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Abstract

Designing Fast Switching Valves (FSVs) for digital displacement units is
a complicated process pushing the technology to the limit. The system
dynamics and the interaction of the fluid, mechanical structure, actuator and
control hence calls for advanced modelling, including CFD and FEA, to
capture, e.g. fluid stiction effects, end-damping and impact contact stresses.
Unfortunately, this essentially renders optimization processes infeasible due
to the computational burden involved, although this is precisely what is
required for this type of complex multi-domain problem.

Therefore, the focus of the current article is on how a complex mecha-
tronic design problem, like designing an FSV, may be aided by considering
decomposing and simplification through sensitivity analysis and analyzing
correlations between the design and output parameters. This is done to
significantly reduce the original design problem without compromising the
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investigated design space. The paper focuses specifically on the results related
to an FSV and the flow delivering part of this, showing the influence of the
various design parameters. However, the approach and considerations may be
generalized to an other areas as well.

Keywords: Fast switching valve, sensitivity analysis, design simplification.

1 Introduction

Digital hydraulics and digital digital displacement® technology is expected
to change the fluid power industry, as it enables full range operation with
part-load efficiencies much higher than conventional fluid power machin-
ery, [1]. The heart of this technology are the Fast Switching Valves (FSVs),
controlling the flows to and from the pistons within the units. Typical oper-
ating conditions include operating pressures up to 350 bar and speeds up
to several thousand rpm. Therefore, the requirements for the valves include
opening- and closing times in the very low milli-second range, flow rates
of several hundred litres/min with minimal pressure drop across the valve,
and billions of operating cycles. Hence, developing and designing these
types of valves pushes the technology to the limit and involves advanced
(dynamic) Computational Fluid Dynamics (CFD) and Finite Element (FE)
analysis, as theoretical models are limited without relying on e.g. CFD to
determine parameters, thus limiting designing using numerical optimization
procedures. Therefore, the focus of the current article is looking at one way of
decomposing and simplifying the design problem for an FSV. This is done by
analyzing correlations between the design parameters and phenomena that
needs consideration when designing the valve, identifying the insignificant
design parameters and significantly reducing the design problem.

Fast Switching Valves

FSVs have been considered and analyzed in several research contexts, see,
e.g. [2–9], and also considered by commercial valve manufacturers as dis-
cussed in [7]. Therefore, some general requirements are starting to emerge.
However, the research has been fragmented, focusing on different valve
topologies and more addressing analysis of designs and observed phenomena
than considering design approaches. [2, 6, 10] have focused on the design of
various actuator types. In these cases, a set of Lumped Parameter Models
(LPM) have been applied for the flow geometry, where transient (magnetic)
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FEA is coupled with standard ODEs to describe the valve dynamics. Similar
approaches are to some extent applicable to the flow delivery part, comprising
the plunger and seat. However, for the flow delivery part the available LPMs
are highly dependent on parameters, that require (transient) CFD-analysis, as
these cannot be determined analytically.

An analysis of using LPMs is presented in [28], by the current authors.
However, the validity of the model is restricted to limited parameter varia-
tions, and the model/approach still rely on utilizing CFD baseline parameters
and then correcting parameters using relatively simple analytical approxi-
mations. However, this is design/parameter-dependent, and in some cases,
this only contributes limited to the models accuracy. Therefore methods for
further simplification are desirable. This article proposes to use advanced
models in the early stage of the analysis and design phase to pinpoint
dominating parameters and test the validity of simpler models. This is hence
a fundamentally different approach from what is usually used. This reduces
the design space without omitting superior designs, and the simpler models
may subsequently be used in the optimization to locate candidate designs.

Mechatronic Design Approaches

In a general context, mechatronic system design is a complicated process.
General frameworks do exist like the VDI 2206, [11]. When considering a
dynamic system, the major issue with these frameworks is the process to
formulate an accurate model that is rapidly executed and that may be used
actively without limiting the design space.

Often for dynamic systems, the design process is separated into several
areas. This is known as “co-design”, [12], and is divided into sequential,
iterative, simultaneous and bi-level. Roughly speaking, sequential and iter-
ative design approaches consider the plant a separate optimization problem,
where the control-related parameters are optimized after an optimal plant is
found. Contrary, the simultaneous approach considers all design parameters
at once, why the design space may become huge. Finally, bi-level or multi-
level approaches optimize the system as a whole, but where parts of the
optimization are placed in inner loops like, e.g. controller design, [13]. There-
fore, the relevant approach for a given system depends on the specific design
problem, allowed optimization time, and system complexity. Additionally,
the required model detail levels should be identified.

Other approaches include modelling frameworks like, e.g. [14,15], apply-
ing a standard model library of mechanical components, sensors, actuators
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etc., to create the mathematical representation. In this case, the problem lies
in realizing the design of these components in a given system. The most auto-
mated optimization approaches are related to topology optimization, [16], e.g.
to optimize stiffness and thermal conductivity in [17] or reducing mass of an
automotive engine cradle [18], thus, significantly reducing the engineering
intuition. The method has been applied to multi-objective and multi-physics
problems, but has yet to find adaptation in complex dynamic systems, [19].

Finally, a sequential design procedure based on design sensitivity was
presented in [20] where a solenoid actuated automotive valve was designed,
incorporating a soft-landing control strategy. The optimal design was iden-
tified using a simplified magnetic circuit model, and fine-tuned using FEA.
The optimization benefits from having a simplified model which sufficiently
accurate describes the actuator. However, for the valve considered here,
where the valve’s dynamic performance is highly dependent on the fluid-
plunger interaction, simplified models are inadequate in the initial phases, as
the models will rely on parameters that requires CFD-analysis. The same
applies to the structural properties which require FEA to determine the
stresses. Measures, therefore, have to be taken to limit the computational
burden if optimization is to be used.

The current work’s focus is on simplifying the design problem for an
FSV through sensitivity analysis utilizing advanced models to determine the
correlations between design parameters and valve behaviour. The currently
best design is used as baseline (BL) through which models may be validated
using advanced numerical tools. Based on this evaluation and identification
of the influential design parameters, LPMs are formulated, which ideally
do not require additional CFD and/or FE analysis. Hereby the problem
may be reduced by removing design parameters with little to insignificant
influence on valve performance, and the developed LPMs may be used for
the optimization. Finally, the performance of a candidate design may then
be compared with a complete computational analysis before prototypes are
developed. Still, however, the method is limited by only given insight into the
problem at hand within a limited design space around the baseline design,
why several iterations may also be required.

The article is structured as follows. Section 2 describes the system
considered and related design problems. Section 3 addresses considerations
for simplifying the design process, and Section 4 describes how this is
done through analysis of parameter correlations. Section 5 considers the
parametrization of the design problem and Section 6 how the CFD- and
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FE-analyses are made. Finally, Section 7 presents the results followed by the
conclusion.

2 Considered System and Design Problems

The FSV considered is to be used in a Digital Displacement motor (DDM),
as shown in Figure 1. The motor is a radial piston design, where each piston
chambers is connected to a high-pressure FSV (denoted HPV) and a low-
pressure FSV (LPV). Each chamber has a peak flow rate of 125 l/min at a
rated speed of 800 RPM.

The two FSVs control the flow to and from the piston chamber. Flow
enters through the HPV during motoring and leaves through the LPV. The
two valves are identical and have check valve functionality, i.e. they open
passively when p2 > p1 + pcr cf. Figure 2. By proper timing of the valve
openings, it is not a requirement to open against a high pressure, which
significantly lowers the actuator requirements. However, the valve actuator
needs to be able to counterbalance the peak flow force. The considered
valve is shown in Figure 2. The actuator part comprises a stationary copper
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Figure 1 The DDM prototype with FSV. Picture from [21].
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Figure 2 Cut-through of the valve design considered. The design is a second iteration of the
one present in [5], where the flow design is revised and also includes a cushioning damping.

coil, a moving Permanent Magnet (PM) and a magnetic conducting housing
material. The PM is mounted to the plunger. The active valve closing happens
when the coil is energized. When closed, the plunger and seat are leak tight
squeezed together. When de-energized, the PM on the plunger latches to the
top of the valve housing. However, in the current article, it is the flow design
part, indicated by the green box in Figure 2, which is of interest. It should be
noted that the actuator force does influence the switching time. The force is
hence based on the current actuator design to evaluate valve performance.

2.1 Fluid-Mechanical Design Constraints and Objectives

Besides typical design objectives like minimal pressure (throttling) loss
and power consumption, the design is restricted by several constraints and
physical limitations like e.g., components not interfering and the following
requirements (described in text for ease of understanding):

g1: The valve is capable of bi-directional flow, i.e. no flow forces cause the
valve to close.

g2: Switching time from open to close is within limits (depend on rated
rotation speed, here 800 RPM).
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g3: The valve can open passively (in case there is a sufficient negative
pressure differential).

g4: The flow force is below the magnetic latching force.
g5: The maximum stress in the mechanical parts are below design limits.
g6: The impact velocity is below the specified threshold.
g7: The tolerances are within manufacturing limits.
g8: The system efficiency is above threshold.

g1 − g4 are required to make the valve applicable in a DDU, g5 and g6 are to
avoid low durability designs, and g7 is for practical and economic reasons. g8

is imposed as an additional constraint used before detailed evaluations and is
based on the simple energy considerations described below.

2.1.1 First Measures for Evaluating System Efficiency
The following approximation is used to evaluate the system efficiency (effects
like fluid compression and decompression are omitted). Under the assump-
tion of instantaneous valve switching, each piston will over one rotation
ideally contribute with the following energy [7]:

EM,id = Vdeβ
(

2− e−
∆pm
β − e

∆pm
β

)
+ Vdβ

(
1− e−

∆pm
β

)
(1)

where Vd = 2AP re is the machine displacement (AP is the piston area and
re is the eccentric radius), Vde is the dead volume, β is the effective bulk
modulus, and ∆pm the difference of high and low pressure manifold.

The largest hydraulic power loss occurs during idling when the LPV is
opened during the entire rotation, for which the total throttling loss for one
piston yields:

Ep,1 =
V 2
d θ̇(Vdθ̇kf1 + 3

4πkf2)

3
(2)

where kf1 and kf2 are the turbulent and laminar related flow coefficients,
related directly to the valve design, as described in Equation (5). The above
may be used to approximate the system efficiency dependent on operating
conditions, and shows that the losses relatively are more influenced by the
rotation speed and machine displacement than the ideal output energy is.

3 Considerations for Simplifying the FSV Design Process

To simplify the design process, other properties relate to the valves phys-
ical behaviour need consideratiopn, like e.g., the flow force playing a
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vital role in the valve dynamics, cf. below. Hence, the plunger movement
gives rise to a resisting force as discussed in [22] where both stiction and
Movement-Induced (MI) parametric relations are described. Thus increasing
the contact area between plunger and seat means significantly increasing the
stiction force, but also ensures a leak-free design and lowers the mechanical
stresses. However, these fluid effects cannot be accurately described by
analytical models, without relying on CFD-determined coefficients. Hence,
this is the background for identifying what is termed the “output parameters”,
i.e. measures used to represent the essential properties and behaviour of the
valve.

3.1 Lumped Parameter Model Background

Generally the system is described by complex models using e.g., Navier-
Stoke’s equations, Maxwell’s equations, etc., which are used in the detailed
simulation of the system. However, to understand how different parameters
are related to the design parameters, simplified models are presented in the
following, based on previous studies of the valve [22, 25]. These models are
used to identify the output parameters considered when investigating various
designs parameters sensitivity, cf. “Identification of output parameters” in
Figure 3. However, it should be stressed that in the current work, the output
parameters are all evaluated directly from the CFD and FEA analyses. Hence,
the following expressions are only included to indicate the initially expected
correlations between design- and output parameters.

The first factor considered includes the flow force, which is influential for
dimensioning the actuator. The fluid velocity will locally cause pressures to
decrease, thus potentially affecting the flow force. The following parametric
form has been proposed, [22]:

Fflow =

{
Apr∆p− ρF Q2

Ao
sin (γ) if ∆p ≥ 0

Apr∆p else
(3)

with

γ = tan−1

(
c1z

c2

wc3
in

)
, Ao = min(4πRz, 2πRwin︸ ︷︷ ︸

Apr

) (4)

where γ is the angle used to describe the influence of the vena contracta,
dependent on plunger displacement, z, and seat width, win. c1, c2 & c3 are
constants fitted by CFD data, and Apr is the effective area for the pressure
difference.
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The pressure-flow relationship is described by the orifice equation, mod-
ified to account for laminar flow conditions, [23], and a transient term as
derived in [24] and validated by transient CFD simulation in [25]:

∆p =
ρF

2(CdAo)2︸ ︷︷ ︸
kf1

Q|Q|+ Re∗µF
2AoDH︸ ︷︷ ︸

kf2

Q+
ρF√

0.5πCdAo︸ ︷︷ ︸
kf3

Q̇ (5)

where Ao is the orifice’s narrowest flow area, ρF is the fluid density, and
Cd the discharge coefficient. Re∗ is the critical Reynold’s number, µF the
fluid dynamic viscosity, and DH the hydraulic diameter. The coefficient kf3

is the valve’s flow inductance, describing the acceleration and deceleration of
fluid going through the orifice. Therefore, maximizing CdAo will result in a
pressure drop reduction required to deliver a certain flow.

The actuator requirements depend on the mass, m, and the forces acting
on the plunger. The objective is to deliver the required mechanical work
to switch the valve with the lowest power consumption and response time.
Simplified, the require power may be approximated, by only considering the
resisting fluid forces and moving mass, as [26]:

Esw =

(
kdωls

3
+
πkv
4

+
(m+ ka)ωls

48

)
ωl2s (6)

where ω is the switching frequency, ls the stroke length, and ka, kv & kd are
fluid resistance coefficients. The flow force will aid in closing the valve, why
omitted for worst-case energy considerations. The mass, m, is the combined
mass of the moving parts, evaluated from the geometrical design parameters.
The mass from movement induced flow is excluded, as this requires advanced
transient CFD models to evaluate.

3.2 Determining Output Parameters

When identifying output parameters the mechanical stress in the seat and
plunger needs to be considered, as fatigue problems may arise. As this
involves stress concentrations near the edges and cushions, accurate values
calls for FE-analysis. The structural parameters of interest are thus the static-
and dynamic contact loads, where Hertzian stresses and the maximum von
Mises stress are not allowed to exceed the fatigue limits.

The above described effects are evaluated through the parameters given
in Table 1, referred to as the output parameters.
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Table 1 Output parameters

Fluid Dynamical Properties

Fflow Steady-state flow force acting on the plunger [N]
∆p Pressure differential/throttling loss [bar]
żimp Plunger velocity at end-stop [m/s]
V Movement-induced fluid volume from plunger [m3]
Esw Work required to move the plunger [J]

Mechanical Properties

σMises Maximum von Mises stress [MPa]
τ Maximum shear stress [MPa]
σMises,exp Maximum von Mises stress over time (impact) [MPa]
τexp Maximum shear stress over time (impact) [MPa]
m Mass of the moving parts (and total mass) [kg]

4 Sensitivity Analysis to Simplify the Design Process

For this kind of system, it is clear that design investigation calls for advanced
models early in the design phase, where lumped parameter models may be
insufficient. The advanced models may subsequently be used to determine
coefficients and the necessary detail-level for LPMs, which may then be used
in an optimization context. Therefore to gain as much knowledge as possible
and take full advantage of the detailed simulations, the idea is to determine the
sensitivity w.r.t. the various design parameters. This is done by investigating
parameter correlations between input and output parameters, as described
below. However, still the limitations of the approach should also considered,
which include that the approach is only valid for a given area around the
investigated design.

In the normal V-model for designing mechatronic products, [11], the level
of detail increases in the process down to prototype level. The approach here
is to turns part of the design process upside down and include a sensitivity
analysis to simplify part of the design problem, as illustrated in Figure 3.

The approach taken to visualize the correlation between input and static
output parameters is here using Spearman’s rank correlation coefficient [27].
This requires a monotonic increasing or decreasing relationship between
input and output to give useful results. However, it is applicable for both
linear and non-linear tendencies. The method may be used to discover the
strength of a link between two parameters or data sets. The interpretation of
this statistical method is a measure of the probability of observing a change
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Figure 3 Illustration of the approach suggested (steps to the left).

in output y given a change in input x? The results always yield a symmetric
matrix with ones along the diagonal. The Spearman’s rank correlation is a
probability: ρ ∈

[
−1 1

]
, where a negative value means an increase in x

causes a decrease in y with probability ρ, and a positive value means an
increase in x causes an increase in y with probability ρ. This probability gives
a confidence in how strong the correlation is. Generally the interpretation is:

• 0.9 < |ρ|: indicates a very high correlation.
• 0.7 < |ρ| < 0.9: indicates a high correlation.
• 0.5 < |ρ| < 0.7: indicates a moderate correlation.
• 0.3 < |ρ| < 0.5: indicates a low correlation.
• |ρ| < 0.3: indicates a negligible correlation.

The intervals indicate to what degree an output parameter can be altered
from varying a single input, thus yielding a good indication of which
parameters are influenced by the different input parameters. Input parameters
yielding negligible (or low) correlation coefficients for all output parameters
may be removed from the design process.

The computational burden dictates that the sample size is significantly
smaller for the dynamic related output parameter, i.e. when the plunger
moves. In this case, the approach is based on inspiration from [20]. Due to
the smaller sample size, it is beneficial to quantify the relative sensitivity
α = ∆y

∆x , where x and y describe the change in normalized input and output
parameter, respectively. Hence, by normalizing the parameters, the different
design parameter’s influence may be directly compared.
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In the following, the process is described with basis in the FSV
considered.

5 Design Basis & Parametrization

To describe the valve this is parameterized as shown in Figure 4.
In Figure 4 The independent parameters are indicated by black, whereas

the dependent variables (blue) are calculated as: rM = R−win/2− l1− l2−
2r1 and rV = max{r1 +wPM +wc + tout, R+win/2+ l3 + l4 +2r2 + tout}
respectively.

The independent design parameters serve as inputs for the sensitivity
analysis. The other input parameters are related to the influential fluid
dynamic and mechanical properties. The input parameters are determined
from physical factors known to influence the output parameters and a system-
atic series of simulations. For this, several manufactured sub-optimal valve
prototypes have been used to validate the quantities predicted by the models,
described and validated in [6, 8, 9, 25].
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Table 2 Input parameters. Geometrical parameters, cf. Figure 4

Geometry parameters Fluid Dynamical Analysis

h (1.5 : 3) [mm] µF (0.02 : 0.08) [kgm−1s−1]
r1 (0.5 : 1.25) [mm] Q (60 : 240) [l/min]
r2 (0.5 : 1.25) [mm]
win (3 : 7) [mm] Mechanical Analysis
R (10 : 20) [mm] ∆p (250 : 500) [bar]
ls (1 : 7) [mm] żimp (0.5 : 5) [m/s]
l1 (0.1 : 0.4) [mm]
l2 (0.1 : 0.4) [mm]
l3 (0.1 : 0.4) [mm]
l4 (0.1 : 0.4) [mm]

The inputs are summarized in Table 2. The pressure difference across
the valve, ∆p, and the impact speed, żimp, directly affect the calculated
stresses. Therefore, these are input parameters for the mechanical analysis,
despite also being output parameters of the fluid dynamic analysis. However,
for the mechanical analysis, the pressure difference is when the valve is
closed, whereas it relates to the throttle losses in the fluid dynamic analysis.
The remaining input parameters are structural. The considered parameter
variations are determined based on the previous studies of the valve, i.e. what
is physically obtainable (in size and what is realistic to manufacture), the
required flow capacity of the valve, to maintain the effect of the dampening
groove, and the possible stroke length. As the analysis is bounded by the
used ranges, variations outside the described area may significantly affect the
correlation. Hence, the conclusions are only valid within the given parameter
ranges.

6 Mesh Independence

As described, the analysis is based on advanced CFD- and FE-models to
determine the sensitivity to the various design parameters. Therefore, spatial
discretization and meshing is required. It is essential to ensure that the
mesh refinement is proper to yield consistent results – especially for the
transient CFD simulations where the fluid domain is changed from iteration
to iteration. This is verified by increasing the number of elements, especially
in the zones of steep gradients for the fluid dynamics. It is less critical for
the CFD part if too fine meshing is used (apart from increased simulation
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time). In contrast, the FE-analysis of the mechanical parts requires closer
consideration, as contact and point loads and/or sharp corners may yield
results, which is partly due to real stress concentration, but may also partly
result from using a too fine mesh resolution. I.e. where mesh refinement
near a singularity may cause the computed stress to increase beyond what
is physically possible. However, it follows from Saint-Venant’s principle that
this does not affect the stress sufficiently far from the singularity.

For the considered valve, the stresses arising is due to compression
between the two parts, why the main problem is Hertzian stress concentration
in the valve seat beneath the tips of the grooves on the valve plunger. In
this case there will be a deformation in both valve seat and plunger, and
the actual stress concentration is therefore distributed and not a single point
load. Hence, using a too fine mesh refinement will not yield more accurate
results, but may lead to numerical problems, as singularities may arise during
the solution. Therefore, determining the appropriate number of elements is
a necessity, as shown in Figure 5. The outputs are here normalized with the
mean value of all function evaluations to better visualize the variations.

The graph shows the fluid dynamical domain being properly discritized
from around 80e3 elements, where no significant variations occur, and this
number scales approximately linearly with the fluid domain size. This is
ensured by fixing the maximum allowed face size of each element. Fur-
thermore, inflation layers have been used in the regions near the wall
boundaries. In comparison, the mechanical analysis shows signs of approach-
ing singular points. Figure 5 shows decreasing stresses until a certain mesh
refinement is reached around 15e3 elements; hereafter, the stresses start

Figure 5 CFD and FEM results as function of the mesh refinements on geometry edges.
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rising approximately linearly, due to the singularity problems arising from
the points of contact. Further mesh refinement is therefore undesirable.
Therefore, the mesh length scale used for the reference geometry is fixed to
preserve the generality for the future calculations, i.e. changing the geometry
changes the number of elements accordingly.

7 Results

Based on the above, the results are presented and analyzed in the following.
The CFD related output parameters are evaluated as follows:

1. Plunger velocity is evaluated at z = 40µm (gives a conservative measure
and the allowed step-size is small below this threshold)

2. The total displaced fluid volume of the plunger: V =
∫ tend

0 Q(t)dt

3. The amount of mechanical work required: Esw =
∫ 0
ls
F (x)dx

7.1 Fluid-mechanical Properties

Considering the flow-related properties, the results are shown in Figures 6–7.
The sensitivity related to Fflow and ∆p is determined from stationary CFD
results. The other results are obtained from transient CFD simulations.

The design described above, [25], is baseline for the investigation. Only
one parameter is changed at a time, and the value is set to represent the
boundaries of the design space, due to the computational burden involved
(average evaluation time 1.5 hours incl re-meshing and CFD computations,
Intel Core i7-5600U CPU 2.6 GHz). In general, additional simulations may
be included to yield better insight, but here, this is considered sufficient. The
transient simulation results are shown in Figure 6, with the red line being the
baseline design. Each test is performed with 350 and 5 bar, with 5 bar being
Low Pressure (LP). The plunger moves from fully open (z = ls) towards
z = 0 during the simulation. The actuating force and the spring force are
identical for all simulations; hence the variations are entirely a result of the
changes in the moving mass and fluid force due to the parameter variation.

It is seen that the pressure, and hence density and viscosity, has negligible
influence on the shadow area. However, the fluid viscosity is vital for the end
(squeeze-film) damping, as the impact speeds for the LP-curves are higher
than for the corresponding HP-valve. Therefore the LPV dictates the strictest
design requirements. Furthermore, the graphs demonstrate that increasing the
cushioning radiuses (r1 & r2) provides a significant amount of end-damping.
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The plunger’s effective shadow area.

The plunger’s velocity.

Figure 6 Simulation results of dynamic CFD analysis (350 bar pressure – HPV) with
Movement-Induced flow area and plunger velocity as function of the plunger position. LP
illustrate the case for simular simulations, but with the pressure being 5 bar (LP-valve) instead.
BL is the baseline design.

The static output design parameter’s sensitivity are shown in Figure 7,
and the CFD analysis of dynamic switching in Figure 8.

Figure 7 reveals a very high correlation between the stroke length, ls, and
the flow force, Fflow, but only a low correlation to the pressure loss, ∆p. The
negative values indicate that increasing ls results in decrease of both Fflow

and ∆p. The width of the seat, win, has close to low correlation for both
parameters. Furthermore, it is notable that increasingwin decreases ∆pwhile
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Figure 7 Correlation indices of the static fluid dynamical output parameters.

Figure 8 Sensitivity indices of the dynamic and transient fluid dynamical output parameters.

increasing Fflow due to the larger area. The radius (R) has a low correlation
on ∆p. The flow has moderate correlation with ∆p but is not as influential on
Fflow which must be attributed the importance of ls. Furthermore it is clear
that neither the viscosity or cushion groove radii are correlated to any of the
outputs in the considered ranges. It should be noted that l1, l2, l3 and l4 have
also been tested, which resulted in |ρ| < 0.1 for all outputs. From the above,
it is clear that Fflow is dominated by ls, and ∆p is primarily correlated to
R, ls and Q, where Q is typically one of the valve design requirements.

The dynamic output parameters are shown in Figure 8. The figures show
that changing win or R results in an approximately similar relative change in
V (the value is close to one). However, the results also reveal that decreasing
R actually leads to a relatively higher impact velocity żimp. I.e. the relative
change in damping force is less than the change in force required to decelerate
the plunger due to the plunger mass reduction.

Furthermore it may be seen that changing r1 & r2 simultaneously will
only moderately affect V and Esw. However, the cushion groove radii
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significant influences the impact speed żimp, as expected. Furthermore, varia-
tion of ls changes the required work and displaced volume as expected, where
decreasing ls also decreases żimp, as the plunger does not have time to fully
accelerate. Finally, ls affects the switching time, which couples strongly to
the operation of the DDM.

Therefore, shortly summarising the impact speed may be reduced by
increasing the cushion grooves without this significantly affecting the other
output parameter, whereas the stroke length is the most influential parameter
for all the other output criteria. Therefore, these are the focus parameters and
effects to monitor closest if optimizing the valve for a given objective.

7.2 Mechanical Properties

Considering the mechanical output parameters, the sensitivity results are
shown in Figure 9. The evaluation is made when the plunger collides with
the seat, and the plungers kinetic energy is converted into displacement and
stress waves within the materials. The stresses (σMises,exp and τexp) are
calculated by FEA as a function of the impact speed, considering also the
geometry and plunger mass. In addition the static pressures are applied to
the surfaces, which means that the contacting surfaces are squeezed together
after impact, yielding the static stress. The maximum von Mises and shear
stress are described by σMises and τ , although of minor importance relative
to the stress cycles. For the steel used in the valve E = 200GPa and ν = 0.3
and an endurance limit of 350 MPa is considered. The latter is included in
Figure 10, which shows the actual function evaluations of the mechanical
impact, whereas simulations have shown that neither E nor ν significantly

Figure 9 Sensitivity indices of the output parameters.
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Figure 10 Outputs from mechanical impact of plunger and seat. The feasible region corre-
sponds to 350 MPa endurance limit which occurs for all designs below ≈1.5 m/s.

influence the outputs. It should be noted that an FEA of contact-mechanics
does include an uncertainty caused by the influence of unknown surface
topographies. However, the primary stresses are compressive and thus act
to harden the material in the impact regions.

The results yield, not surprisingly, a clear correlation between the maxi-
mum stress and the pressure difference across the valve (∆p). Similarly, the
impact stresses relate directly to żimp. Contrary, none of the other design
parameters significantly impact the stresses, except for the height h, which
has a low correlation to the maximum von Mises stress. Therefore, although
not visualized, results yield that the peak stress in the plunger stays below
400 MPa for all designs, which is below the endurance limit of both titanium
and steel. When design the valve to be used in a DDM running up to 350 bar,
the chosen parameter intervals are therefore not critical from an endurance
point of view. The sensitivity indices and relation between żimp and stresses
therefore underlines the significance of designs that include a high fluid
dynamical damping near end-stop to reduce the impact speed. From the
evaluation, the shear stresses are in an allowable range; however, the von
Mises stress end up at critical levels as żimp increases. Based on the results of
Figure 10 it will therefore be reasonable to choose any design in the proposed
design space with a żimp below 1.5 m/s. This does, of course, depend upon
the applied materials and coatings used, but this at least limits the von Mises
stress to be below 350 MPa.

8 Conclusion

The focus of the current article has been two-fold. Specifically, an FSV
was analyzed concerning how different design parameters affected physical
quantities determining the performance and behavior of the valve. This anal-
ysis was based on both static and transient CFD analyses and FE-analysis,
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yielding that for the current design, the dominant design parameters included
the stroke length, cushion groove radii and the flow driving pressure differen-
tial the valve is designed for. Similarly, it was found that the fatigue stresses
are related to the impact velocity, which again is linked to the cushion groove
radii, but that the problem may be discarded if the impact velocity is kept
below approximately 1.5 m/s.

The article’s second objective was to inspire the use of sensitivity and
correlation analysis approaches as part of an aid to simplify complex design
processes. The approach was utilized for the FSV to identify design param-
eters with negligible influence on a system’s behavior and performance, and
was based on using advanced models in visualizing and quantifying the
parameters with insignificant correlation to the output parameters, which
could then be used for ignoring uncorrelated parameters in simpler LPM
models. The presented approach is thus a mean that may aid in decomposing
and simplifying mechatronic design problems. The intention is thus to reduce
the computational effort while maintaining a sufficient modelling accuracy
for complex problems, thereby significantly reducing the original design
problem without compromising the investigated design space too much, but
still considering the limitations that the approach is just an aid and the validity
of the approach is limited by the region for where the sensitivity analysis is
valid.
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[9] Bender, N. C., Plöckinger, A., Foschum, P., Winkler, B., and Peder-
sen, H. C., 2019. “Measurements of a Novel Digital Hydraulic Valve
Comprising a Cushioning Feature”. J. Dyn. Syst. Meas. Control, under
revi.

[10] Madsen, E. L., Joergensen, J. M. T., Noergaard, C., and Bech, M. M.,
2017. “Design Optimization of Moving Magnet Actuated Valves for
Digital Displacement Machines”. In ASME/BATH 2017 Symp. Fluid
Power Motion Control, pp. 1–12.

[11] Verein Deutscher Ingenieure (VDI), 2004. VDI 2206: Design methodol-
ogy for mechatronic systems. VDI.

[12] Kamadan, A., Kiziltas, G., and Patoglu, V., 2017. “Co-design strategies
for optimal variable stiffness actuation”. IEEE/ASME Trans. Mechatron-
ics, 22(6), pp. 2768–2779.

[13] Pedersen, H. C., Andersen, T. O., Hansen, M. R., and Bech, M. M.,
2010. “Presenting a Multi-Level Superstructure Optimization Approach
for Mechatronic System Design”. In Proc. ASME 2010 10th Bienn.
Conf. Eng. Syst. Des. Anal., pp. 891–898.
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