffness
reduction. However this component has to be carefully
assembled since it will stretch and compress depending on
the movement of the actuator and the load attached to it.
Choosing the spring is always challenging, because it has to
be a balance between a large bandwidth requiring a high
stiffness and impedance need a low spring constant.
Therefore, after choose all system characteristics and
components, must be defined a minimum acceptable point for
the large force bandwidth and a minimum tolerance
impedance level. After set these two bounds, iteration is
required to estimate the spring constant.

The movement of the actuator can be analysed in three
different cases:

Case 1: Movement without the load

This is the simplest case, because it is a free movement. The
hydraulic cylinder moves forward or backward and the
movable rod and all the others components attached to it such
as base tube, guides and load terminal follow the move of the
hydraulic cylinder. In this case, there is only a little deflection
in the spring by the inertia.

Case 2: Movement with load

When a load is attached in the load terminal, the movement
of the actuator depends on the springs. For a forward
movement, the spring (4) deflects. This deflection depends of
the load mass. The actuator will move forward only when the
spring reaches its maximum deflection for the load applied.
This system characteristic can reduce the frequency range,
which makes a limit of bandwidth of the system, which is the
major drawback of a serial elastic actuator.

For the backward movement the same characteristics can be
observed, but the spring (4) deflects instead of the spring (5).

Case 3: Contact of the load terminal with the load

When the actuator reaches an obstacle or the load during its
free movement, the spring (5) deflects and the value of this
deflection makes the actuator continues its forward
movement or stop.

The prototype shows outstanding characteristics of output
force and compactness. These characteristics are listed as
follows:

. 200 mm length when retracted;

. 100 mm range;

Maximum diameter of 26 mm;

. Maximum output force up to 4.9 kN;
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. 100 bar of working pressure;

. Model structure material of carbon steel;

. Speed up to 0.5 m/s;

. Estimated weight without hydraulic fluid of 1.5 kg.

Comparing this hydraulic SEA parameters with the electric
SEA parameters (Bento Filho et al., 2014) and (Bento Filho
et al., 2013), serial elastic hydraulic actuator is more suitable
for applications involving high force and compactness.

3.2 Sensors

Actuator’s parameters are measured for modelling and
control proposes. Important parameters were the deflection of
the springs and the displacement of the movable rod, which
happened due the movement of the hydraulic cylinder.

A linear potentiometer was chosen to evaluate the movable
rod’s displacement. The potentiometer did not have the
resolution to evaluate the deflection of the springs which is
about 8 mm, therefore a different sensor was chosen to
evaluate this deflection.

The sensor chosen to evaluate springs deflection was an
optical sensor used on a printer. This sensor has a scaled tape
with black lines, with distance between the lines known,
which does not allow light beam passage. The tape
movement produces pulses, which are proportional to spring
deflection.

The assembly of the sensors was shown on the Figure 3
above. The linear potentiometer (3) was connected directly
on the hydraulic cylinder rod (2) and the hydraulic cylinder
bore (1). The optical sensor has a circuit board (7) with a
sensor (9). This circuit board was connected on the guide (6)
by a bolt connection, which was not represented in the figure.
The optical tape (8) was connected on the guides (4) and (5)
by a bolt connection and positioned on the optical sensor (9).

Fig.3. Sensors assembly: (1) hydraulic cylinder bore; (2)
hydraulic cylinder rod ;(3) linear potentiometer; (4), (5) and
(6) guides; (7) circuit board; (8) optical sensor tape; (9)
optical sensor.
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4. DYNAMIC MODEL

The system consists of a servo-hydraulic system with a serial
elastic element. The overall system has two degree of
freedom. One degree is the hydraulic cylinder displacement
and the other is the serial elastic element displacement. This
displacement and the spring deflection were used to define
the output force of the system and to control it.

Figure 4 illustrates the mechanical model of this system
discussed above.

The servo-hydraulic system was made by a hydraulic power
supply, servo valve acting as a control element and the
hydraulic cylinder, which is the actuating element.

Although most of the servo-hydraulic system is nonlinear,
each component of this model has been linearized.

The servo valve’s pilot stage is assumed to be first order,
since high order dynamics in the valve are more than an order
of magnitude above the frequency range of interest. Equation
1 represents the servo valve pilot stage equation as seen in
(Qian et al.,2014).

0. _ K,

v.(s) wm+l1

XK, xK.xK, (1)

Where K, is the flow gain of the pilot-stage servo valve and
T pilot-stage’s equivalent time constant, v; valve control
signal transmitted from the hydraulic system internal
proportional controller, Kp represents inner loop proportional
gain, K¢ is the valve pressure gain which relates flow from
the pilot stage with spool position. The coefficient K, is the
flow gain of the servo valve and Q; is the supply flow.

4
— XA
F,(s) BVs+C,

Q.6) 14t kX (s @
pVs+C,
This B is the fluid bulk modulus, V is the fluid volume and P,
load pressure, A is the area, X(s) is the displacement of the
assembly.
The serial elastic element has to be modeled by Newton’s
second law. The properties of the movable rod and the
springs are considered on the stiffness, damping and mass
terms. The load characteristics are also considered in the
actuator’s dynamic model.

X, (s)(ms* +Cs+K)=F(s) (3)

K
K
Servovalve  |Hydraulic cylinder|  Action sub Movable arm |/
Assembly -/W \NE
Kp,Kvp,t Ke. K Ka, 1, A " L

Fig. 4 Actuator’s mechanical model.
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X(s) is the assembly displacement, m is the sub assembly
mass, C is the damping coefficient, K is the stiffness
coefficient and F is the output force.

X,(s)(Ms*> +C,s+K,)=F(s) (4

M is the movable arm mass, C; and K| are the load interface
viscous friction coefficient and load interface elastic constant
respectively. X,(s) is the movable arm displacement.

The simplified closed loop transfer function block diagram
for the dynamic model presented is the following on figure 5.

Each subsystem presented in the figure has a transfer function
according the equation discussed on this topic. The actuator
was modeled to have a natural velocity feedback. The
leakage of the servo valve stages was neglected.

Several assumptions had been made in this model according
(Qian et al.,2014):

. Fluid properties are constant;

J Servo valves are not saturated;

. Supply pressure is much greater than the load
pressure;

. Friction force can be modeled as viscous damping;

. Main stage spool opening is proportional to pilot
stage flow.

5. RESULTS AND DISCUSSION

Once described the actuator dynamic model, the parameters
values had to be established. The parameters were obtained
by the digital prototype and catalogue of some components
i.e. servo valve and hydraulic actuator.

Spring constant is the most valuable parameter in the system.
To define the spring constant were set the minimum
impedance level and a maximum bandwidth with respect on
the previous selected components of the hydraulic system.
Iteration was made to choose the best value with upper and
lower bounds.

After know all the actuator’s parameters the PID controller
could be designed. The controller was tuned by applying the
pole placement and phase margin method (Tang et al., 2010).

Desired pair of poles is estimated by representing time
domain specification e.g. percent overshoot, settling time.
However in some cases the dominant poles lose its dominant
position in the result of the closed loop system. To overcome
this problem, a phase margin is employed to guarantee the
closed loop system robustness.

Assuming a pair of poles as
P, =" * ]ﬂ (5)

The process G(s) is given and the controller has its
conventional configuration with all positive gains as follows.

K.
C)=K,+—+K,;s (6)
s

Substituting one of the poles into the characteristic equation
of the closed loop equation.

1+G(p)C(p,)=0 (1)

Table 1 shows the parameters value of the entire system.

Parameter Value Units
Area (A) 491E-04 (m”2)
Stiffness (K1) 7.5E+07 (N/m)
Damping (C1) 18.4 (Ns/m)
Mass (M) L5 (Kg)
Bulk modulus (B) 1.23E+09 (Pa)
Leakage Coefficient (CI) 2E-06 | (m"3s/kPa)
Fluid volume (Vt) 2.60E-05 m”3
Load stiffness (KL) 3.30E+09 (N/m)
Load damping (CL) 8.08 (Ns/m)
Inner loop gain (Kp) 8.40E+02 (s*-1)
Valve pressure gain (Kc) |4.00E+06 | (m”3s/m)
Valve flow gain (Kv) 6.24E-05 | (m”"3s/m)
Servo valve time constant (t) | 0.0015 (s)

1

Ka.s+Cl

o
LA PID(s) e
- ts+1

FID Controller  Inner loop Filotstage

Main stage Gainl

- 1
A » _
M s24C_1 5+K_1

Velocity Feedbas

Serial Elssticelement

Load

Fig.5. Closed loop transfer function block diagram
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Moreover, the definition of phase margin gives:
G(jo,)C(jw,)=—e"" 8)

Substituting and splitting the complex equations into real
ones gives two real functions of @ .

fl(a))=Rg|: —h }_0!2—,521 -p }_0!2+152Ré|:_ej¢m } )

f2<w>=‘”2Re{‘ef¢"’ }- o Im{ 1 }_wlm{-“’} (10)
200 | G(jo)| 20 | G(p) G(jw)

The positive values of the intersection between f, (@) and
f,(w) are the first approximation for integral gain (Ki).

This first value was applied to evaluate the proportional and
derivative gains. Proportional and derivative gains are
obtained as follows.

K o 2% [ el =P |_ =B —p ] (D)
T+ gt G(p,) 20 G(p))

K, -— 1 [k - R{ -1 }_alm{m} (12)
o +p G(p)) B G(p))

The final integral gain is the maximum value between the

following equations.

K., :(Re{ — B }—O’Im{_”‘D
’ Gp)] B |Gp)

K., - R{ P }_ a’-p Im{ P } (14)
G(p)) 20 G(p))
To achieve a robust control with large bandwidth it was set

an overshoot about 10% and a settling time of 0.02 s. Phase
margin was set 60°.

(13)

Bode Diagram
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Fig.6. Bode diagram of the system
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Table 2 shows the controller parameters.

Parameter Value
Proportional gain (Kp) 54.9946
Integral gain (Ki) 4412.1219
Derivative gain (Kd) 0.0575

The bode diagram of the system (figure 6) shows an excellent
frequency band of about 60 Hz which was greater than all
references works presented (Bento Filho et al., 2014), (Paine
et al., 2013), (Robinson and Pratt, 2000) and (Bento Filho et
al., 2013). The phase angle for this frequency band was
around 45°. The resonance frequency of the system was 1970
Hz which is far enough of system’s operation frequency. This
implies that the effects due to vibrations are efficiently
filtered into the frequency band of the actuator.

To show the system’s response, a hypothetical 1IN desired
force reference was applied. Figure 7 shows the system’s
response it could be seen the settling time around 0.02
seconds which was a very fast convergence to this system.
The maximum overshoot was a little higher than 10% which
was an acceptable value.

6. CONCLUSIONS

This paper presented a digital prototyping of a linear serial
elastic hydraulic actuator for non-structural environments
such as present in oil and gas industry. It was used a digital
prototyping environment for design and assembly of
actuators parts, generation of images of section views in
perspective and exploded views, and all fabrication drawings
of the parts of the actuator. The model obtained was very
compact with a high output force which is desirable for all
applications.

It also presented a dynamic model with a PID control which
described the linear characteristics of the actuator. The
system showed a good time and frequency responses.

14 T T

Amplitude

\ | |
0.01 0.015 0.02

Time (seconds)

Fig.7. Time response of the system
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The results obtained help the robots manipulators
development for non-structured environments with another
level of compactness and force capacity.

Future work develops another approach of the actuator’s
dynamic model. This new dynamic model considers the
internal leakage on the servo valve, the saturation and more
general friction force modelling. A better control technique is
applied to improve force control of the nonlinear system.
Another future work is an investigation of benefits and
limitations of this actuator on a four legged dynamic robot.
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