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Abstract: Increasing performance in modern hydraulics is achieved by a close investigation of possi-
ble enhancements of its components. Prior research has pointed out that electromechanical actuators
can form suitable alternatives to hydraulically piloted control systems. Since the requirements at
these actuation systems depend on the operating conditions of the system, each actuator can be
optimized to the respective hydraulic system. Considering that many different conceptual designs
are suitable, the phase of conceptual design plays a decisive role during the design process. Therefore,
this paper focuses on the process of developing new conceptual designs for electromechanical valve
actuation systems using the method of function structures. Aiming to identify special design features,
which need to be considered during the design process of electromechanical actuation systems, an
exemplary actuator was designed based on the derived function structure. To highlight the potential
of function structures for the development of new electromechanical valve actuation systems, two
principal concepts, which allow the reduction of the necessary forces, have been developed by
extending the function structure. These concepts have been experimentally investigated to identify
their advantages and disadvantages.

Keywords: large-sized valves; electromechanical valve actuation system; spool resistance forces;
switching process; energy-efficient actuator

1. Introduction

In modern hydraulic systems, most large-sized control valves are operated via smaller
pilot valves. This type of actuation is characterized by high attainable forces over large
possible strokes. In order to impress sufficient forces and, therefore, ensure a reliable
switching process, a minimum working pressure difference over the valve of approximately
4 bar is demanded [1–3]. If this minimum working pressure difference is not ensured, the
resulting force is insufficient to switch the valve, and the pilot valve cannot be internally
supplied [1–3]. Instead, it needs to be supplied by an external pilot circuit, which is
commonly operated as a constant pressure system [1]. As an alternative to a pilot operation,
new electromechanical actuation systems can be developed, enhancing the energy efficiency
of the system. Currently, several electromechanical actuators for large-sized valves are
offered by different companies. They are presented with a focus on their performance
in different publications, such as [4,5]. Most concepts for the application of large forces
are based on an electric motor, of which the rotary movement is transformed into a linear
movement by means of a rack-pinion combination.

As the requirements for the actuation system are set by the operation conditions
of the valve, the actuation system needs to be tailor-made for each system. Besides the
necessary actuation forces and also the realizable strokes, the actuator’s dynamic and
position accuracy can differ depending on the planned application. Therefore, there is
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not only the demand for fully developed electromechanical actuators but also for the
know-how to develop actuators specifically designed for the application. In order to avoid
overperforming highly integrated and cost-intensive solutions, rather specific solutions
can be developed, which entirely fulfill the specific requirements. Besides the definition of
the requirements, the actuator control and the design of the electromechanical transducer,
as well as the conceptual design, play an important role in the development of new
electromechanical valve actuators. In contrast to other papers, the present work focuses
mainly on the last point and also describes some constructive details, which need to be
considered during the design of electromechanical valve actuation systems to prevent
additional forces during operation. Therefore, this paper is intended to serve as a basis
for further developments of innovative conceptual designs of electromechanical valve
actuation systems.

Using the design method of function structures according to VDI 2222 methodic
development of solution principles [6], Pahl/Beitz [7,8], or Koller [9], a comprehensive
analysis of the valve and its actuation system has been carried out. While the graphical
representation is extended by further generally valid functions, the potential of function
structures for the design of innovative valve actuation systems is shown, and more innova-
tive conceptual designs for valve actuation systems can be derived, taking into account
the valve and the whole actuation system. Two exemplary actuator enhancements, which
have been proposed in the conference paper [10] and serve to act against the valves’ spring
forces, have been developed and investigated experimentally in this paper. Using these
enhancements, the necessary actuation force can be strongly reduced, and further actuator
designs are possible.

2. Overall Function of a Directional Control Valve

Using the design principles of function structures, the overall function of a technical
system can be divided into generally valid functions. Table 1 displays and explains the
symbols used for the generally valid functions in the presented paper. Any overall function
can be subdivided into generally valid functions until a sufficient function structure, in
accordance with the intended design process, is obtained.

Table 1. Symbols of generally valid functions in accordance with reference [9].

Actuators 2021, 10, x FOR PEER REVIEW 2 of 16 
 

 

accuracy can differ depending on the planned application. Therefore, there is not only the 
demand for fully developed electromechanical actuators but also for the know-how to 
develop actuators specifically designed for the application. In order to avoid overperform-
ing highly integrated and cost-intensive solutions, rather specific solutions can be devel-
oped, which entirely fulfill the specific requirements. Besides the definition of the require-
ments, the actuator control and the design of the electromechanical transducer, as well as 
the conceptual design, play an important role in the development of new electromechan-
ical valve actuators. In contrast to other papers, the present work focuses mainly on the 
last point and also describes some constructive details, which need to be considered dur-
ing the design of electromechanical valve actuation systems to prevent additional forces 
during operation. Therefore, this paper is intended to serve as a basis for further develop-
ments of innovative conceptual designs of electromechanical valve actuation systems. 

Using the design method of function structures according to VDI 2222 methodic de-
velopment of solution principles [6], Pahl/Beitz [7,8], or Koller [9], a comprehensive anal-
ysis of the valve and its actuation system has been carried out. While the graphical repre-
sentation is extended by further generally valid functions, the potential of function struc-
tures for the design of innovative valve actuation systems is shown, and more innovative 
conceptual designs for valve actuation systems can be derived, taking into account the 
valve and the whole actuation system. Two exemplary actuator enhancements, which 
have been proposed in the conference paper [10] and serve to act against the valves’ spring 
forces, have been developed and investigated experimentally in this paper. Using these 
enhancements, the necessary actuation force can be strongly reduced, and further actuator 
designs are possible. 

2. Overall Function of a Directional Control Valve 
Using the design principles of function structures, the overall function of a technical 

system can be divided into generally valid functions. Table 1 displays and explains the 
symbols used for the generally valid functions in the presented paper. Any overall func-
tion can be subdivided into generally valid functions until a sufficient function structure, 
in accordance with the intended design process, is obtained. 

Table 1. Symbols of generally valid functions in accordance with reference [9]. 

 
separate/connect mate-

rial flow   energy flow 

 
link/divide material 

flow  material flow 

 
reduce/increase energy 

of material flow  information flow 

 
link/divide energy flow 

 
store energy 

 
separate/connect energy 

flow  
subsystem 

 
convert energy flow 

 

not further speci-
fied hydraulic sys-

tem 

The overall function of a control valve can be phrased as “Opening/Closing of differ-
ent flow paths” [11]. As hydraulic systems are often embedded within an electrical higher-
level control system, this main function can be further extended to the “Opening/Closing 
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The overall function of a control valve can be phrased as “Opening/Closing of dif-
ferent flow paths” [11]. As hydraulic systems are often embedded within an electrical
higher-level control system, this main function can be further extended to the “Open-
ing/Closing of different flow paths according to electrical control signals.” This main



Actuators 2021, 10, 133 3 of 16

function can be divided into two sub-functions, the “Conduction off hydraulic energy
depending on position” and the “Positioning of the spool according to an electrical signal.”
See Figure 1 [12].
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Figure 1. The structure of the general function.

The conduction of hydraulic energy is performed by the geometry of the spool and
its positioning by the actuation system. Since the spool is moved by the impression of a
force, the function can be reformulated as “Applying force to the spool according to an
electrical signal.”

3. Design of New Valve Actuation Systems

Every actuator needs to overcome any forces opposing the intended movement to
guarantee functionality. Therefore, when designing an actuator, it is inevitable to analyze
the forces acting on the spool. In Figure 2, the forces acting on the spool of a pilot-operated
4/3 directional control valve are shown as examples.

Actuators 2021, 10, x FOR PEER REVIEW 3 of 16 
 

 

 

Figure 1. The structure of the general function. 

The conduction of hydraulic energy is performed by the geometry of the spool and 
its positioning by the actuation system. Since the spool is moved by the impression of a 
force, the function can be reformulated as “Applying force to the spool according to an 
electrical signal.” 

3. Design of New Valve Actuation Systems 
Every actuator needs to overcome any forces opposing the intended movement to 

guarantee functionality. Therefore, when designing an actuator, it is inevitable to analyze 
the forces acting on the spool. In Figure 2, the forces acting on the spool of a pilot-operated 
4/3 directional control valve are shown as examples. 

 
Figure 2. Forces at the spool in accordance with reference [13–15]. 

Besides the smaller forces such as friction FFriction and inertia forces FInertia, the actuator 
also needs to overcome the spring FSpring and flow forces FFlow. 

The friction forces can further be subdivided into Coulomb friction and fluid friction. 
Whereas the Coulomb friction is caused by radial forces, which can be prevented by cir-
cumferential grooves, the fluid friction is caused by the relative movement between the 
spool and the housing [13,16–18]. In the case of electromechanical actuators, additional 
sealing should be considered to prevent external leakage leading to further friction forces. 

The inertia forces FInertia depend on the spool’s mass and acceleration. They are con-
sequently defined by the design of the housing and the spool, as well as on the switching 
time. 

The spring forces FSpring must be high enough for the valve to close at any given op-
eration condition. As the compression spring is assembled with a preload and the stroke 
is limited to the centered position, the discontinuous forces prevent the spool from over-
shooting [13,19]. 

The flow forces FFlow, which can have a decisive share in the total forces, generally act 
in the closing direction and depend on the operating point of the valve [20–23]; depending 
from the valve’s size, they can be up to several hundred newtons [24–26]. This is why the 
valve’s operation profile plays an important role during the design process. It is precisely 

Figure 2. Forces at the spool in accordance with reference [13–15].

Besides the smaller forces such as friction FFriction and inertia forces FInertia, the actuator
also needs to overcome the spring FSpring and flow forces FFlow.

The friction forces can further be subdivided into Coulomb friction and fluid friction.
Whereas the Coulomb friction is caused by radial forces, which can be prevented by
circumferential grooves, the fluid friction is caused by the relative movement between the
spool and the housing [13,16–18]. In the case of electromechanical actuators, additional
sealing should be considered to prevent external leakage leading to further friction forces.

The inertia forces FInertia depend on the spool’s mass and acceleration. They are conse-
quently defined by the design of the housing and the spool, as well as on the switching time.

The spring forces FSpring must be high enough for the valve to close at any given
operation condition. As the compression spring is assembled with a preload and the
stroke is limited to the centered position, the discontinuous forces prevent the spool from
overshooting [13,19].

The flow forces FFlow, which can have a decisive share in the total forces, generally act
in the closing direction and depend on the operating point of the valve [20–23]; depending
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from the valve’s size, they can be up to several hundred newtons [24–26]. This is why the
valve’s operation profile plays an important role during the design process. It is precisely
this fact that makes electromechanical actuators extremely interesting for systems that rely
on a separate pilot circuit due to a low-pressure difference over the valve. On the one hand,
the pilot circuit can be avoided, which makes the whole system less complex and cheaper.
On the other hand, the pilot circuit is necessary because there is an insufficient pressure
difference over the valve during the switching process. This will lead to only small flow
rates and, therefore, to small flow forces. In an ideal flow-controlled system, the main
pump will even be completely swung back before the valve is switched, and therefore, no
flow forces will occur. Therefore, the application of electromechanical actuators in these
systems is advantageous since they reduce the whole system’s complexity and can be
designed for smaller forces.

The additionally inherent force FPressure, which is caused as fluid is displaced out of
the passive pilot chamber during the spool’s movement, can nearly be avoided in the case
of electromechanical actuators, as will be explained in Section 3.3.

3.1. Function Structure of an Electromechanical Actuated Large-Sized Valve

Based on the structure with two main functions proposed in Figure 1, the function
structure of a 4/3 directional control valve is displayed in Figure 3, using the generally
valid functions in accordance with Table 1.
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The system of a “valve and its actuation system” can be divided into different sub-
systems. As shown in Figure 3, Subsystem (1) represents the functionality derived from
the spool’s geometry. Flow entering the system via port P is guided and transmitted by
the metering edges to the working ports (a) of the valve. A part of the carried energy is
transformed into mechanical energy (b), which acts as a flow force on the spool. Once the
fluid leaves Subsystem (1), it enters an arbitrary hydraulic system. Any fluid flowing back
into the tank leads to additional flow forces.
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The force applied by the actuation system during positioning needs to be larger than
all resistive forces acting on the spool combined. As previously shown in Figure 2, the
forces consist of flow forces FFlow, friction forces FFriction, inertia forces FInerta, spring forces
FSpring, and pressure forces FPressure resulting from the hydraulic resistance of the drain line
of the passive pilot chamber. During the movement, a part of the actuator imprinted force
is used to overcome the friction and further resistance forces, which is why a dissipation
energy EDissipation is leaving the system. As flow forces are regarded as generated forces,
they are displayed as the energy that needs to be subtracted from the energy applied by
the actuation system. Subtracting all losses and the energy, which is used to accelerate
the spool (EAcceleration), the remaining mechanical energy is stored in the springs (c). This
energy is proportional to the stroke of the spool, which is why an information flow is
drawn from the springs (c) towards the metering edges (a). If the actuation force is reduced,
this stored energy is released, thus centering the spool.

Subsystem (2) represents the actuator, which function structure is shown in Figure 4.
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Each actuator is made up of at least one switch and an energy converter [27,28]. This
switch could be a pilot valve within a pilot operation system, where the energy conversion
occurs in the pilot chamber. In the case of an electromechanical valve actuation system,
it would, in turn, be an electromechanical converter, such as a solenoid or an electrical
motor. An evaluation of different electromechanical converters was carried out to analyze
the suitability of different electromechanical converters for the desired application. As a
result, an electrical motor, followed by a mechanical component to convert rotatory into
translatory movement, represents the optimal concept.

3.2. Electromechanical Valve Actuation System

A design of a prototype of an electromechanical valve actuation system has been
created to identify crucial design details, see Figure 5. In this design, a stepper motor
(1) carries out the active motion of the spool. A steep-threaded rod (2) and nut (3) convert
the rotary energy to linear motion. The demonstrator includes sensors necessary for
measuring the force (4) and the displacement (5). As the intended usage is for large-sized
directional control valves of nominal size 25 operated in a flow-controlled system, the
actuation system can exert a force up to 500 N. Figure 5 shows that the electromechanical
actuator is mounted on the outside of the valve, which allows compatibility with any
common valve design by adjusting the valve connector piece (6). As the steep-threaded rod
is not self-locking, the spool is centered by the springs if the stepper motor is deactivated.
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Figure 5. The designed electromechanical valve actuation system.

3.3. Design Details of Electromechanical Valve Actuation System

If the valve actuation system is designed independently from the valve itself, care
must be taken in the design process as to not cause additional forces. Features intended
to prevent this are highlighted in Figure 6, which shows a sectional view of a regular
pilot-operated valve.
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The valve spool is extended at both ends with a rod, forming a connection to the
electromechanical actuation system outside of the valve, allowing the transmission of
tensile and compressive forces. Actuation systems, which are able to induce both forces,
can be attached only on one side of the valve. Since the mechanical connection reduces the
working surface of the spool on which the pressure acts, it must be implemented on both
sides to balance the forces on the spool. Furthermore, the pilot chambers on both sides
must contain equal pressures and so are short-circuited. As the valve actuation system is
designed to be a mere attachment, an integrated circuit between the pilot chambers is not
possible; therefore, an adapter plate is mounted to the valve, replacing the pilot valve, and
using the existing pilot channels to short circuit the pilot chambers. The same effect could
be reached by boring through the axis of the spool itself.

During the movement of the spool, the volume of one chamber is expanded, whereas
the volume of the other is compressed. To avoid an additional counteracting force by
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the increase in pressure, the chamber fluid must be able to enter or exit the chambers.
By short-circuiting both pilot chambers with the adapter plate, the displaced volume
of one chamber is compensated in the other, thus maintaining a constant volume and
a compensation volume can be avoided. The fluid just needs to overcome the inherent
losses caused by the oscillation between the chambers. This results in a small pressure
difference between the pilot chambers. To investigate this effect, the actuator was operated
at variable speeds, and the respective required force during the movement was measured.
This force is displayed over the position of the spool for different velocities in Figure 7a. In
the measurement results also the spring preload of around 250 N, the spring stiffness and
the friction forces can be identified. The friction forces of around 40 N are represented by
the hysteresis between the upper and lower lines of the curves, representing the forward
and backward movement.
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As the results in Figure 7a shows, the necessary force to move the spool does not
increase significantly, even at tenfold the actuator’s speed. Consequently, it is concluded
that the resulting effect is negligible if a sufficient compensation channel is actualized.

To avoid external leakage, additional sealing must be added to the caps. These,
however, lead to additional friction forces, which must, in turn, be overcome by the
actuation system. The friction forces are dependent on the pressure within the pilot
chambers. To investigate these effects further, measurements were carried out. The force
required according to different pressure levels in the chambers is shown in Figure 7b.

Figure 7b shows that the pressure level is non-negligible and that a mere chamber
pressure of 10 bar requires a significant increase in force provided by the actuation system,
which can be seen due to the increased hysteresis between the upper and lower lines of
the curves of forward and backward movement. In this case, friction forces have nearly
doubled, achieving values of 80 N. The pressure in the pilot chambers, therefore, must be
reduced as much as possible. Since there is a leakage flow over the spool, the pressure in the
pilot chamber is adjusted to the pressure at the T port of the valve. Accordingly, the maxi-
mum pressure in the tank line must be considered during the design of externally attached
actuation systems. If the pressure in the tank line can reach high values, an additional drain
line within the adapter plate can be used to ensure sufficiently low-pressure levels in the
pilot chambers. The mentioned design details are only valid for independently designed
externally attached actuation systems. The development of a pressurizable actuation sys-
tem would render the added sealing and the drain line redundant. Likewise, the adapter
plate is unnecessary if there is an existent direct connection between the pilot chambers.

As the system is designed for ideal flow-controlled systems, no flow forces will occur
during the switching process as the flow rate will be reduced as much as possible before
the actuation system is activated.
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With a valve spool mass of 1.01 kg, a maximum stroke of approximately 11 mm and
a maximum switching time of 40 ms, assuming constant acceleration, this results in an
acceleration of 13.75 m/s2 and thus an inertial force of 13.88 N, which is approximately 5%
of the spring’s preload force. Therefore, the spring forces are the main forces, which need
to be overcome by the actuation system.

3.4. Extended Electromechanical Valve Actuation System

The presented actuation system is one possible solution found using only the function
structure of a valve and its actuation system, as presented in Figure 3. In Figure 8, the
function structure of the “valve and its actuation system” is extended with the additional
subsystems (3) and (4).
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Besides the additional subsystems, the function structure remains the same. Subsystem
(1) continues to represent the valve and subsystem (2) the main actuator. With this function
structure, new valve actuation systems can be derived by combining different subsystems
and, therefore, reducing the requirements of the individual actuators. Solutions provided
by subsystem (3) cover all actuation systems, which are extended by additional actuators
keeping the spool in position once the desired stroke is reached. In this case, the main
actuator (2) does not need to continuously apply the required force but only overcome
the opposing force shortly. Afterwards, the secondary actuator (3) holds the spool in its
position. This could, per example, be achieved by means of clamping. As clamping forces
are required perpendicular to the spool’s movement, the actuator (3) only needs to fulfil
relatively small strokes. An example of the clamping motion can be seen in piezoelectric
inchworm motors.

Solutions derived from subsystem (4), however, are more promising. The springs’
function is to move the spool to one defined position. For a 4/3 directional control valve,
said position is centered. More precisely, the spring has two relevant functions. Primarily
the spring needs to center the spool in accordance with the operation cycle, and secondarily,
they also need to center the spool in case of failure, such as during a power outage. See
Figure 9.
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While moving the spool into the end position, a part of the energy provided by the
actuator is simultaneously used to compress the spring, thus storing energy within. The
time dependency between the energy storage and the spool movement can be solved
by separating and redistributing the spring functions into separate components. Here,
the first function, “centering the spool according to the operation cycle,” can be carried
out by the main actuator using a proportional actuator as presented above. The energy
stored in the springs is then only used in case of failure, and the springs stay compressed
most of the time due to the additional force exerted by subsystem (4). This reduces the
force requirements of the main actuator, as the high spring forces are not needed to be
overcome during normal operation since they can be temporarily removed. However,
these solutions are merely an extension of existing actuator concepts, such as the actuation
system presented above based on a stepper motor and a threaded rod or actuation systems
similar to those presented in [4,5]. Therefore, these relief systems must be combined with
the main actuator used to displace the spool. Thus, they must be designed in such a way
that the assembly is compatible with the main actuator.

Two concepts turned out to be the most suitable for this application. In the first
solution of a magnetic relief system, the springs are preloaded by the main actuator while
being held compressed by solenoids. In the second solution, hydraulic energy is used
to compress the springs. The hydraulic relief system corresponds to a spring-returned
cylinder, which can preload the spring and hold them compressed if it is pressurized. An
evaluation of the independent spring relief systems without other components delivers the
identification of the advantages and disadvantages of both proposed concepts.

3.4.1. Magnetic Relief System

In the concept of the magnetic relief system, the additional force of subsystem (4) is
applied by a holding solenoid. The spring is thereby kept in a tensioned state as long as
the holding solenoid is energized. Holding solenoids are perfectly suited for applying
high forces on ferromagnetic bodies over small air gaps. However, if the air gap increases,
the magnetic force drops drastically since the magnetic flux through the counterpart falls
significantly with increasing gap height. Therefore, holding solenoids are only suitable to
hold the compressed springs in position and are not capable of compressing the springs
due to the large stroke required. This must be performed by the main actuator, which,
therefore, must be designed to overcome the initial spring forces until the solenoid can
hold the spring by itself. A sectional view of the designed magnetic relief system is shown
in Figure 10.

The proposed design consists of a valve connector (1), a rod as a mechanical connection
to the spool (2), the spring (3), a housing (4), the relief cylinder (5), and the holding solenoid
(6). The relief cylinder (5) is assembled by two separate parts (5.1) and (5.2).



Actuators 2021, 10, 133 10 of 16Actuators 2021, 10, x FOR PEER REVIEW 10 of 16 
 

 

 
Figure 10. Sectional view of the magnetic relief system. 

The proposed design consists of a valve connector (1), a rod as a mechanical connec-
tion to the spool (2), the spring (3), a housing (4), the relief cylinder (5), and the holding 
solenoid (6). The relief cylinder (5) is assembled by two separate parts (5.1) and (5.2). 

The passive side (see Figure 5) of the actuator is used to explain the operating concept 
of the magnetic relief system since no feed-through of the main drive train needs to be 
included. The operation method of the active side is identical. The displayed configuration 
of the magnetic relief system in Figure 10 is the centered spool position. When the spool 
is deflected in the positive x-direction, a force is transmitted from the actuator through the 
spool and rod over the shoulder (A) into the relief cylinder (5). This force acts on the 
spring, which is compressed when the spool is further displaced. During this movement, 
the air gap between the component (5.2) and the magnet (6) becomes narrower until the 
magnetic force resulting from the active solenoid is greater than the opposing spring force. 
As long as the magnet is energized, a force counteracting the centering spring forces is 
applied, and the spring is held tensioned. The main actuator is now able to freely move 
the spool, requiring significantly lower forces to do so. 

If the magnet is de-energized during the reset process, the magnetic force decreases 
and the relief cylinder is centered. As a force can be transmitted by the shaft shoulder (A), 
the spool is also centered during this process. The advantage of this concept is a potential 
for higher performance since the spring forces do not need to be overcome at every de-
flection. 

Aiming to investigate the relief system, the reset process of the system without at-
tached valves was measured. A set up according to Figure 11 has been build up. 

The relief system was displaced manually while the magnet was energized, thus 
compressing the spring. As the solenoids are deactivated, the effective force on the spring 
drops and the reset process begins. The data logging started at the time when the solenoid 
was de-energized, measuring only the reset time. An additional sensor was placed in the 
power supply line measuring the current of the holding solenoid. The results of the dis-
placement signal and the current signal are shown in Figures 12 and 13. The measure-
ments have been replicated ten times, thus securing a statistical relevance. 

Figure 10. Sectional view of the magnetic relief system.

The passive side (see Figure 5) of the actuator is used to explain the operating concept
of the magnetic relief system since no feed-through of the main drive train needs to be
included. The operation method of the active side is identical. The displayed configuration
of the magnetic relief system in Figure 10 is the centered spool position. When the spool
is deflected in the positive x-direction, a force is transmitted from the actuator through
the spool and rod over the shoulder (A) into the relief cylinder (5). This force acts on the
spring, which is compressed when the spool is further displaced. During this movement,
the air gap between the component (5.2) and the magnet (6) becomes narrower until the
magnetic force resulting from the active solenoid is greater than the opposing spring force.
As long as the magnet is energized, a force counteracting the centering spring forces is
applied, and the spring is held tensioned. The main actuator is now able to freely move the
spool, requiring significantly lower forces to do so.

If the magnet is de-energized during the reset process, the magnetic force decreases
and the relief cylinder is centered. As a force can be transmitted by the shaft shoulder
(A), the spool is also centered during this process. The advantage of this concept is a
potential for higher performance since the spring forces do not need to be overcome at
every deflection.

Aiming to investigate the relief system, the reset process of the system without at-
tached valves was measured. A set up according to Figure 11 has been build up.
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The relief system was displaced manually while the magnet was energized, thus
compressing the spring. As the solenoids are deactivated, the effective force on the spring
drops and the reset process begins. The data logging started at the time when the solenoid
was de-energized, measuring only the reset time. An additional sensor was placed in
the power supply line measuring the current of the holding solenoid. The results of
the displacement signal and the current signal are shown in Figures 12 and 13. The
measurements have been replicated ten times, thus securing a statistical relevance.
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Figure 13. Measured current signals for all measurements.

With a stroke of approx. 13 mm, the relief system takes 55 ms to reach a displacement
of 0 mm. During the reset process, component (5) is accelerated by the spring force and
comes to an abrupt stop due to the shaft shoulder (B) as soon as it reaches the original
position. As the magnets are deactivated, the electrical current decreases. Due to the
inductivity of the solenoid, this does not happen immediately but requires about 20 ms
to reach a current of nearly 0 Ampere. The reset system stays motionless during this
time-lapse since the current needs to drop below a level in which the resulting force of the
holding solenoid is overcome by the spring force. As soon as the reset movement starts at
30 ms, a counter-induction takes place in the holding solenoid, which is why a current of
approx. 0.25 Ampere is measured during the movement. This current drops to 0 Ampere
while the initial position is reached at about 55 ms.

3.4.2. Hydraulic Relief System

In this solution, a relief system is designed to preload the spring by applying hydraulic
energy to an additional chamber. Since the spring forces can be completely ignored during
the motion, the forces, which are necessary for the main actuator, can be reduced. This
allows the application of smaller electromechanical actuators. A basic design of this relief
system is shown in Figure 14.
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Figure 14. A sectional view of the hydraulic relief system with marked areas (A–C).

Similar to the magnetic relief system, the hydraulic relief system is placed between the
main actuator and the valve. The centering springs are removed from the pilot chambers
and incorporated into the relief system. The design consists of a valve adapter (1), a shaft as
a mechanical connector (2), a centering spring (3), a housing (4), and a return cylinder (5),
which, together with the housing, forms the relief chamber (A). When the relief chamber is
pressurized, a force acts on the surface (B) of the cylinder, compressing the spring. This
causes the gap between the hard stop (C) and the valve spool to increase. Therefore, the
spool is now free to move and is no longer centered by the springs. The relief system needs
to be controlled by a hydraulic system, which is shown in Figure 15.
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Figure 15. The schematic layout of the hydraulic relief system.

The pressure supply of the circuit is not further defined, but since the relief system
can be activated independently from the valve, it can be diverted from the main system
during high-pressure phases or when the valve is closed. An additional hydraulic circuit
can therefore be avoided. The relief system is depicted as a spring-returned cylinder (3),
which acts on the valve (4) by means of a mechanical connection (5). The hydraulic relief is
controlled by two poppet valves. During the loading process, the first valve (1) needs to be
opened, while the second valve (2) must be closed. After the relief system is pressurized,
both valves must be closed. Regardless of what happens in the hydraulic circuit, the
pressure in the relief system will be kept constant. As valve (2) opens, the relief system is
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connected to the tank to depressurize the relief system. Therefore, the force acting against
the springs is reduced, causing the relief cylinder to accelerate in the closing direction. To
fulfill safety requirements, the configuration of the first valve should be normally closed and
of the second normally opened. Therewith, the relief system is automatically deactivated
in case of power failure, thereby centering the spool. In Figures 16 and 17, measurement
results of the displacement signal and the pressure inside the relief chamber are shown.
The same test rig of Figure 11 is used to carry out the measurements with a different relief
system instead. In total, 10 measurements have been conducted and displayed.
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Figure 17. Measured pressure signals in the relief system for all measurements.

As can be seen, the reset times of the system for displacements of about 13 mm is
around 700 ms. A reproducible behavior can be identified, with only small deviations
between the measurements, which is why most curves are congruent. During the reset
process, the pressure in the relief chamber decreases from around 5 bar to 1 bar. The
reaching of the end position can also be identified in the plot of the pressure in the relief
chamber. When the end position is reached at 700 ms, the slope of the pressure curve
changes drastically.

4. Discussion

The function structure is a vital design method for the design process of innovative
electromechanical valve actuation systems. While the investigation of acting forces is
indispensable, the function structure allows a far more complete view of the valve and its
actuation system during the conceptual design phase. Splitting the system into its generally
valid functions allows optimization not restricted to just the reduction of flow forces, which
has previously been an effective approach to reduce the necessary forces of valve actuation
systems (see references [15,20,26,29]).

The function structure proposed in this paper leads to solutions where the spring
forces are compensated, thus reducing the requirements on the main actuator. The two
investigated concepts of relief systems show great potential as extensions to new elec-
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tromechanical valve actuation systems. They are capable of notably reducing the force
requirements, which allows the application of smaller electromechanical actuators.

The magnetic relief system has considerably shorter reset times than the hydraulic
relief system but depends on the main actuator, which can initially overcome the counter-
acting spring forces. The magnetic relief system is, therefore, particularly advantageous in
use cases where the spring forces account for about half of all acting forces.

In the case of the hydraulic relief system, the spring forces are compensated by
hydraulic power, and therefore, no high force main actuator is necessary. Therefore,
the hydraulic relief system is particularly interesting where the spring forces make up
a significant part of the force to be overcome by the main actuator, which is unable to
compress them.

The performance of the reset systems can be modified by suitable changes, for example,
by installing a stiffer spring or implementing greater preload forces. In the case of the
hydraulic relief system, the time can also be reduced by optimizing the hydraulic system.
However, the effort to make it competitive with the magnetic relief is immense.

While it was possible to test the viability of the two concepts, their dynamic perfor-
mance decreases, due to higher inertial forces, if they are integrated into an actuation
system. Therefore, the electromechanical actuation system presented in this paper should
be extended by one relief system and optimized to a use case for further investigation
concerning the reset time and the actuator performance. Nevertheless, both actuation
systems show great potential since they can drastically reduce the actuation force and
therefore lead to an increased performance of the main actuators or allow the use of an
actuator of a smaller power class.

The concept of the proposed spring relief systems has been derived by the application
of the design methodology of function structure, and, even if it may be further extended,
the presented function structure already contains some significant correlations that can help
during the development of conceptual designs for valve actuation systems. During their
design process, the critical design features identified at a prototype of an electromechanical
actuation system should be considered, and an investigation of the acting forces as well as
the dynamic behavior is inevitable.

5. Conclusions

In the presented paper, the design process of new electromechanical valve actuation
systems for large-sized directional control valves are presented. Since the design of the
actuator according to the necessary forces and strokes depends on the considered ap-
plication, each actuator should be tailor-made to the corresponding system. Therefore,
the presented paper is intended to provide a general basis for the design of novel valve
actuators and focuses on the phase of conceptual design, as well as the identification of
basic design features of electromechanical actuators, rather than on the dimensioning of
the electromechanical transducer.

The influence of the special design features identified at a conceptual design could
be investigated through measurements. While designing externally mounted electrome-
chanical valve actuators, not only the forces acting on the spool need to be considered
while dimensioning the electromechanical transducer, but also effects in the pilot chambers
must be taken into account. Since additional sealings are necessary, both pilot chambers
are to be short-circuited and relieved against the tank in order to decrease the load on the
actuator due to the sealing friction forces. Since the volume inside the pilot chambers is
expanded and compressed during the movement, short-circuiting is necessary to keep the
total volume constant. Therefore, no compensation volume is required.

The basic function structure derived in this paper is used to develop further conceptual
designs by extending the function structure by further generally valid functions. By adding
an additional force, which is used to pre-compress and maintain compression on the springs
respectively, two conceptual designs reducing the necessary force of the main actuator
have been derived. The functionality of these concepts has been proved by measurements
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on designed prototypes. Whereas the magnetic relief system achieves reset times of around
55 ms and is advantageous for use cases, where spring forces account for about half of the
required forces, the prototype of the hydraulic relief system has larger reset times and is
suited for use cases where the spring forces are the dominant force.

As the proof of concepts is provided, the present research results regarding the con-
ceptual design can be used to develop novel electromechanical actuators for special appli-
cations. However, the actuator must be precisely designed to meet the requirements. This
must be conducted taking into account the individual valve application and involving a
very precise investigation of the requirements by the designer. Nevertheless, the derived
function structure can serve as a basis for the further development of innovative valve
actuation systems or be extended to develop even more innovative actuation systems.
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