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Abstract

Extensive actuation forces and strokes are required for the actuation of large sized
valves normally implemented in high power hydraulic systems. A hydraulic piloted
operation is, as for now, the most suitable solution and the state of the art. However,
recent research has shown that the application of new electromechanical valve
actuation systems is possible in various cases. In this contribution a novel
electromechanical valve actuation system for large sized 4/3-way directional control
valves in a displacement controlled system is presented. The new actuation system is
characterized by a hydraulic relief of the centering springs. Therefore, the springs are
only active in safety-critical conditions, as in a power outage. Since the actuator is not
working against the spring force during every displacement, the necessary actuation
force is reduced drastically, so that common electromechanical actuators can be used.
In case of a power outage, the spring relief is deactivated causing the stored energy to
center the spool in neutral position. The performance of the novel actuation system is
examined based on measurements, which are conducted on a manufactured
demonstrator for valves of nominal size 25 with a flow rate of up to 600 1/min.

Keywords: Electromechanical actuation system, Large sized valves, Valve actuation
system, Pilot operation, Flow controlled system

1 Introduction

Directional control valves are used to open or close flow paths of hydraulic systems [1-3]. Valves can be
distinguished in their design (spool or seat valve), their adjustment (switching or proportional) and their actuation
system [2]. To ensure the interchangeability of different valves the International Organization for Standardization
has defined the dimensions and other specifics for mounting surfaces of four-port hydraulic directional control
valves in the ISO 4401 [4]. This standard specifies six different nominal sizes with corresponding mounting
surfaces which are distinguished by the position of the port holes and their maximum diameter. For industrial
valves it is common practice that valves are classified by their respective nominal size.

The mounting surface for valves of nominal sizes 4, 6, 10, 16, 25 and 32 correspond to the six surfaces defined in
ISO 4401. Valves of large nominal sizes possess higher possible port diameters and therefore allow for higher
flow rates to develop. This correlation can be seen in Figure 1. The maximum possible flow rate of a specific valve
series is displayed over the corresponding nominal size. Since the cross-section increases quadratically with the
increment of the port’s inner diameter there is, under assumption of a constant maximum flow velocity, an
approximately quadratic progression between the nominal size and the maximum flow rate.
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Figure 1: Maximum flow rate of a specific valve series over their nominal size. Data from [5]

Spool valves with a maximum flow rate larger than 80 1/min, which in practice are usually valves of nominal size
16 and larger, are normally actuated by a hydraulic pilot valve [1]. The performance of the whole actuation system
depends on the pilot valve’s hydraulic supply. Therefore, special attention must be paid to its design when using
pilot operated valves. The pilot circuit can be supplied internally or externally by a separate hydraulic circuit. An
external supply is essential for a faultless operation if pressure in the main line is able to drop below a critical
value. In the literature, reference is made of a necessary minimum pressure of around 4 to 5 bar [1, 6]. The simplest
external pilot supply consists of a fixed displacement pump supplying the pilot valve with a constant flow rate.
Even if an improvement in efficiency through more complex pilot circuits is possible a trade-off between efficiency
and expense must be made. Another way to potentially increase the efficiency is the application of
electromechanical actuators, which represent a cost-effective alternative to hydraulic pilot systems. However, the
necessary forces and large strokes which are required for larger valves to operate are challenging for common
electromechanical actuators, like solenoids. During the movement of the spool, the actuator has to overcome
various counter forces, as shown in Figure 2.
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Figure 2: Applied forces on the spool according to. [7-11]

In the case of large valves, the most relevant forces acting during actuation are the flow and the spring forces. For
valves with nominal size 25, previous research has shown that flow forces can reach values up to 800 N. Under
operation in a flow-controlled system, a directional control valve faces considerably lower flow forces, when the
flow rate of the system is reduced before the valve is switched. The observed reduction in flow forces results from
a limited differential pressure and flow speed during valve switching. Due to the reduction of the occurring forces
it is precisely in these systems that the implementation of electromechanical actuators is feasible and therefore an
external pilot circuit would no longer be required.

The spring force represents the largest forces besides the flow forces. In 4/3-way directional control valves their
function is to center the valve in the middle position anytime. Actuation systems that are capable of actively assume
the center position could, in principle, leave out the spring centering. However, the springs fulfil a safety function,
and are therefore necessary in the event of a power outage.

Aiming to reduce the necessary forces and therefore make the application of common electromechanical actuators
possible an electromechanical actuation system is investigated in the following. It consists out of common
solenoids and a hydraulic spring relief system, which is used to compress the springs during normal operations.
Since the spring forces only act in case of failure, the driving electromechanical actuators only need to overcome
friction and inertia related forces. In the case of a power outage, the spring relief system is deactivated, causing
the springs to center the spool and fulfil the safety requirements.
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2 Design of novel hydraulically relieved electromechanical direct actuation system for
large scale switching valves

2.1 Principal design

Large forces can be easily applied with hydraulic linear actuators [3, 6, 12, 13]. Therefore, the pilot operation is
suitable for the actuation of linear movement tasks with high forces over large strokes as in the actuation of large
sized valves. In contrast to this, the functional structure of a common electromechanical valve actuation system of
direct operated valves is depicted in Figure 3. Used are the symbols of elementary functions according to Table 1.

Table 1: Symbols of elementary functions in accordance with
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Figure 3: Functional structure of a common electromechanical valve actuation in accordance with [14]

The actuation system consists of a switch a) and an electromechanical transformator b), which converts the electric
energy Eecieerric into mechanical energy. Subtracting the losses Ejoses due to friction and other resistance forces, the
remaining energy is transmitted to the spool and transformed into kinetic energy resulting in an acceleration of the
spool. During the movement, a large part of the applied energy is stored in the springs (Espring), Which work as
accumulator for mechanical energy c). This energy is always applied on the spool and the spring force tends to
accelerate it in closing direction. Therefore, two mechanical energy paths are leaving the system. If the actuator is
deactivated, the stored spring energy will cause the spool to center in middle position. In order to keep the spool
deflected, the actuator must thus always apply a greater force to counteract the spring force. The functional
structure is extended by a second branch representing the spring relief system as shown in Figure 4. If the spring
is loaded by another actuator, the electromechanical transformator b) only needs to bring up the energy Eiosses to
overcome the friction and resistance losses and Eqcceleration t0 accelerate the spool in a sufficient time. This allows
not only the downscaling of usable electromechanical actuators, but also the use of previously unsuitable
electromechanical transformators.
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Figure 4: Functional structure of a spring relieved actuation system
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The spring relief system, which is depicted in the lower branch of the functional structure, consist of two
switches e), an energy transformator d) and the spring c). The switches e) serves to control the charging and
discharging of the spring c). The spring c¢) can be charged with an alternative energy supply since the acceleration
of the spool and the compression of the spring no longer happen simultaneously.

This concept of divided energy supply was realized in form of a hydraulically relieved electromechanical actuation
system, which is sketched in Figure 5 and Figure 6. The actuation system is designed for a 4/3-way directional
control valve of nominal size 25, which is implemented in a flow-controlled system. The design is able to apply
higher forces than initially required, in order not to be completely limited to the application described in the

introduction. Therefore, the actuator can also switch the valve under certain load.
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Figure 5: Technical sketch of the novel electromechanical actuation system. Spring relief not active.

The actuation system can be divided into three essential components. The component A represents a solenoid,
which translates the electrical into mechanical energy. The hydraulic spring relief system B is located next to the
solenoid. It is attached on both sides of the valve’s housing C. To realize an active centering of the spool in neutral
position a third solenoid is required, which is not sketched in. The hydraulic spring relief system depicts a spring
returned cylinder in B, which centers the spool in case of a power failure. If the pressure chamber is pressurized,
the cylinder will compress the spring until reaching the hard stop of the housing. Since the spool and the relief
cylinder do not have a mechanically fixed connection, a gap is created between these two components. The spool
is floating. This relieved state is shown in Figure 6.
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Figure 6: Technical sketch of the novel electromechanical actuation system in hydraulic relieved state

A rod, which connects the solenoid to the spool, is guided through the relief cylinder to transmit the force
mechanically. In case of a power failure, the pressure chambers are relieved against the tank causing the spring to
displace the relief cylinder. Thereby the spool also is centered in the middle position.

2.2 CAD of novel hydraulically relieved electromechanical direct actuation system for large scale
switching valves

This new concept for a hydraulically relieved electromechanical direct valve actuation system was designed as a
CAD model and was subsequently manufactured. The 3-D Modell is shown in Figure 7. To place the focus on the
central aspect of the actuation system, namely the hydraulic relief system, the solenoids are not depicted. A
hydraulic spring relief system is attached on each side of the 4/3-way directional valve.
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Figure 7: 3D-CAD model of the hydraulically relieved actuation system

The assembly consists of a valve housing (1), a spool (2) an adapter plate (3), which short circuits the pilot
chambers to each other with an additional drain line to the tank, and two spring relief systems (4). This assembly
is shown in detail in Figure 8. The hydraulic relief chamber (4.1) is formed by the housing (4.2), the relief cylinder
(4.3), the spring (4.4) and the force cylinder rod (4.5). The connection port (4.6) represents the system’s connection
to the hydraulic system which will be explained in chapter 2.3. .6)

“42) A @
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Figure 8: CAD model of the pressure relief system

Pressure builds up and acts on the area A of the relief cylinder (4.3) during the pressurization of the relief chamber
(4.1). If the resulting force is larger than the preload force of the spring (4.4), the relief cylinder will be deflected
and the spring will compress. The spool is not centered by the relief cylinder and can be moved freely. If the relief
chamber is depressurized, the energy stored in the spring (4.4) will accelerate the relief cylinder (4.3) in closing
direction. The stored energy must be sufficient to overcome all resistance forces, like friction or system inherent
hydraulic resistance forces and accelerate the relief cylinder (4.3) fast enough to center the spool in sufficient time
[9, 10].

During the reset of the process, fluid is displaced through the connection port (4.6) out of the relief chamber (4.1)
and drained into the tank. As a result, a pressure difference between the chamber and the tank builds up, which
poses a not negligible resistance force. Furthermore, the pressure in the pilot chamber (4.7) is also applied on the
surface B, which leads to a further resistance force.

2.3 System design

The control of the relief system can be realized by two seat valves (1 & 2) arranged in a hydraulic circuit as
presented in Figure 9. The control by two seats valves enables the charging and discharging of the relief system as
well as the decoupling of the relief circuit from the main circuit. The novel direct electromechanical actuation
system is drawn with standardized symbols for hydraulics in accordance with ISO 1219 [15]. The spring relief
system can be interpreted as a spring returned cylinder (3), which is mechanically connected through a rod (4) to
the spool of the valve. The designed actuation system is driven by three solenoids (5.1-5.3) which are drawn on
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the bottom line of the valve. The solenoid on the left side can switch the spool to position A, the lower solenoid
on the right side to position B and the solenoid above that (5.2) to neutral position.
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Figure 9 Hydraulic circuit to control the relief system

The solenoids on the right side are arranged with an offset to each other, so that only when (5.2) is energized the
spool takes in the centered position. To fulfil a proper safety function, the loading valve (1) needs to be normally
closed while the unloading valve (2) needs to be normally opened. To activate the relief system the loading (1)
and the unloading valve (2) are energized simultaneously. After the system is initialized the spool is floating and
the load valve (1) must be deenergized, so that the relief system is separated from the remaining hydraulic system
and only leakage will lead to a pressure change. First measurements have been carried out to demonstrate that the
pressure in the relief system does not drop rapidly while active. After the system was fully loaded a ball valve,
located between the pump and the loading valve, was closed manually at a time of around 60 seconds. Sequentially
the pressure in front of the load valve dropped down to 1 bar. In contrast, the pressure in the relief system could
be maintained to nearly the same value for at least two minutes. Exemplary measurement results are displayed
over time in Figure 10.
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Figure 10: Measurements of the time dependent pressure drop in the designed accumulator

In case of an electrical power outage, the centered position cannot be attained actively by solenoid (5.2) anymore.
The spool will remain in the deflected position requiring the relief system to be deactivated. Due to the operation
modes (NC/NO) of the selected loading and unloading valve, this will occur automatically as long as the actuators
and the relief system are energized by the same power source. In this case, both the loading and unloading valves
will deenergize at the same time, causing the relief chamber to depressurize and therefore the springs to
decompress. The spool is thereby accelerated to the neutral position, allowing the valve to take in its safe state.

When operating in industrial applications, the operation of the relief system must be adapted to the actual system.
The simplest possible system design is shown in Figure 11. In this layout, the relief system is supplied by a separate
pump. This system design still requires a pilot circuit and therefore possess no significant advantage against
common pilot operated systems. If put in contrast to a hydraulic pilot control, the energy required to accelerate the
spool and to compress the springs is no longer provided simultaneously. The compression of the springs can be
realized before the switching process. Thereby the relief system can be supplied by the main pump without the
possible eventuality that the pressure could drop below a critical value. The relief system can be integrated in the
main circuit, as shown in Figure 12.
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Figure 12: Hydraulic circuit for a new
hydraulically relieved actuation system with
integrated supply of the relief chamber

The relief system only can be loaded when pressure in front of the main valve is above a sufficient level. Once the
main valve is closed, the delivered flow is relieved by the pressure relief valve directly to the tank. The pressure
in the main line then is defined by the systems main pressure relief valve, so that maximum system pressure can
be guaranteed. This way the relief system can be loaded by a short swing movement of the main pump. If necessary,
a pressure reducing valve and a second pressure relief valve can be incorporated to prevent impermissibly high
pressures in the relief system.

3 Experimental results

A test rig, according to Figure 13, was built at the ifas lab for experimentally testing of the hydraulically relieved
electromechanical direct valve actuation system. The main circuit consists of a servo valve (SV), an adjustable
pump (P1), a pressure relief valve (PRV) and a directional control valve of nominal size 25 (V), at which the new
actuation system has been attached. Additionally, six pressure sensors (pi-ps), two temperature sensors (T and T>)
and a flow rate sensor (Q) has been incorporated into the main circuit. Two displacement sensors record the
position of the force cylinder rods (4.5 in Figure 8), whereas five current sensors measure the currents of the three
solenoids, as well as the loading and unloading valves. Two additional pressure sensors (p7 and pg) have been
installed in the relief system circuit. For security reasons and since no burst test could be conducted previously,
the power supply of the relief system was realized by an external hydraulic circuit, as shown in Figure 11. After
the initial loading of the pressure relief system, its power supply was cut off by a manually operated ball valve.
This step was made since beforehand demonstrations showed a reliable holding of pressure over a long period of
time in the hydraulic relief system.
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Figure 13: Hydraulic test rig
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Beside the switching and the reset process also the static behavior of the actuation system during high flow phases
is interesting, since high flow rates can lead to high flow forces [16—18]. Aiming to investigate these relevant states
of operation two test cycles which can be seen in Figure 14 and Figure 15 have been defined. At the left y-axis the
stroke of the actuator is displayed, which corresponds to the relative position of the actuator and its origin state.
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Figure 14: Switching process Figure 15: Reset process

In Figure 14 the test cycle for the investigation of the switching process and the static behavior is depicted. At the
beginning of the test cycle the actuation system opens the valve abruptly. Since the servo valve is closed the
actuation system always will switch the valve without applied pressure. After a defined time the servo valve is
also opened and a flow rate can pass through the system. As the servo valve is opened rapidly a flow rate peak will
occur. This will lead to high static and dynamic flow forces. As can be seen in Figure 14 the actuation system can
hold the valve completely open even for flow rates up to 600 I/min. To analyze the reset behavior of the actuation
system while different flow rates were passing the valve the second test cycle according to Figure 15 was defined.
At the beginning the valve is fully opened, by a defined time the solenoids and the relief system are turned off
(t=0s).

3.1 Switching process

Switching times of common pilot operated valves are between 40 ms and 250 ms according to datasheets [19, 20].
An aimed switching time of 100 ms was defined for the novel electromechanical valve actuation system to be
comparable to common pilot operated valves of nominal size 25. Multiple measurement series with different flow
rates were conducted. During a measurement series the test cycle, explained before, was repeated 10 times. The
measured stroke and current signal for the measurement series of 0 1/min (Figure 16 and Figure 18) and 600 1/min
(Figure 17 and Figure 19) are displayed in the following graphs. The different measurements are shown in different
colors.
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with 0 l/min. with 600 l/min.

The switching time of the actuation system during the measurement series with 0 I/min is around 130 ms as shown
in Figure 15. During the movement the solenoid consumes a current of around 0.85 A. Reaching the end stop the
current drops down to 0.75 A due to counter induction. Afterwards the current increased to 2 A. Since the valve
switches while the servo valve is in closed position, there is no flow rate passing through the testing valve during
the switching process. Therefore, the testing valve should switch under the same conditions, regardless of the flow
rate which passes the valve when it is opened. As can be seen in the measurement results, the stroke curves as well
as the current curves differ from each other. In the measurement cycle with 600 1/min the switching times increased
up to nearly 200 ms. Thereby the solenoid consumes a current of around 1 A and there is no decrease in the current
signal like in the measurements with zero flow. Due to these differences there must be an effect of the high flow
rate phase on the system’s conditions during the switching process.

As a pressure is build up at the T port of the valve, a leakage flow over the sealing gap from the tank port to the
pilot chamber develops. Therefore also the pressure in the pilot chambers increases. During the measurement cycle
with 600 I/min a pressure between 1.5 and 2 bar was measured in the pilot chambers, which could explain the
decreased performance by higher sealing friction forces compared to the measurement cycle with zero flow.
Whereby the pressure in the pilot chambers was around 0 bar.

3.2 Reset process

Analyzing the reset times, the solenoids and the loading and unloading valve were deenergized while a flow rate
was passing the valve. Again, multiple measurement series were conducted. Each series consists of
10 measurements evaluating the reset times during a given flow rate. The results of the stroke signal are displayed
in Figure 20 and Figure 21. The measured pressures at the P and T port (p2 and p4) are displayed in Figure 22 and
Figure 23.
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As can be seen in Figure 20, the reset time of the relief cylinder and therefore also the cylinder rod during a flow
rate of 50 I/min is approximately 750 ms. Due to flow forces acting in closing direction and since there is no
mechanical connection between the cylinder rod or the relief cylinder and the spool, the spool can move faster
than the relief system. When closing the valve, the opening cross section is reduced, resulting in an increased
pressure drop over the valve. Therefore, also the measurement results of the pressure signals p; and p4 are displayed
above. The safety-critical moment can be determined from the tank-sided pressure ps, at which the valve is
completely closed with no pressure downstream of the valve. For both flow rates this point is reached after
approximately 300 ms. Considering the positive overlap of the metering edges of 5 mm, pressure p4 should drop
to 0 bar at a stroke of approximately 5 mm. As flow forces are acting in closing direction they support the centering
process of the spool and since they increase with small strokes it is likely that the valve spool tends to move faster
than the relief cylinder. This can be especially observed in the measurement results of 600 I/min, since the pressure
drops to zero bar before the stroke signal reaches a position of 5 mm.

Nevertheless, the relief system is still necessary. Without the relief system, the reset time would only depend on
the flow forces. This would represent an issue, especially during phases with low flow rates and, since the deflected
valve is nearly balanced in respect to the flow forces, also for large strokes. Friction forces may be larger than the
flow forces and the spool would stay deflected. As can be seen in Figure 20 and Figure 22 the pressure ps4 drops
down to O bar nearly by the same time as reaching a 5 mm stroke. In this case, the relief system is primarily
responsible for the centering of the spool and therefore the relief system is necessary during low flow rates. And
as can been seen in the measurement cycle with a flow rate of 600 I/min (Figure 21 and Figure 23 the closing
process is initiated by the relief system and then self-amplifying by the increased flow forces. During the initial
200 ms, both pressures and stroke maintain their initial values. It is only after that time frame that the relief
cylinder's stroke begins to decrease and shortly after the tank-sided pressure also drops. Therefore, it can be
concluded that the closing movement is driven by the relief system.

3.3 Switching under load

Unlike previous measurements, the servo valve was opened before the test valve, which was thereby pressurized
during the switching process. Therefore, the actuation system needed to overcome additional flow forces. The test
cycle according to Figure 24 was repeated 10 times. The results of the flow rate (Figure 25), the stroke (Figure
26), the pressures (Figure 27) and the current of the active solenoid (Figure 28) over time are displayed below.
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Figure 24: Measurement cycle for switching under pressure
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The system was supplied with a flow rate of 100 I/min and a pressure of 100 bar. The valve was operated in a
constant pressure system, during which a flow rate peak of 250 1/min occurred. The thereby resulting flow force
tends to close the spool. Compared to the stroke signal with no flow rate, a large plateau in Figure 26 can be
identified between 0.1 and 0.25 s. During this phase, the force applied by the actuator is in an equilibrium with the
flow force. The spool remains in the corresponding position until the flow rate decreases, so the actuation system
can overcome the flow force. The gap of the metering edge has only a small opening, as can be seen in the stroke
signal (considering the 5 mm positive overlap). At this point of operation, the flow rate is determined by the
pressure drop over the valve. Since the occurring flow rate (up to 250 1/min) is larger than the adjusted flow rate
of 100 I/min, the pressure before the valve starts dropping (Figure 27) during this operation. As the spool starts
moving again, the pressure difference over the valve is reduced to a comparatively low value. Also, the current
signal is significantly increased during the time range of 0.1 to 0.25 s. During this phase, power consumption
compared to the previous measurements is increased and therefore higher forces are applied by the actuator. It can
be assumed that the solenoid is applying maximum nominal force as the current nearly reaches the nominal value
of approximately 2 A. The short-time reduced current demand at 0.28 s is due to the velocity-dependent counter-
induction, which occurs when the solenoid armatures reaches its end position.

4 Discussion

The designed concept, which uses solenoid actuators, is able to realize strokes of around 11 mm with switching
times of between 130 ms and 200 ms. It is therefore competitive with conventional pilot operated valves which
achieve switching time between 40 ms and 250 ms. Nevertheless, the designed concept needs further improvement,
since occurring internal leakage may affects the actuator’s performance.

With regard to the reset times, the actuation system is not comparable with common valves, as these achieve
considerably shorter reset times. Geometrical optimizations and adapted springs need to be implemented in order
to improve the reset time. Even if the designed actuation system reaches reset time of 750 ms, they still can be
reduced. It is noticeable that the flow supported spool is even faster at returning to the middle position than the
relief system in test cycles with high flow rates. Nevertheless, hence a flow supported centering of the spool cannot
be guaranteed, it is necessary to actively initiate the self-amplifying reset process, especially if low flow rates are
passing the valve.

Although the concept has been adapted to an operation in a flow-controlled system where the pump is completely
swung back during the switching process, existing systems may be few. Therefore, the switching process also was
investigated while the valve was pressurized. The actuation system was used to switch the spool while a flow rate
of 100 I/min was applied with a maximum pressure of 100 bar. In this case, switching times of approximately
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250 ms were achieved. A time interval, during which the stroke signal was indifferent, suggests no movement of
the spool. During that period of time, the acting flow forces in closing direction are in balance with the actuator
force. Flow forces at this stage are high, due to the initially occurring flow rate peak. As the pressure before the
valve decreases and the flow rate stabilizes, the flow forces decrease subsequently allowing the actuator force to
accelerate the spool until reaching its full stroke. The application of the actuation system therefore is not limited
to flow controlled systems. However, it should be considered that the switching performance and whether the
actuation system can switch the valve is dependent on the hydraulic system and the operation condition.

As in measurements up to now the relief system was supplied by a separate hydraulic circuit the integration into a
large hydraulic circuit as depicted in Figure 12 should be analyzed in further research.

5 Conclusion

As experiments on the concept show, the designed novel hydraulically relieved electromechanical direct actuation
system for large scale switching valves is feasible. Switching times of around 200 ms and reset times of around
750 ms are achievable. The application of such a concept is particularly useful for systems, in which the main line
pressure can drop below a critical value of 4 bar and therefore, an internal supply of the pilot valve is not possible.
However, the hydraulic spring relief system needs to be controlled, therefore the integration into the main hydraulic
system must be realized, exemplarily shown in Figure 12. Compared to common pilot operation systems, the
dependency between the energy provision to overcome the spring forces and to accelerate the spool is resolved.
Thus, the main pump can be used to compress the centering springs by supplying the relief system independently
from the valve’s switching process. Since the requirements for the actuation forces to shift the spool have been
drastically reduced by the relief system, alternative applications of electromechanical actuators are possible.

The concept of a hydraulic spring relief system, which is embedded into an electromechanical valve actuation
system, opens up new prospects for actuator implementations. Nevertheless, the design must be matched to the
respective system operation profile. If the application in a constant pressure system is planned, the force of the
electromechanical tranformator needs to be adapted to the occurring flow forces.
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