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ABSTRACT

In this paper, the effects of different strategies for energizing solenoid valves are studied. These strategies are cho-
sen subject to obtain soft-landing and concurrently minimization of power dissipation. A lumped parameter reluctance
model is used to reflect the electrical and magnetic properties of a dual coil high-speed solenoid digital valve. This
model is validated by stationary and transient experiments. The data from the model are in good agreement with the
measurements. It is shown that retarded magnetic flux increase and spatial field diffusion phenomena are the major
limiting factors for the feasible switching frequency of the spool motion. Thus, it is proposed to match the control strat-
egy to these effects in order to reduce power dissipation in the coil as well as in the magnetic core. A control strategy
that minimizes the power losses is obtained within a trajectory generating framework where the differential flatness
property is used as a key enabler for efficient optimization schemes. The validity of the proposed hypothesis is demon-
strated in several simulations, where the method using voltage profiles is compared against state of the art boost and
hold energizing schemes.
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1 Introduction

Fast switching solenoid digital valves with switch-
ing times below one millisecond are an emerging tech-
nology, enabling a variety of new fluid power applica-
tions. The fields that can benefit from these kinds of
devices range from anti blocking system (ABS) control
valves (Lolenko and Fehn, 2007), camless engines for
increased fuel efficiency and emission reduction
(Turner, 2006), to diesel engine and aircraft turbine
injection control for resonance damping and combus-
tion stabilization (Banaszuk, 2006). Another emerging
field that requires this type of device is digital fluid
power.

Concepts like those presented by Linjama (2008)
for digital flow control units or switching power con-
verters suggested by Scheidl (2005) and Kogler and
Scheidl (2008) require high speed valves.

Furthermore, there is a continuously growing de-
mand of electromagnetic drives with high dynamics.

Due to cost, durability, and stiffness, the use of
eddy current mitigating bundled lamination is rarely
possible in digital valves. The choice of material with
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more suitable properties might be restricted as well,
depending on the application. Particularly in cylindri-
cally shaped spool valves where the use of laminated
steel is not practically feasible. Therefore, induced
eddy currents in the core play a prevailing role in re-
gard to the dynamics and cannot be neglected.

In this paper, the focus is put on control strategies
only, without considering mechanical design aspects. It
is understood that for designing excellent high-speed
valve systems, both fields have to be coupled.

In recent years, a number of papers and disserta-
tions have been published that are dealing with various
aspects of the magnetic portion of the valve.

To a great extent, the papers are confined to the as-
pect of modelling the magnetic properties, in particular
with FEM or FD methods (Aldefeld, 1982; Lequesne,
1990; Klesen and Nordmann, 1999 and Uusitalo,
2008). While these methods provide accurate stationary
and nowadays also transient results, the computational
requirements are yet too high to use these types of
models in an optimization framework, where hundreds
or even thousands of optimization runs are needed.
Thus, a more simplified approach, based on magnetic
inductance and flux channels has been proposed by
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Piron et al. (1999), Bottauscio et al. (2004), and others.

The simplest approach to approximate the effects
caused by eddy currents is a resistor in parallel to the
inductance that mimics a short circuit ring around the
coil. This has been proposed by Abrahamsen et al.
(1994), and lately being revisited by Reinertz and Mur-
renhoff (2009).

While a retarded flux is reflected by these models
with sufficient accuracy, the actual current through the
coil is not and therefore needs some additional treat-
ment like filtering.

An extension that has been used by Abrahamsen et
al. (1994) is to include a static flux / current map with
the aforementioned approach. However, a filter to re-
flect delay in the increase of eddy current is still
needed.

In a more accurate reluctance model, an iterative
approach would be needed to consider the mutual inter-
action of current and flux (Stréhla, 2002).

Nevertheless, the magnetic inductance model is
widely used in literature.

Fewer papers deal with modelling and energizing
strategies (Reuter, 2006). Kajima (1993) and Kajima
and Kawamura (1995) suggest boost and hold strate-
gies and some electrical circuit topologies to control a
high speed solenoid valve.

In recent years, questions in regard to simplifying
and optimizing hydraulic digital valve performance
have been addressed. Particularly, pulsed voltages and
event based feed-forward control strategies for switch-
ing valves have been investigated by Lolenko and Fehn
(2007) and Gunselmann (2005).

However, a systematic optimization of spool motion
subject to soft-landing and power dissipation still
seems to be an unsolved problem.

From a controls perspective, when the task is to op-
erate a high-speed solenoid valve, a major challenge is
to create the very high spool accelerations required to
achieve the desired switching frequency. Boost and
hold driver topologies are most often used, with possi-
ble modifications to enable energy recuperation, while
de-energizing the coils. However, such a topology
limits the ability to influence the spool motion, since it
usually does not allow shaping or profiling the electri-
cal current or voltage that energize the solenoid arbi-
trarily. The latter is actually desired to match and opti-
mize the applied current to a desired spool motion and
the magnetic flux evolvement, as shown in this paper.

This research analyzes if current profile shaping can
be beneficial for reducing coil and eddy current losses.
That is done by analyzing the effect of various current
waveforms on the spool motion and energy losses. To
this end, quantities are studied that create and affect the
magnetic force, such as current shape, saturation effects
and eddy currents.

A second reason why advanced control schemes are
desirable for fast switching actuators is the problem of
soft-landing and robustness. With the demand on high
spool acceleration, the impact velocity of the spool
might be high, even if the mechanical design is chosen
in such a way that the fluid provides a certain amount
of damping. Actively controlling the spool motion
enables soft-landing and consistent actuator perform-
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ance despite changes in fluid properties, e.g. viscosity
and pressure of the system. In this research, dual coil
solenoid valves, as depicted in Fig. 1 and 3, have been
considered. For such a device, an advanced control
scheme based on differential flatness has been pro-
posed in (Reuter, 2006) and is used as a starting point.
However, in order to obtain more viable results, this
model had to be enhanced in such a way that eddy
current effects are also considered.

In the next section, some basic magnetic facts are
reflected, in order to familiarize the reader with the
problems that arise when dealing with high speed mag-
netic actuators. Then, a formulation of the proposed
hypothesis is given and a description how to overcome
the previously mentioned drawbacks. Furthermore, the
experimental setup is described that has been used for
model validation. After that, details of the optimization
approach are provided which have been found to be
suitable. Various comparisons between a current state
of the art energizing scheme and the proposed method
are shown as well. The paper is finished by a discus-
sion of the results and some conclusions and open
questions for future work.

2 Problem Formulation

In magnetic actuators, Lorenz force and/or Maxwell
force is used to move a magnetic plunger, spool or
armature. Here the focus is put on spool valves, where
the Maxwell force is used to move the spool. This force
is proportional to the square of magnetic flux through
the cross-sectional area of the spool. The flux depends
on the magnetic induction or flux density, which is a
function of the current, the change in current respec-
tively. The total amount of current flowing through a
closed magnetic field line is called the magneto-motive
force.

For slow magnetic actuators, the use of these rela-
tions is simple and leads to good results, both for valve
operation as well as for modelling.

However, when dealing with high-speed magnetic
actuators, rapid flux changes occur. According to
Maxwell’s 2nd equation, a changing flux density in-
duces an electrical field in the magnetic material, which
is proportional to the rate of change. When the conduc-
tivity of the magnetic material is high, this field leads
to a significant eddy current in the material, with oppo-
site sign, compared to the driving current. This eddy
current leads to two major effects influencing the
evolvement of the flux. First of all, the electromagnetic
force is diminished, which results in a retarded increase
in flux and therefore delays the increase of the force
that attracts the spool.

The second effect caused by the eddy current is that
the spatial penetration of the spool by the magnetic
induction is governed by a diffusion equation. The flux
penetrates the spool from the outer radius towards the
centre. This means, the effective cross-sectional area
available to produce the force is subject to a retarded
increase, Fig. 2.

Both, the time delay and the spatial diffusion are lim-
iting the time, required to build up the Maxwell force.
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From the previous paragraph a fundamental prop-
erty for any fast switching electro magnetic actuator
became obvious. This is the fact that the force is not a
function of the driving current alone, but also depends
on the eddy current that is a result of the rapid change
in flux per unit time when a quick change in accelerat-
ing force is required. Since both, driving current
through the coil and eddy current in the iron core are
determining the magneto-motive force, it is suggested
that, given a certain limitation in the maximum voltage
which can be applied to the solenoid, there might be an
optimal way to energize the coil in order to bring up the
force as fast as possible, concurrently however limiting
the flux change to keep the eddy currents and therefore
the losses in the iron core low.

According to Kallenbach et al. (2008) and Aldefeld
(1982) the diffusion velocity depends on the variable
permeability of the iron. A typical strategy for control-
ling a solenoid valve is to overdrive the coil in order to
bring the permeability down and thus decrease the time
required for the field to penetrate the core. However, by
doing so the eddy current losses are inevitably increas-
ing. Again, there might be a trade-off and a strategy for
energizing the coil in a way that the speed of flux
change is tuned to the field diffusion effects. This
means, the change in flux is limited to the amount that
matches the speed of field diffusion.

3 Experimental Setup and Model

For the study, a simple mock-up as shown in Fig. 1
is used.

coil spool coil

endcap / drill for endcap
enclosure position
sensor

Fig. 1:  Valve Mock-Up

The spool moves between two driving coils, each
located at a respective endcap. The stroke of the spool
is 1 mm. In order to be able to measure the spool mo-
tion, a simple position sensor is integrated. This sensor
comprises of an infrared LED and a photo transistor. A
ring shaped notch of one millimetre is milled into the
spool. The spool displacement causes a variation of the
amount of light reaching the transistor, thus allows a
fast and accurate position measurement. The valve
mock-up is built to be vertically symmetric. For sim-
plicity of modelling, the influence of screws and drill
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holes on the magnetic circuit is neglected and axial
symmetry is assumed.

Figure 2 shows the diffusion process of the mag-
netic flux density into the iron material calculated by a
finite element simulation. Here only one half of the
total valve is shown. It can be seen that the major part
of the flux density is concentrated around the coil. It is
clearly indicated that the flux density practically
amounts to zero at the centre of the valve (that is where
the channel for the position sensor is located). Thus,
modelling is simplified and both valve parts can be
treated separately. Due to symmetry it is sufficient to
model one side of the valve only. Afterwards, the
model can be replicated for the other side.

H 2T
H oT

1ms
In the upper part of Fig. 3 a network model for the

Fig. 2:  Diffusion process of the magnetic flux density
magnetic part of the valve model incorporating eddy
current effects is depicted. The magnetic network con-
sists of magnetic reluctances R,, = /14 and magnetic
inductances L, = 1/R,, as proposed by Kallenbach et al.
(2008) where / is the length of the respective flux path,
A is the cross-sectional area and g is the magnetic per-
meability. L,, is defined as the reciprocal value of the
electrical resistance R of the eddy current path. A is
the magnetic flux. Ry and Ly represent the outer
hollow cylindrical part of the valve. Ryre; and Lire
stand for the inner cylindrical part of the endcap. Ryres
and Ly characterize the spool part of the valve. Rygap
is the reluctance of the air gap that carries the flux from
which a magnetic force, Fi,,, results on the spool.
Rus1.. 4 are magnetic reluctances representing the leak-
age flux paths around the air gap. Rpenc 1S the reluctance
of the air gap between spool and enclosure part of the
valve.

The magnetic reluctances and inductances can be
summed up as follows:

coil endcap

gap [

spool i

0.1ms 0.3ms 0.5ms

Rore = Roper + Rirer + Rires )

L, =L ;o +L o+ L 2)

Ry =(Roos +t Ryp") 3)

Rivoar = Rippe + R + ot “)
Rgap +R,

Hence, the magnetic network can be modelled as
shown in the lower part of Fig. 3. The magnetic flux is
driven by the magneto-motive force iN where i is the
coil current, N the number of coil windings. i results
from the driving voltage vy, as well as from the in-
duced voltage v; = dy/dt = N dA/dt and depends on the
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copper resistance of the coil windings Rey. Finagr 1S the
accelerating magnetic force, Fp,e the decelerating
force, mg;, is the mass of the spool. Indices ;, relate to
the respective side of the valve.

Up to now, the model is simplified by not taking
into account any mechanical properties besides viscous
friction and is given here without derivation:

. dy
Vawiz = RCull,Z + = (5)
: N
ﬂ"l‘Z =k [R_Vdrvl,Z _ﬂ'l,ZRmealJ (6)
Cu
22
Enagl.Z = Lll (7)
21u0Agap
F =t(Fmag] —Fp )—c,2 sign(Z) (8)

Here Ay, is the surface area of the spool, Ay, the
magnetic flux flowing through Ag,,. z is the position of
the spool and ¢, is the viscous friction coefficient. The
coefficient & is given in the appendix.

4 Model Validation

Validation test results are shown for the static case.
Afterwards transient behaviour is looked at.

For static validation, magnetic forces attracting the
spool are measured for fixed air gaps and impressed coil
currents. This data is compared to the results obtained
from the proposed lumped parameter model and a finite
element simulation.

In order to be able to measure forces at fix air gap
lengths, the valve is embedded in a measurement setup
which together with a position sensor enables precise
positioning of the spool. A force sensor supplies the rele-
vant data.

The measurement setup is configured in such a way,
that one of the endcaps (see Fig. 1) is left off and a force
sensor is mounted at the spool and fixed on a rigid struc-
ture. This configuration is mounted on a linear stage and
the air gap can be adjusted by moving the valve housing,.

The left part of Fig. 4 shows force curves for different

air gap lengths.
As it can be seen, there is good agreement between the
data obtained by finite element simulation and the lumped
parameter model. For low currents, the measured forces
almost agree with the simulation results while higher
currents lead to a significant deviation. Enquiry has shown
that the deviation is caused by deformation of the force
sensor and measurement setup due to inadequate stiffness.
During the tests, this deformation leads to a reduction of
the air gap length by up to 0.05 mm, which results in
higher magnetic forces. This can be confirmed by the plot
in the right part of Fig. 4. Here the same simulation is run
but each air gap length is reduced by 0.05 mm. Then, the
obtained force data is compared with the original forces
measured again. There is good accordance between meas-
urement and simulation for higher currents. This clearly
indicates the deformation of the test setup.
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Upper: Static analysis of forces, assumed airgaps
for measurement: 0.1,0.2,...,0.7 mm, airgap for
simulation: 0.1,0.2,...,0.7 mm, Down: Static analy-
sis of forces, assumed airgaps for measurement:
0.1,0.2,...,0.7 mm, airgap for simulation:
0.05,0.15, ...,0.65 mm
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Fig. 5: Resulting transient force (upper) and current
(down) trajectories when applying a voltage pulse
of 10 Volts
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Nevertheless, regarding the accordance of the
lumped parameter model with the finite element simu-
lation results as well as with the measurements incorpo-
rating deformation effects, a proof for the applicability
of the proposed lumped parameter model is given for
the static case.

For the validation of the transient behaviour, force
and coil current trajectories resulting from voltage
pulses are compared over time. Measurement data is
gathered using the same test setup as for static testing.
In Fig. 5 results of the lumped parameter model simula-
tion are plotted against measurement data. The plots
show exemplary test results for a voltage pulse of 10V
and air gap lengths of 0.1, 0.3, 0.5 and 0.7 mm. It can
be seen that for transient simulation there is good
agreement between modelling and measurement re-
sults. The fact that there is an aberration of forces at
stationary states, again is a result of the deformation of
the force sensor and the test setup.

Results of static and transient simulations compared
with measurement data as depicted in this section pro-
vide a satisfactory proof for the applicability of the
proposed lumped parameter model.

S5 Spool Motion Optimization

In general, there are several methods to find voltage
profiles that achieve the desired spool motion while
concurrently minimizing the power dissipation.

A brute force method would be to parameterize the
voltage signal by spline coefficients, repeatedly inte-
grate the system and change the coefficients using a
suitable optimization software until the desired result is
achieved. In this case, the system is considered from
input to output and the desired boundary conditions
(end position, end velocity of the spool) need to be
enforced by penalty functions.

Another opportunity would be to use an optimal
control framework (Reuter, 1998). However, the
change in parameters, in particular the magnetic per-
meability would cause difficulties.

A more straightforward and elegant approach for
trajectory generation is possible within the framework
of differential flatness (Lowis and Rudolph, 2003;
Koch et al., 2004 and Reuter, 2006).

The system is considered backwards, from the out-
put towards the input. A sufficiently smooth spool
motion trajectory z.(?) is defined and the flatness prop-
erty is used to algebraically find the associated driving
voltage that is required to achieve the spool motion.
The method is briefly summarized here: Due to the fact
that the spool position z(¢) is a flat output of the system,
all other states and the input can be computed from z(7)
and a finite number of its time derivatives. Thus, given
a sufficiently smooth spool reference motion z.((), all
quantities, such as the required forces, the required
flux, the resulting eddy and coil currents as well as the
required driving voltage can be calculated without the
need of integrating the model. This inversion provides
a fast means to numerically optimize the reference
trajectory z.(f) to achieve the desired properties. This
approach has been discussed in more detail by Reuter
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(2006). It is worth mentioning, that nonlinear saturation
effects are taken into account by a flux density depend-
ent relative permeability function z4(B). The inverted
model is given here without detailed derivation. Since
each coil can provide an attracting force only, one has
to distinguish positive and negative acceleration. A
monotonic motion in positive z direction is considered.
Therefore the sign of velocity z is always positive.
Since two control inputs vy,; and vy, are available, but
just one control variable z, the assumption is made that
at any given time only one coil out of the two is ener-
gized. This is required to make a necessary condition
for differential flatness hold. Otherwise, the inversion
of the model would not be a one-to-one mapping. Since
the forces created by the two coils have opposite signs,
this assumption does not restrict the feasibility of any
trajectory, however, it might be interesting to investi-
gate the effect on the results, if this restriction is re-
laxed.

The required magnetic force for spool acceleration
Z(t) along a given trajectory is given by

Frg =2+c¢,z, it 2>0 and Z>0 9)
Fop=2-c,z, if 2>0 and <0 (10)

The necessary reference flux is given by:

Fmaql
;LI = < (c2 —z) (11)
cl
FmagZ
A= (¢, =(z—2)) (12)

2

See (Lolenko and Fehn, 2007) for the derivation of
the magnetic force.

The coefficients ¢; and ¢, are given in the appendix.
Differentiating Eq. 11 and 12, and using the results to
replace d\/dt and d),/dt on the left hand side of Eq. 6,
and finally solving for vy and v , yields the driving
voltages, required to force the spool along the trajec-

tory zpef(?).
Vg, = klk (—(CZZ_ 2)’ (miz +¢,)~2 ’11 J
112 A4 (¢, —2) (13)
+[k1k3 +k, M],ﬂ
(k4 + ks )—z
Vs =15 [_(Q AT g
ko, 2% g
. A
+Z(c2—z)] (14)

+[k,k3+kl (ky = (2 = 2)ks JA
(ky +ks)—(z,—2)

The coefficients k; are given in the appendix.

Remark:

A simplified model, without flux channels is used.
Up to now, it remains an open question, how the flat-
ness based approach could be extended to a model
using flux channels: Rotfuss et al. (2000) suggests a

distributed parameter approach. However, in their work
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the question of how the necessary boundary magnetic
field can be calculated from a given force profile, re-
mains open. The same holds for calculating the re-
quired flux in a model with spatially distributed flux
channels.

As it has been shown, however, the model pre-
sented in this publication is accurate enough to allow
significant confidence in the results.

Technically, for the optimization, the motion profile
is parameterized with ten quartic spline functions. In
addition, two more splines are added to the right and
left of the trajectory in order to have sufficient parame-
ters available to force the profile to the desired bound-
ary conditions, i.e. zero velocity at start and end, as
well as zero acceleration. From Eq. 13 and 14 it can be
seen that the derivatives of z(f) up to the third order are
required to calculate the voltages. Therefore, quartic
splines are used to ensure sufficient smoothness.

As a cost function, the integrated square of the
voltage signal of each coil is used.

J = [V (@) +via (D) de (15)
0

This is directly related to the minimization of the
overall flux change and therefore minimizing the eddy
currents.

6 Simulation Results

In order to prove the positive effects of using volt-
age and current profiles, as proposed in this paper,
comparative simulations have been conducted. In a
previous paper (Reuter and Maerkl, 2009) the compari-
son was carried out between the optimized voltage
profiles and simple voltage pulses. In this paper, the
comparison is done subject to a more practically rele-
vant energizing strategy with multiple voltage levels.
This strategy is known as Boost and Hold or multi level
strategy. In applications such as diesel common rail
fuel injectors and fast switching valves, this can cur-
rently be regarded as state of the art.

Normalized spool trajectories
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Fig. 6:  Comparison of the spool motion subject to pulse
and profile for the 3 experiments
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To make the comparison fair, the voltage levels for
the boost and hold driving circuit have been selected,
according to the voltage used by the profiles, to enable
a decent match between the voltages. Further, the ad-
justment of the duration of the boost and hold phases is
done in such a way that the spool motion profile, which
results from the energizing pattern, closely matches the
optimal spool motion, found by the optimization proce-
dure described in the previous section (Fig. 6).

In all experiments, the constraint on spool motion
was to obtain zero velocity at the start and end posi-
tions, thus achieving soft-landing.

In the work presented here, the investigation is re-
stricted to the spool motion only, without considering
additional hydraulic forces acting on the spool. Taking
these into account would be possible; this however
would not change the results qualitatively. Switching
losses due to pulse width modulation have not been
taken into account, either. These losses, although sig-
nificant, would add to both energizing schemes in a
similar way and are neglected in order to focus on the
energizing strategy.

Normalized driving voltages
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Fig. 7:  Normalized voltages and coil currents (upper) and
power dissipation (down) for the Sms case

To demonstrate the benefits of the suggested ap-
proach, three different experiments are shown, with
valve switching times of five, two and one millisec-
onds.

The spool motion trajectories achieved by the vari-
ous strategies are shown in Fig. 6. It can be seen that
the motion patterns coincide to a great extent. There-
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fore, the influence of different motion profiles is elimi-
nated and the comparison is solely subject to the effect
of the energizing method.

For model parameters, the values from the valve
mock-up have been used. This has not been optimized
for high speed applications, though.

The relevant results are shown in Fig. 7 to 9.

The first two subplots show the driving voltages
and resulting currents. The third and fourth subplots
show the evolution of the energy losses, i.e. the dissi-
pated energy while the solenoid is energized. The third
subplot reflects the losses in the coil and the fourth the
losses due to eddy current. For comparison, all signals
have been normalized to the maximum value. In first
two subplots, the energizing voltages and currents for
the accelerating coil are active from 0 to about half of
the travel time, while the decelerating coil is active
from the time, the first coil becomes passive to the end
of the travel time.

Normalized driving voltages
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Fig. 8:  Normalized voltages and coil currents (upper) and
power dissipation (down) for the 2ms case
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7 Discussion

Figure 7 to 9 illustrate that for all experiments the
power dissipation is lower when using the continuous
voltage profile instead of only four voltage levels. This
feature becomes more significant, the shorter the
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switching time gets. While for the five and two milli-
second experiment the reduction of power dissipation is
particularly prevailing in the eddy current losses, for
the 1 ms case it is very significant in the coil losses as
well. The reason for this behaviour is found in the flux
saturation due to the high force that is required to ac-
celerate the spool according to the commanded motion.
The time instant where saturation takes place, is clearly
marked by the huge increase in current after 0.1 ms in
Fig. 10 lower graph, dotted curve. Due to saturation,
the change in flux becomes neglectable and therefore
the induced voltage is reduced to zero, allowing the
current to rise rapidly. However, this does not increase
the force and therefore produces significant power
losses. On the other hand, it would not be possible to
switch to the “hold” voltage level, since a maximum of
force is required to achieve the desired spool motion. In
contrast, the optimized voltage profile has been found
to be adjusted in such a way that the maximum force is
achieved closely at the saturation boundary. Continu-
ous reduction of the voltage enables the system to
maintain the force along the required trajectory without
a useless increase in current.

This clearly shows that the approach of over excit-
ing magnetic circuits, as it is typically found in Diesel
fuel injection applications, has drawbacks, which can
be overcome by using a voltage profile approach. This
also supports the hypothesis that a match of driving
voltage to eddy current and field diffusion phenomena
results in a significant reduction of power loss.

In particular from Fig. 7 it can be seen that with a
carefully designed multilevel approach similar results
can be obtained in applications that do not require op-
erating the magnetic circuit at the saturation boundary.
However, in fast switching applications this means a
constraint in spacing and material.

From the coil current plots (Fig. 7 to 9) it can be seen
that in order to bring the force down within in the re-
quired time it is even necessary to provide a negative
current to the coil. This surprising phenomenon can be
explained by keeping in mind that when the flux is de-
creasing, the sign of the eddy current changes, which
retards the depletion of the magnetic field. Since the flux
is a function of the magneto-motive force, a change in
the sign of the coil current supports the field decrease.
This explanation is supported by the results published in
(Reuter and Maerkl, 2009), where the conductivity has
been assumed to be several orders of magnitude lower,
than the actual electric conductivity of the material.
There, the current always remains positive.

Conclusion

The results of this study give rise to the assumption
that in the future, when a variety of extremely fast
switching valve applications might be in the field, the
way how the solenoids are energized needs to be
changed subject to the way it is done today.

In digital hydraulics, there might be a variety of
systems with a high number of on/off valves of differ-
ent sizes that need to be switched very fast. Given the
increased number of valves, reducing power consump-
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tion is highly desirable. In this paper a way has been
proposed, that this can be achieved.

It turns out that for operating fast switching valves a
close match of voltage levels and switching times can
provide significant reduction in power dissipation. This
can be achieved by carefully designing control strate-
gies. Given a certain configuration of the electric and
magnetic properties, the voltage profiling approach can
be considered as a lower bound, and therefore optimal.

With this knowledge, the approach can be used to
design voltage shapes that match the optimal shape as
closely as possible.

For a practical implementation a multi level inverter
topology can be used. The number of voltage levels can
be scaled according to the required quality of the volt-
age profile approximation. Such a power electronic
device has been set up in the controls lab of HTWG
Konstanz, where experimental studies with a valve,
especially designed for fast switching applications, will
be conducted. The feasibility to create the required
voltage and current profiles has been proven.

Practical verification of the results presented in this
paper within an actual hydraulic setup is planned for
future work. Moreover, there are further opportunities
for the application of advanced control strategies given
the fact, that the spool motion can be arbitrarily shaped.
For instance, it would be an interesting question, if the
spool motion can be designed and controlled in such a
way, that pressure waves induced by the rapid motion
can be mitigated.

Open questions from the controls point of view
would be in particular a robust observer based control
strategy that is suitable for outside lab applications.

Moreover, from the magnetic modelling and trajec-
tory generation point of view, it remains an open ques-
tion how the flatness property can be extended towards
the flux channel model. A more accurate modelling
approach for the interaction between flux and current is
desired as well, to further improve the prediction of
actual system performance.
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Nomenclature

A cross-sectional area [m?]
Agap surface area of the spool [m?]
Cu viscous friction coefficient [keg/s]
Finae12 magnetic force [N]
i12 coil current [A]

/ flux path length [m]
Ly sum of the magnetic inductances [1/Q]
Lirel magnetic inductance outer hollow  [1/Q1]
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cylindrical part of the valve

Larex  magnetic inductance inner cylin- [1/Q]
drical part of the endcap

Lyres  magnetic inductance spool part of  [1/Q]

the valve

Mmgp mass of the spool [ke]

N number of coil windings -

Rey copper resistance of the coil wind-  [Q]
ings

Ry electrical resistance [Q]

Roene  reluctance of the air gap between [A/Vs]
spool and enclosure part of the valve

Rure sum of the magnetic reluctances [A/Vs]

Rurer  magnetic reluctance outer hollow  [A/Vs]
cylindrical part of the valve

Rureo  magnetic reluctance inner cylin- [A/Vs]
drical part of the endcap

Rures  magnetic reluctance spool part of  [A/Vs]

the valve
Rumgap  air gap reluctance [A/Vs]
Rutor  sum of all magnetic reluctances [A/Vs]
R sum of the magnetic reluctances [A/Vs]
representing the leakage flux paths
Rusi magnetic reluctances representing  [A/Vs]
the leakage flux paths
Vawi2  driving voltage [V]
Vi induced voltage [V]
z actual Position of the spool [m]
Zy starting position of the spool [m]
zef(t)  desired trajectory for spool motion [m(t)]
A2 magnetic flux [Vs]
Agap12  magnetic flux flowing through Ag,, [Vs]
Ho vacuum permeability [Vs/Am]
Uy relative permeability -
u permeability [Vs/Am]
2P flux linkage [Vs]

Indices | , relate to the respective side of the valve.

Appendix
/'IOAgapRGZ
‘ 2
¢, = Hy Ay, (R +R2)
_ Rcu
1 LchRcu + N2
N
k2 = R—Cu
R
k3 — mFe
7
k4 = yORrI:s;(pAgap
kS = Rmc
k6 = :LIORGAgap
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