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Abstract.  
Recent advancements in electric drive technology are enabling new applications in 
hydraulics, particularly in valve actuation. New electric actuators based on stepper or BLDC 
motors offer higher forces and virtually unlimited stroke lengths, making them viable 
alternatives to conventional solenoids, especially for large hydraulic valves that have 
traditionally required hydraulic pilot systems. These actuators have already been 
successfully utilized in mobile machinery, where they enable the direct actuation of large 
valves, resulting in a simplified system architecture and improved efficiency. However, in 
stationary hydraulics, direct electromechanical actuation nowadays is limited to valves of 
NS10 due to the high forces required. Whereby the flow and spring forces constitute the 
most significant share of the total actuation force. This work investigates strategies for 
reducing flow forces to enable direct actuation of NS16 proportional valves with the 
actuators mentioned before, based on electric motors. Based on theoretical analysis, design 
modifications on the spool and housing/sleeve for flow force reduction are identified and 
evaluated using CFD simulations and measurements. The resulting optimized valve design 
significantly reduces actuation force requirements, providing a feasible pathway for direct 
electromechanical actuation of larger industrial valves and eliminating the need for pilot 
stages. 

Keywords. Pilot Controlled Valves, Direct Valve Actuation, Flow Force Reduction, 
Experimental, CFD-Simulation  

1. INTRODUCTION 
The use of stepper motors for controlling hydraulic valves in mobile machinery has been 
explored since the 1990s. Started when the hydraulic pilot control of a tractor’s lift valve 
was replaced by an electromechanical actuator based on a stepper motor back in 1995 [1]. 
Followed by the direct actuation of the front loader valve in 2000 [2]. One of the key 
motivations for this research was the potential to simplify the overall system by eliminating 
the separate pilot-control circuit that had been necessary up to that point [2]. Additionally, 
other significant advantages of stepper motor-based valve actuators were emphasized, 
including their high rigidity and force capabilities, as well as their ability to achieve stable 
and precise positioning [1].  
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While the application of stepper motors was reported only sporadically in the 1990s and 
subsequent years, there has been a notable increase in activity over the last ten years 
regarding stepper motor-based electromechanical valve actuators. These developments have 
primarily been driven by the company SONCEBOZ, which has been publishing articles on the 
subject since 2014, presenting the latest research findings on their S42 and S40 actuators. 
That this research addresses market demands is evident, as Sonceboz is not the only 
company active in this field. For example, there was another actuator based on an electric 
motor presented by THOMAS MAGNETE at the 9th IFK. Both actuators the S40 by SONCEBOZ 
and the EMA by THOMAS MAGNETE are shown in Figure 1. [3]–[8] 

  
Figure 1: S40 Actuator by Sonceboz [4], [9] and EMA-Actuator by Thomas Magnete [8] 

Although the discussion about motor-based valve actuators is primarily led by individual 
companies that are active in the field of electromechanical actuation, while focusing their 
research on their specific actuators to enhance performance and extend their limits further, 
there has also been a growing momentum in university research in recent years. In contrast 
to the aforementioned company-led research, university studies focus on decreasing the 
necessary actuation forces [10]–[17] or fundamental analyses of pilot-controlled valves 
aiming to optimize their performance [18]–[20].  

Overall, it is evident that direct control of large valves has been increasingly discussed in 
research and application for about a decade, and the first market-ready actuators are now 
available [4]–[6]. Compared to solenoid magnets, they are characterized by higher forces 
and a significantly longer stroke. Performance data of these actuators can be looked up at 
the individual homepages or in [8]. However, current in-field applications are mostly limited 
to the field of mobile machinery, where they have already been introduced in some product 
series on the market to directly control valves with flow rates of up to 100 l/min, see e.g. the 
LCV from Bucher Hydraulics [5]. In this case the actuators are used in combination with a 
pressure balance valve, which means that the differential pressure across the valve is always 
constant, limiting the maximum flow rate to the nominal flow rate chosen during the design 
process.  

Even though the disadvantages of hydraulic pilot control, such as the sensitivity of the 
position regulation quality of pilot-operated valves to pressure fluctuations, contamination, 
and low temperatures, are particularly significant in the field of mobile machinery, it seems 
obvious to use these actuators also in industrial hydraulics to push the limits of direct pilot 
control above NS10. In contrast to applications with pressure balancing valves commonly 
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used in the field of mobile machinery, the flow rates in industrial valves can be much greater 
than the nominal flow rate, as a pressure balancing valve does not control the pressure 
difference over the valve. While valves of NS10 in the standard market range have a 
minimum nominal flow rate of around 30 l/min and a maximum flow rate of 75 l/min (see 
Figure 2), the flow rate increases to around 100 l/min and 460 l/min, respectively, for the 
next larger NS16 valves (see Figure 3). Consequently, the flow rates controlled by NS10 
valves are smaller compared to those already achieved in known mobile applications. For 
NS16 valves, on the other hand, although the nominal flow rates remain comparable, the 
maximum flow rate can exceed 100 l/min by four times.  

  
Figure 2: Nominal flow rate of proportional 

valves of different nominal sizes and 
manufacturers  

Figure 3: Maximum flow rate of 
proportional valves of different nominal 

sizes and manufacturers  

In most cases, an increase in flow rate and valve size results in higher stroke and actuating 
force, unless the valve design has been specifically optimized to counteract these effects. 
For valves NS16, this typically results in forces and strokes that exceed the capabilities of 
conventional solenoids, which is why they are generally pilot-operated. Together with its 
industrial partner KMS Stoßdämpfer GmbH, ifas is currently working to demonstrate that 
the availability of previously presented actuators based on stepper or BLDC motors has 
opened up further potential for the direct control of larger valves in the field of industrial 
hydraulics. This is the first step towards shifting the application limit for direct control from 
NS10 to NS16 and making corresponding valves available on the market, thereby unlocking 
the associated potential for system optimization and performance enhancement.  

This contribution not only aims to develop the initial step towards a directly controlled NS16 
industrial valve but also employs systematic analysis to demonstrate how flow forces on 
spool valves can be reduced through appropriate geometric optimization. These findings can 
be applied to other valves from various manufacturers and in different sizes, facilitating a 
general evaluation of the feasibility of direct electromechanical control for larger valves 
using actuators based on stepper or BLDC motors.  

2. NEW DIRECT DRIVEN PROPORTIONAL VALVE NS16 
A central aspect of the project was the development of an optimized NS16 hydraulic main 
stage, characterized by low operating forces. To this end, the first step was to develop a 
functional hydraulic main stage with a nominal flow rate of 125 l/min and a maximum flow 
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rate of 400 l/min achieved at a pressure difference of max 70 bar over the metering notch. 
To keep the radial flow forces as low as possible and at the same time enable easy adjustment 
of the internal geometry, the valve was designed as a sleeve valve. This allows systematic 
investigation of different geometries for the spool and sleeve to demonstrate the potential 
for reducing flow forces. A cross-sectional view of the prototype is shown in Figure 4. 

 
Figure 4: CAD of the developed direct driven main stage  

2.1. Force Requirements  

Since the valve cannot be actuated if the generable forces are insufficient, achieving an 
appropriate actuating force is a fundamental requirement for the implementation of direct 
electromechanical actuation. To determine the necessary actuating force, all forces acting 
on the spool must be analyzed. Figure 5 shows a corresponding spool with all the forces 
acting on it. These are usually the spring forces FC, friction forces FR, flow forces FFlow, and 
the actuating force FAct. 

 
Figure 5: Forces acting on the slide of a globe valve according to [21]–[23] 

Within the illustration, the spool is assumed to be deflected in the positive x-direction, with 
positive velocity and acceleration. Friction (FR), inertial forces (Fa) and spring forces (FC) 
therefore act in the negative x-direction, and the actuating force (FAct) exceeds the sum of 
all these opposing forces. Since this is a standard design without any flow force 
compensation geometries, it can be assumed that the flow forces (FFlow) act in the closing 
direction and thus in the negative x-direction. In this case, the force balance on the spool can 
be formulated according to Equation 2.1. 

F𝐴𝐴𝐴𝐴𝐴𝐴 = Fa + FC + FR + FFlow (2.1) 

To keep the required force as low as possible, all opposing forces must be minimized. 
However, each one can only be reduced to a limited extent due to their causes or functions. 
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2.2. Inertia Forces 

Since inertial forces are defined by mass m and acceleration 𝑥̈𝑥 for a given acceleration 
profile, they can only be reduced by decreasing the mass. However, this is only possible to 
a limited extent, as both the shape and material of the spool cannot be chosen arbitrarily. For 
the valve considered in this contribution, the inertia force was estimated assuming that the 
spool must travel the full stroke of 7.5 mm within 50 ms, accelerating until the midpoint of 
the stroke followed by a subsequent constant deceleration. With a mass of 300 g this leads 
to an inertia force of 18 N. 

2.3. Frictional Forces 

In the context of pilot-operated valves, friction forces typically refer to those forces acting 
between the spool and the housing or sleeve. According to common models, these forces 
consist of a Newtonian and a Coulombian component. They always oppose the direction of 
movement and thus have a damping effect on the valve spool motion. The choice of material, 
the fit between the spool and the sleeve, and the radial flow forces influences friction. A 
careful trade-off must be made in terms of this fit. It must be tight enough to prevent 
excessive leakage but not so tight that frictional forces become too large.  

2.4. Flow Forces 

Flow forces are generally defined as the sum of the forces caused by the flow of fluid. These 
are usually forces resulting from uneven pressure distribution, viscous friction forces, and 
inertia and acceleration forces of the fluid [24], [25]. The law of conservation of momentum 
is usually used to derive a usable equation. Thereby, a control volume defined in the flow 
area between the spool, and the housing is used to calculate the flow force, see Figure 6. At 
the selected control volume, the flow Q enters the control volume at the P port at a velocity 
𝑣𝑣 ⃗⃗ 1 at an angle of ε1 and leaves the system at a velocity 𝑣𝑣 ⃗⃗ 2 at an angle of ε2 at port A. 

 
Figure 6: Derivation FFlow using the law of conservation of momentum [22], [26]–[29] 

Using Reynolds' transport theorem, the equation for the flow forces can be written according 
to Equation 2.2. 

∑F⃗ =  d
dt (∫ (ρ ∙ v⃗ )dV

 

CV
) + ∫ ρ ∙ v⃗ (v⃗  ∙  n⃗ )dA

 

CS
 (2.2) 

The flow forces are derived analytically from the temporal derivative of the integral of 
density ρ and the velocity vector 𝑣𝑣  over the volume V of the control volume CV, added to 
the integral of the product of density ρ, velocity vector 𝑣𝑣  and the scalar product of velocity 
vector 𝑣𝑣  with direction vector 𝑛⃗𝑛  integrated over the area A of the whole control surface (CS). 
The first part of the equation describes the unsteady flow force and thus forces related to the 
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inertia and acceleration of the fluid, while the second term describes the steady state flow 
forces. While steady state axial flow forces have been well researched today, the number of 
studies dealing with the unsteady flow force is considerably lower. However, these studies 
show that the unsteady flow force for slow and moderately switching valves is considerably 
lower than the steady state flow forces. The assumption of quasi-steady state that is usually 
made, therefore, can generally be considered valid [30]. 

2.4.1. Axial Flow Forces 

Using the orifice equation and assuming constant fluid density, ideal rotational symmetry, 
sharp metering edges, and a negligible clearance between the spool and the sleeve, the 
equation for the steady-state axial flow force for one metering edge can be expressed as 
follows [27], [31]. 

F𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹,axial,stat = 2αD2 ⋅ π ⋅ d ⋅ x ⋅ Δ𝑝𝑝 ⋅ cos(ε1)
sin(ε1) (2.3) 

While measuring the axial flow forces, frictional forces typically superimpose on them. As 
a result, plotting the measured force against position usually produces a hysteresis loop (see 
Figure 7). 

 
Figure 7: Illustration of measured forces: Hysteresis and flow forces 

Assuming the frictional forces are equal in both the opening and closing directions, the axial 
flow forces are centered within the hysteresis, with half the width of the hysteresis 
corresponding to the frictional force. [21], [22], [27], [32] 

2.4.2. Radial Flow Forces  

For the radial flow forces, Equation 2.2 must be integrated over the circumference of the 
spool. With an ideally rotationally symmetrical geometry and an ideally rotationally 
symmetrical flow, these forces would completely compensate each other, resulting in a total 
net force of 0 N. In reality, however, perfect rotational symmetry of geometry and flow 
profile is rarely achieved, so that radial flow forces usually still occur. An increase in the 
nominal forces acting on the spool results in higher Coulomb friction forces; consequently, 
variations in the hysteresis width may reflect changes in the radial flow force [32]. 

2.4.3. Spring Forces 

For 4/3-way valves, the rest position defined by the springs can be either one of the two 
switched positions (A or B) or the center position (0). In Figure 5, a valve with a blocked 
center position is shown, in which both springs push the spool into the center position. Since 
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a secure rest position must always be ensured and reached within a specified time, the 
springs must be designed accordingly. In the case of pilot-controlled valves, the required 
actuating force usually does not need to be considered, as forces in the kN range can typically 
be achieved. Therefore, in proportional valves, springs are chosen to have high stiffness in 
order to achieve high accuracy within the control loop [33].  

However, stepper motors are inherently capable of moving to a defined position. Even when 
operated in a closed-loop position control system via the motor controller to improve 
accuracy, spring stiffness has only a minor influence on position control. Given the limited 
forces available from electromechanical actuators, it is therefore advisable to design the 
spring with the lowest possible stiffness while selecting the highest possible preload force. 
Selecting a suitable spring within the available installation space presents a separate 
optimization problem. Nevertheless, to achieve the highest possible spring force and thus 
minimize return time while considering the limited actuation forces, all other opposing 
forces must be kept as low as possible, which is why flow forces need to be reduced. 

3. PRINCIPLES FOR FLOW FORCE REDUCTION  

The reduction of flow forces by optimizing spool geometries is a widely researched topic 
and is regularly discussed in the technical literature [10], [13], [15]–[17], [34]–[38]. 
However, most studies focus on servovalves, with optimizations that are difficult to adapt 
to proportional valves with metering notches. Therefore, this contribution investigates 
geometric optimization methods for reducing flow forces that can be applied to proportional 
valves with metering notches. Based on theoretical, analytical, and literature-based 
considerations [11], [12], [14], [16], [35], [37], [39]–[41], possible geometric optimizations 
for the spool and sleeve were identified. Their potential to enable direct actuation by 
electromechanical actuators through the reduction of flow forces is investigated in a 
systematic study on the NS16 main stage developed as part of this work. For the evaluation 
of this potential, a non-optimized proportional valve, shown in Figure 8, serves as the 
reference. The geometric optimizations investigated are illustrated in Figure 9. 

 
 

Figure 8: Spool without features  Figure 9: Spool with features 

Compared to the non-optimized geometry, Figure 9 shows areas in green where additional 
material needs to be added, and areas in orange where material must be removed. For the 
sleeve, adding a chamfer to the partition between the valve chambers was identified as a 
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promising way to achieve sufficient flow guidance and thereby reduce flow forces. Two 
geometric parameters are required to fully define this chamfer the angle ε and the chamfer 
length x. At the Port P, it is referred to as chamfer CPA and defined by the parameters xCP 
and εCP. At the Port T, it is referred to as chamfer CTA and is defined by xCT and εCT. For 
the spool, a centrally located guiding rib at the geometric center and an additional chamfer 
at the outer shoulder of the T-Port were identified as possible optimizations for reducing 
flow forces. The guiding rib can be fully described by dSP and εSP, while the chamfer CST is 
characterized by the angle εST. Whereas the guiding rib and chamfer CST are established 
features used in prior studies and industrial applications to reduce flow forces (see [11], [12], 
[14], [16], [35], [37], [40], [41]), the sleeve chamfers represent an optimization derived from 
theoretical considerations. 

In order to achieve the most efficient reduction in flow forces based on the reference 
geometry, the influence of the geometric features was analyzed in a three-step process 
consisting of two simulation steps carried out with ANSYS Fluent CFD-Software and one 
experimental step. The first step involved a statistical analysis whereby a parameterized 
CAD model was imported into the simulation software, and simulation points were 
generated and solved using an optimally space-filling design. Response surfaces were then 
derived from these simulations to assess the influence of each feature. Subsequently, each 
feature was simulated individually to determine suitable parameters. As a result, four valve 
geometries incorporating the identified measures were manufactured and tested 
experimentally.  

To keep the simulation effort manageable, it was important to minimize the computational 
domain in the CFD simulations. Therefore, the valve was divided into two separate models, 
each examined individually. The first model, system P, includes the P-port and one working 
port (A), allowing investigation of flow from P to A. The second model, system T, includes 
the other working port (B) and the T-port, enabling analysis of flow from B to T. This 
division made it possible to specifically study both flow scenarios and to investigate the 
features separately, while also reducing computational complexity. 

3.1. Validation of CFD Simulation  

To validate the CFD simulations, the reference geometry was first manufactured and 
measured. The ifas has a measuring device and a test bench available for this purpose. The 
measuring device consists out of a stepper motor, whose rotational motion is converted into 
linear motion via a threaded rod and nut assembly with a pitch of 3 mm. A force sensor is 
integrated into the connection between the actuation unit and the spool to measure the forces 
which are acting on the spool. To minimize the influence of transverse forces on the 
measurement, a combination of clevis and head joints was implemented. Additionally, prior 
to the measurement, the device was carefully aligned with the valve spool. Therefore, the 
actuation mechanism was moved over the full stroke to ensure that resulting friction forces 
were as low as possible. Additionally, a position sensor was incorporated to monitor the 
position of the spool. A similar actuation device also designed by ifas has been described in 
[42].  

The circuit diagram of the test rig can be found in [43]–[45]. While this configuration 
enables measurement of the forces acting on the spool during flow from the pressure port 
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experimentally.  

To keep the simulation effort manageable, it was important to minimize the computational 
domain in the CFD simulations. Therefore, the valve was divided into two separate models, 
each examined individually. The first model, system P, includes the P-port and one working 
port (A), allowing investigation of flow from P to A. The second model, system T, includes 
the other working port (B) and the T-port, enabling analysis of flow from B to T. This 
division made it possible to specifically study both flow scenarios and to investigate the 
features separately, while also reducing computational complexity. 

3.1. Validation of CFD Simulation  

To validate the CFD simulations, the reference geometry was first manufactured and 
measured. The ifas has a measuring device and a test bench available for this purpose. The 
measuring device consists out of a stepper motor, whose rotational motion is converted into 
linear motion via a threaded rod and nut assembly with a pitch of 3 mm. A force sensor is 
integrated into the connection between the actuation unit and the spool to measure the forces 
which are acting on the spool. To minimize the influence of transverse forces on the 
measurement, a combination of clevis and head joints was implemented. Additionally, prior 
to the measurement, the device was carefully aligned with the valve spool. Therefore, the 
actuation mechanism was moved over the full stroke to ensure that resulting friction forces 
were as low as possible. Additionally, a position sensor was incorporated to monitor the 
position of the spool. A similar actuation device also designed by ifas has been described in 
[42].  

The circuit diagram of the test rig can be found in [43]–[45]. While this configuration 
enables measurement of the forces acting on the spool during flow from the pressure port 

 9 

(P) to either of the working ports (A or B), as well as during overall flow through the valve 
(PABT/PBAT), it does not permit individual measurement of flow from either working port 
(A or B) to the tank port (T). Consequently, separate analysis of the return flow paths (AT 
or BT) is not possible.  

For the reference geometry, the target flow rate of 400 l/min was achieved at a pressure 
difference of 60 bar, while at a pressure difference of 5 bar, a flow rate of 125 l/min was 
achieved. In line with theoretical expectations, an increase in pressure difference resulted in 
a corresponding increase in flow force. Consequently, operation at a pressure difference of 
60 bar led to the highest observed flow forces within the pressure range (5 – 60 bar). The 
results of the simulations and measurements for a pressure difference of 60 bar for the system 
P (Flow from P to A) of the reference geometry are shown in Figure 10. Within the 
simulation the mesh consists of around 13 Mio Cells with local refinement within relevant 
areas like the metering notches or the inlet and outlet. The average orthogonality was 0.9662 
and the skewness 0.03381. 

Legend: 

 Simulation  Measurement 

  
Figure 10: Comparison Simulation Measurement for Flow Rate and Flow Force 

As can be seen in the graphs, the simulation results correspond very well with the 
measurement data. The CFD simulation can therefore be used to generate reliable results in 
terms of both flow rate and flow forces for the considered system P of the reference 
geometry. 

3.2. Statistical Evaluation of Principles (CFD-Simulation) 

The following Figure 11 to Figure 14 show examples of the response surfaces for the 
guiding rib feature, illustrating the influence of the parameters diameter dSP and angle εSP. 
Since both the flow force and the flow rate must be considered over the entire range of spool 
positions x, the visualizations are presented as three-dimensional characteristic maps. The 
resulting flow force FFlow and flow rate Q are plotted on the Z-axis, spool position x on the 
Y-axis, and the value of each geometric feature under investigation (e.g., dSP and εSP) on the 
X-axis. This form of representation enables a detailed analysis of how spool position and 
geometric features interact to affect flow force and flow rate. 

As shown in Figure 11, the guiding rib is particularly effective for large valve openings (X) 
and large diameters (dSP). For diameters greater than 20 mm, even negative forces are 
achievable, which means that the system is overcompensated and the flow force is acting in 
opening direction. However, selecting a large diameter dSP, may negatively affect the flow 
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rate characteristic curve. This can be seen in Figure 12, where the flow rate drops for 
diameters larger than 20 mm. By appropriately selecting the diameter dSP, it is possible to 
reduce the flow force without adversely impacting the flow rate characteristic for example 
with diameters of maximum 20 mm. Figure 13 and Figure 14 show the response surfaces 
for the angle εSP of the guiding rib. As can be seen the angle εSP of the guiding rib has a 
relatively minor influence on the flow force. Angles around 100° result in a maximum flow 
force, whereas both smaller and larger angles have a slightly positive effect by reducing the 
flow force. At the same time, the impact of angle εSP on the flow rate characteristics is very 
small. 

  
Figure 11:Response Surface FFlow-X-dSP Figure 12: Response Surface Q-X-dSP 

  
Figure 13: Response Surface FFlow-X-εSP Figure 14: Response Surface Q-X-εSP 

3.3. Simulation of the various concepts  

In statistical analysis, the influence of individual features can be evaluated quickly and 
efficiently. However, assessing combined effects is significantly more complex. After it was 
proven that all features can have a positive effect, their influence was systematically 
analyzed in a second step to identify optimal design parameters. As the key objective of this 
investigation was to identify the potential of each individual design feature for reducing flow 
forces, a targeted exploration of the design features was preferred over deriving a statistical 
model in the following. This approach enables a direct and transparent assessment of each 
feature’s contribution to flow force reduction. Initial parameters for each feature were 
selected based on the prior results, and then individual parameters were systematically 
varied to identify suitable values for each feature.  

From the results, two promising configurations for both the spool and the sleeve were 
selected, each with and without optimization features. This allowed four different valve 
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configurations to be formed. SpoolRef-SleeveRef without any feature, SpoolOpt-SleeveRef with 
features in the spool, SpoolRef-SleeveOpt with features in the sleeve and SpoolOpt-SleeveOpt 

with features applied to both the spool and the sleeve. By the different combinations, the 
effectiveness of each feature could be examined separately and in combination. The selected 
geometric values were as follows. The angles εSP, εST, εCP and εCT were set to 45°, the removal 
depths XCP and XCT to 5 mm and the diameter dSP to 22 mm.  

Simulation results for these geometries at a pressure level of 60 bar are presented in Figure 
15 and Figure 16 (system P) and Figure 17 and Figure 18 (system T). The simulation results 
of system P show that all features are effective in reducing flow forces. However, the guiding 
rib feature can negatively affect the flow rate characteristic, as the flow rate decreases for 
strokes greater than 5 mm. This negative effect can be avoided when the guiding rib is 
combined with the chamfer in the sleeve. 

For the system T, it can also be concluded that all features have a positive effect, with no 
negative impact on the flow rate characteristic curve. Notably, in the SpoolOpt-SleeveRef and 
SpoolOpt-SleeveOpt configurations, the chamfer at the spool leads to an opposing flow force 
for strokes greater than 4 mm respectively 6.5 mm, resulting in overcompensation. 

Legend: 

 SpoolRef-SleeveRef  SpoolOpt-SleeveRef 

 SpoolRef-SleeveOpt  SpoolOpt-SleeveOpt 

  
Figure 15: Simulation Results Flow Rate 

System P 
Figure 16: Simulation Results Flow Rate 

System T 

 
 

 

Figure 17: Simulation Results Flow 
Forces System P 

Figure 18: Simulation Results Flow 
Forces System T 
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4. EXPERIMENTAL EVALUATION OF COMBINED PRINCIPLES  
Once the effectiveness of the features had been identified through simulations, all versions 
were evaluated experimentally. To this end, the two spool and sleeve variants were 
manufactured and measured in their respective combinations. Measurements were 
conducted for system P, where flow occurs from P to A, as well as for the combined 
system PT, where flow occurs from P to B and from A to T, using the available test bench. 
Unfortunately, it was not possible to measure system T separately due to limitations of the 
existing test rig. Therefore, only the simulations result of system A can directly be compared 
with measurement data. The simulations result of system T can only be analyzed using the 
measurements of system P and PT, as by comparison between both systems the effectiveness 
of the features of system T can be identified. The measurement results are shown in Figure 
19 to Figure 22. 

Legend: 

 SpoolRef-SleeveRef  SpoolOpt-SleeveRef 

 SpoolRef-SleeveOpt  SpoolOpt-SleeveOpt 

  
Figure 19: Flow Rate System P Figure 20: Flow Rate System PT 

  
Figure 21: Flow Forces System P Figure 22: Flow Force System PT 

The measurement data show that the configuration without optimization features exhibits 
the highest flow forces, and that applying the features produces the expected effects, as 
anticipated from the CFD simulations. Implementing the features on the spool alone leads 
to a reduction in flow force; however, this is accompanied by a decrease in flow rate, as 
assumed from the simulation whereby the impact is underestimated within the simulation. 
Within simulations conducted at a pressure difference of 70 bar, the effect was considerably 
more pronounced. It remains questionable whether the observed reduction in flow force is 
genuinely due to the optimization or simply a result of the lower flow rate. Optimizations to 
the sleeve show a positive effect, with a reduction of 12 %, although this is significantly less 
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than predicted by simulation. The same applies to the combination of both measures. In this 
case, flow forces were reduced by 18 %, indicating a clear positive effect but still falling 
short of the optimistic simulation results. When only the system P is flowed through, the 
proposed features lead to a reduction in flow force of 18 %. When both PB and AT are 
evenly flowed through, an even greater reduction of 65 % is achieved. 

Since simulations appear to overestimate the potential of sleeve optimization, further 
analysis is required to determine the reason for this discrepancy and improve the simulation 
models. In this study, CFD was employed as a design tool to efficiently investigate the 
effects of various geometric features on flow forces. By systematically screening a large 
number of design variants through simulation, it was possible to identify promising designs 
for experimental validation without having to manufacture each individual parameter set. 
This approach allowed for a significant reduction in the number of required measurements 
and enabled efficient identification of improved geometries. Consequently, further 
refinement of the simulation models be desirable for future valve improvements, however 
such optimization of the simulation model lies beyond the scope of this contribution 

5. SUMMARY AND OUTLOOK 
Over the past ten years, new actuators based on stepper and BLDC motors have been tested 
for use in mobile hydraulics and have also been introduced to the market in some products. 
Compared to conventional solenoids, these actuators are characterized by higher forces and 
strokes, making them a viable alternative to hydraulic pilot control. Direct control offers 
several advantages over hydraulic pilot control, especially in mobile machines where highly 
fluctuating loads, operation with cold fluid during startup, and heavy fluid contamination 
are common conditions. Due to their increased forces and strokes, these actuators also have 
potential applications in stationary hydraulics. In this context, they could help shift the 
system limit for direct control from NS10 to NS16. 

However, the maximum possible flow rates in stationary hydraulics are considerably greater 
than those in mobile applications, which increases demands on the actuator. While spring 
forces should be minimized overall, maximizing them within the limits of the actuator’s 
maximum capacity helps to minimize reset times and enhance system safety. Therefore, 
reducing flow forces is essential. 

Within the scope of this contribution, various flow force compensation design features that 
can be implemented on conventional proportional spools and sleeves/housings were 
identified, analyzed and investigated by simulations and measurements for their potential to 
reduce flow forces. Overall, flow forces could be reduced by 18 % percent compared to a 
reference spool without optimization measures. In particular, the chamfer in the sleeve (εCP, 
xCP) and the additional angle εST on the spool demonstrated high potential for reducing flow 
forces while having only a minor impact on the flow rate characteristic curve. The addition 
of a guiding rib also resulted in a reduction in flow forces, however, if not correctly designed, 
it can negatively affect the flow rate characteristic curve.  

The reduction in flow forces achieved helps to keep the total required actuating force as low 
as possible. Depending on the selected spring, the necessary actuating forces may be 
matched to the maximum output of modern actuators. Therefore, reducing flow force is a 
decisive step toward enabling direct electromechanical control of large valves.  
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