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This contribution presents a holistic approach to the system optimization of a highly dynamic proportional valve.
The model with lumped parameters which is used for the evaluation of the closed-loop performance is
parameterized based on Finite-Element-Method (FEM) data. In addition to the calculation of static characteristic
curves, a suitable excitation signal is applied to the transient FEM simulation. The valve dynamics of the current
geometrical valve design are identified using the transient simulation results. This new approach enables a fully
automated system optimization of a proportional valve. Hence, during the optimization, human expertise is not
required.
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1 Introduction

A proportional directional control valve represents a mechatronic system. Different domains like electrical
engineering, mechanics, and hydraulics are merged into a single mechatronic system. The result is a nonlinear
system with fast dynamics which is difficult to control. An insight into the development process of mechatronic
systems illustrates the sequential and mostly independent development of the individual subsystems. During this
development, objectives are used which refer to the characteristics of the respective subsystem as maximizing
force and torque, minimizing friction and movable mass. In the case of hydraulic valves, these subsystems are
designed to reach the desired hydraulic characteristics of the whole system theoretically with consideration of
safety aspects. Domain-specific modeling and simulation tools are utilized and are supported by human expertise.
After a certain level of development is reached, the subsystems are assembled into a mechatronic system. From
that moment, the overall system performance is essential. To evaluate the system performance a suitable control
concept and power electronics are needed. Hence, the closed-loop performance highlights the system quality and
proves whether the characteristics of the different subsystems fit each other. However, the characteristics of the
several hardware subsystems which are suited best for closed-loop operations are not known precisely in advance.
The controller is designed to reach the required system performance and to overcome the possible shortcomings
of the hardware subsystems. The problem of the sequential development is for instance discussed in /1/ and /2/.

Due to the strong nonlinearities of some mechatronic systems, an advanced control concept is required. Regarding
industrial applications, cascaded control concept based on nonlinear PID controller are widespread. The reasons
for this are the well-studied PID theory and their low computational effort /3/. To reach pre-defined system
performance requirements regarding the whole operating range, the controllers are extended with nonlinear
characteristic curves for the integral and proportional amplification. Hence, the controller parameters depend on
the control error e(t). The high number of coupled controller parameters requires a fully automated Hardware-in-
the-Loop (HiL) optimization. In /4/ a multi-criteria evolutionary optimization process for hydraulic valve
controllers is presented and is suitable for at least 24 controller parameters. Although this optimization is time
expensive, it is the only possibility to adjust the system performance after the mechatronic system hardware is

build. Obviously, there is a need to develop a holistic system optimization procedure including optimization of
design parameters like geometrical parameters as well as controller parameters. To optimize the hardware design
time- and cost-efficiently a model-based approach must be used. The challenge is to develop a holistic simulation
environment which can connect the different domains of a mechatronic system and enable controller optimization
with an acceptable time effort. Usually, each subsystem is related to a domain-specific modelling tool and a
numerical simulation method. Regarding the holistic model-based system optimization, two objectives contrast
with each other. To improve the hardware design of a mechatronic system a model with a high level of detail
including geometrical parameters is required. The clear impacts of design parameter variations on the physical
interactions within a subsystem are essential. Numerical simulation methods to solve approximately partial
differential equations like the Finite-Element-Method (FEM) or the Computational Fluid Dynamics (CFD) are
well suited for this task. However, they come along with a high computational effort. On the other hand evaluating
the closed-loop performance is of particular interest. Both the simulation quality and a low computational effort
are needed to enable a controller optimization regarding different input signals. Models with lumped parameters
are appropriated for this task. However, models with lumped parameters are not suitable for optimizing the exact
geometric design. Due to the model simplifications, the number of physical interpretable parameters is low and
many physical relationships between different parameters are omitted. For the coupling of different models and
numerical solvers several approaches exist. In /5/ an overview about the state-of-art is presented. Probably, the
best-known approach is the so-called co-simulation. Either different simulation tools run in parallel and exchange
their results at certain times or a superordinate simulation calls a subordinate simulation to perform some
calculations at certain times and to transfer the results. The simulation with lumped parameters including the
control concept mostly represents the superordinate simulation stage. More detailed models of the subsystems are
on the basis of FEM or CFD. For instance, in /6/, /7/ and /8/ detailed multibody simulations are subordinated to a
simulation with lumped parameters to realize the closed-loop performance of machines and manipulators. In /9/ a
subordinated transient FEM is performed for electrical machines and converters. The motivations of these
contributions also focus on the simulation-based analysis and design. However, whenever design parameters are
modified, a new controller design has to be performed. If this is not the case, the robustness of the controller and
not the improvement of the system performance is evaluated. A complex controller design as in /4/ based on a co-
simulation takes too much time and is not sustainable.

Another approach of combining different simulation methods is the parameterization of models with lumped
parameters using simulation results of complex and detailed simulations like FEM. Regarding the simulation of
electromagnetic actuators, the application of reluctance networks is well documented in the literature. This network
method can transform the magnetic flux distribution within an actuator into an equivalent circuit with magnetic
resistors. The structures of these reluctance models and the parameterization depend on the current flux distribution
and the flux paths. Some examples are presented in /10/, /11/ and /12/ and show a high simulation quality.
However, the chosen structure and the parameterization is not fully generalizable to different geometric designs
and requires some human expertise whenever the geometrical design changes. The need of human interventions is
not applicable in a fully automated optimization process. Another approach is to use static characteristic curves of
the different subsystems within a model with lumped parameters. /13/ and /14/ utilize this approach for the
simulation of a holistic system performance of a pressure relief valve and an electro-hydraulic actuator. The static
simulations of FEM models of the electromagnetic actuators and CFD models of the hydraulic subsystem provide
the static relationship between different quantities like current i(t), force F(t), pressure p(t) and flow rate Q(t).
Nevertheless, models, limited to static characteristic curves, are only applicable for the closed-loop simulation if
the impact of dynamic interactions like eddy currents can be neglected. The introduced papers, using the approach
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Figure 1: Cross-section of the proportional directional control valve 4WRREHG6 /15/.

of the parameterization of lumped parameters by complex simulations, already show the possibility of the holistic
model-based system optimization for selected systems. The contribution of this paper is a new holistic system
parameterization and optimization process of a fast-acting proportional valve. This new approach relies on the
model with lumped parameters in /16/ and /17/ and section 2.1, which is used for the evaluation of the closed-loop
performance. This modeling approach enables a high simulation quality for valves with fast dynamics through the
application of characteristic curves combined with linear dynamics. It has been proven in /18/ that this model is
suitable for a model-based controller design for a proportional directional control valve. This model with lumped
parameters is not only parameterized with the help of characteristic curves resulting from static FEM simulations.
Whenever the design changes, the linear dynamics are identified using signals generated by a transient FEM
simulation. This new system parameterization process aims to realize a fully automated system optimization to
exploit the hidden potential of the current valve design. Optimization of the hydraulic subsystem is not a part of
this new approach since hydraulic interactions are not considered during the controller design.

The next section presents the selected proportional valve and the closed-loop system. The valve model and the
controller are parameterized by the process in section 3. The section 4 shows the closed-loop performance which
is used for the evaluation of the current valve parameter setup. Finally, section 5 summarizes the results and
provides an outlook on further work.

2 Closed-Loop System

The results of this contribution refer to the hydraulic proportional directional control valve 4WRREH6 of the
company Bosch Rexroth AG /15/. Figure 1 presents the cross-section of the 4WRREH. A proportional directional
control valve is used to route an oil flow from the pressure port P to the working ports A or B. The supply pressure
p(t) and the spool stroke x; (t) adjust the flow rate Q(t) through the valve. While a working port is opened a
pressure relief takes place on the other side between the tank T and the further working port. The control task is
the fast and precise positioning of the stroke x;(t). An internal inductive senor provides the current stroke. A
sensor signal of x; (t) = £100% indicates a fully opened working port A or B. To achieve high dynamics the
electromagnetic actuator has a double stroke solenoid. The two coils operate in contrary motion directions.
Movement is mainly characterized by the actuator and not by pre-loaded springs. Nevertheless, two preloaded
springs contribute certain forces. These nearly equal pre-loaded springs ensure the force-type connection of the
movable parts. To simulate the valve closed-loop performance a suitable holistic model is required. The holistic
performance of this valve is evaluated using the closed-loop performance of the stroke respectively position control
regarding different criteria like rise time, settling time and overshoot characteristics.

2.1 Valve Model with Lumped Parameters

In the previous work in /16/, /17/ and /18/ an electromagnetic actuator with a single coil which acts against a pre-
loaded spring is investigated. The developed model is now ported and extended to the double stroke valve. Figure 2
illustrates the overall system model. It is divided into two current models, a force model and a mechanics model.
The actuator input voltages are mapped to the electrical currents which are used to simulate the actuator force.
This force leads to a movement of the spool. The linear dynamics G5 (s), Gg(s), and Gg(s), exhibit purely

mathematical parameters. These parameters have no physical interpretation. However, the analysis of the force
model shows clearly the necessity of these dynamics. A sudden change in a current signal i, (t) or ig(t) at the
input of the force curves F;(i,, ig, x;) leads to a sudden change of the static force Fyi, (t). In reality, dynamic
effects occur within the actuator as eddy currents. A magnetic flux linkage ¥ (t) and thus also the force F(t) only
reach the value pre-determined by the static characteristics after a certain delay. The linear force dynamics model
this effect. It is a kind of dynamic correction of the static model approach. From a system-theoretical point of view,
the combination of a static nonlinearity with linear dynamics is a common model approach and is called
Hammerstein Model. Since the relationship between the current i(t) and the flux linkage 1 (t) is used in an
inverted manner within the current models, the current dynamics exhibit a more derivative character. The
amplitudes of the currents igea(t) and igqep(t) at the outputs of the static curves isa(YPsiarar i, X1) and
iSIB(wstatB, ia xl) within the current models are too low. The linear dynamics increase the current amplitudes.
Since a double stroke solenoid is used, two separated models are utilized. The basic approximation for every
current model is the differential equation like it is described in /19/:

dip (2, (1), i(1))
dt ’

Vowm (@) = Vr(@®) +VL.(t) = i(®) R + (1)

This assumption is only valid for slow-acting actuators when dynamical effects like eddy currents can be neglected.
The actuator input signals Vpywm a(t) and Vpywy p(t) are pulse-width modulated voltage signals. Since the coils
are built identically, the assumption of identical behavior is valid. It applies G5 (s) = Gg(s) and equal ohmic coil
resistors R, = Rg. FEM simulations show magnetic field coupling of the separated coils. Thus, the characteristic
curves do not only depend on their own current i, (t) or ig(t) and the stroke x; (t). The further dependency on the
current in the other coil is modeled as a simple cross coupling. The one dimensional movement of the movable
parts as armature and spool constitutes a second order differential equation (mass-spring-damper) with a nonlinear
friction term:

F(w(6) = Fo o — 2 + B 0 (0). @)

with the static friction Fy,, an approximation parameter & and the damping coefficient £ The variable v(t) = x,(t)
is the spool velocity. The spring constants ¢; and c, represent the two springs. A fast change of the armature
position (step-shaped) also leads to dynamic effects within the actuator. These effects are neglected in this model
since the impact is significantly lower compared to the impact of fast changing electrical signals. Usually, fast
position changes only occur when hydraulic loads are applied. Hydraulic loads are not investigated in this work
since the valve’s controller parameters are optimized with mechanically closed working ports A and B. Further,
more detailed information, concerning the model with lumped parameters is presented in /16/, /17/ and /18/.

2.2 Cascaded Control Concept

The structure of the cascaded valve native control concept is adopted. The inner simple current controllers are
maintained. Figure 2 presents the native control structure. However, the complex outer position controller is
replaced with a model predictive concept as it is described in /20/. Since the plant is known exactly during offline
simulations, it can be used as a part of an advanced control concept. In this way, the number of classic controller
parameters can be reduced significantly. In /20/ it has been proven that the sub-optimal model predictive trajectory
set control (MPTSC) is real-time capable for the valve’s native sampling frequency of f; = 10 kHz with a closed-
loop performance similar to the nonlinear PID controller. The native current controller including the function of
the power electronics become a part of the valve model. In every control sampling interval of the native controller
of tg = 1/10 kHz the voltage level can be inverted once by a hardware processing unit. The sampling frequency
of this unit is above f; > 1 GHz. For reasons of simplification, during the simulation of the valve model the native
controller sampling interval is divided into eight equal time steps resulting in a simulation step size of tg =
1/80 kHz for the plant. For the remaining sections, the controller design only focuses on the position controller.
A state space controller as the MPTSC requires all j states X(t) = [x(£), x,(£), ..., x; (£)] T of the plant. The

native nonlinear PID controller only requires the stroke x; (t).
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3 Parameterization Process of the Valve Model

The closed-loop system in section 2 is well suited to evaluate the valve performance or to be used in a model-
based controller design. However, the physical relationship between the parameters is insufficient due to the model

simplifications. For instance, when changing the coil windings the ohmic resistance and the magnetic
characteristics change. In the model in section 2.1 there is no relationship between the characteristic curves and

j

the ohmic resistors R, and Rg. When optimizing directly the parameters within the model with lumped parameters,

C1
c

1
s

the characteristic curves must be described by means of polynomial functions. The coefficients of the applied

Friction
Fi(v)

polynomial functions must then depend on the current i(t) and the stroke x;(t). The additional resulting

parameters can be subjected to an optimization. It would be determined how a characteristic curve should look

Fop1
Fypo

1

m

F

like to provide an improvement in the closed-loop performance. However, the impact of a change of the shape of

the characteristic curves on the ohmic resistor, on the movable mass or on the linear dynamics is not reproduced
by the model. Furthermore, it is difficult to determine the parameter ranges of this additional polynomial

Mechanics model

F p17p2

coefficients. Characteristic curves which can be realized technically are not known in advance. Moreover, the

mapping of characteristic curves to geometrical design parameters depends on human expertise. Due to its

nonlinearity and its fast dynamics, the actuator represents the most significant challenge for the closed-loop

control. The idea is to increase the level of detail of the electromagnetic actuator by including a FEM model.
Within this model, the coupling of the parameters is more accurate in comparison to a model with lumped
parameters. For the FEM simulation a 2D actuator model of the 4WRREHG is solved applying Ansys Maxwell.

For simplification, a rotational symmetry around the z-axis (armature movement direction) is assumed. Figure 1

shows the axes of the 2D FEM model. A new parameterization process of the valve model in section 2.1 based on

stat
Force model

FEM data is presented in Figure 3. Model parameters which depend on the geometrical design are adjusted as soon

as the design of the actuator changes.

3.1 Conversion of Geometrical Design Parameters to Physical Model Parameters

The valve model with lumped parameters is parameterized by geometrical design data and physical parameters.

ip
Ig

Firstly, some geometrical design changes of the actuator lead to new resistor and mass values. If the spool
dimensions or the coil turns are changed, the resistor values R and Rg change too. The orthocyclic winding of the

GA(s)
Gg(s)

coil describes a relationship between the 2D spool dimensions [, X l,, the number of coil turns A and the wire

gauge including the isolation d,:

1 stat,A
Istar,B

h(ly, 4, dv) = [1+ ({(L, A) — 1) sin(60°) ] dyy. 3)

X1
I
s, A
X1
Iy
s B

The parameter () is the number of wire layers and h(-) the winding height in the x-direction. The wire gauge is

chosen considering the DIN standard EN IEC 60317-0-1 which specifies the characteristics of copper winding

wires. Using the specific resistance and the radius between the axis of rotation (z-axis) and each coil winding
center the resistor values R, and Rp can be calculated. When the armatures dimensions change during the

v
iA
lpstat,A s
lpstat,B is"B
1

optimization the mass of the armature, and thus the overall movable mass m, is also adjusted. Therefore, the 2D

1
s

1
s

armature dimensions and the armature material mass density are utilized. The level of detail is not increased for

the mechanical subsystem compared to /6/, /7/ or /8/. Hence, there are further parameters which can be provided

directly to the valve model. These include the spring constants ¢; and ¢, and the spring pre-load forces F, ; and

Via
VRA
B
VRB

VLB

N
Ry
R
e
),

Fp,2. The friction parameters of the function F¢(v(t)) are kept constant concerning the reference design since an

Current model (coil A)
Current model (coil B)

adjustment is not possible with this low level of detail within the mechanics model.

B
Figure 2: Overall valve model with lumped parameters which is used to evaluate the holistic system performance regarding the closed-loop.
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Figure 3: Holistic approach to the system optimization of a fast-acting proportional valve. Dynamic effects are
identified based on FEM data.

3.2 Identification of Valve Dynamics

A change in the actuator’s geometrical design has an impact on the static behavior as well on the dynamic
interactions within the electromagnetic subsystem. The identification procedure of dynamics requires input and
output signals. In /16/, /17/ and /18/ measurable signals are investigated. The unmeasurable force during real
operation of the valve is reconstructed by the measurable position signal and with the help of the inverse mechanics
model. In contrast, within this work, signals simulated by the transient FEM are used for the identification process.
Figure 4 presents an overview about the whole identification procedure. An electrical network is not modeled
within the FEM. Thus, the electrical current constitutes the excitation signal within the transient FEM simulation.
The induced voltage V}, o rpm(t), the dynamic flux linkage 5 pem (t) and the dynamic force Frgy (t) represent the
required and simulated FEM quantities. Regarding the model with lumped parameters, the current is the connecting
signal between the current and force model. To identify the linear dynamic G, (s) the input signal ige 4 (t) and
the output signal i, pgm(t) are needed. The variable is gy (t) is the excitation signal and iggae o (t) is unknown at
first. It is the case that the input signal as well as the dynamics parameter are unknown. The left plot of Figure 5
shows the induced voltage V; 5 pem (t) in coil A as a result of the transient FEM using a pre-defined excitation
signal. The left plot of Figure 6 shows the associated excitation signal (trapezoidal shape). The variable T
represents a time constant. Figure 4.a) summarizes this first needed action to generate identification data. The

current in coil B is kept constant at ig gy (t) = 1A and the position is kept constant at x; gy (t) = 0 %. The
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Figure 4: General overview about the necessary steps during the identification process of the linear dynamics.
a): The linear dynamics within the valve model are identified based on transient FEM results. b): The
reconstruction of the pulse-width modulated input voltage Vpwy a(t) is required to estimate an input signal
istat o (£). It should be proofed if this signal could also be simulated with the valve model. ¢) and d): The utilized

input and output signals for the identification of the linear dynamics are shown.

smooth magnetic flux linkage generated by the FEM cannot be reproduced by the model approach in section 2.1
since the input of the current model is a pulse-width modulated voltage signal. Hence, it makes no sense to use the
FEM flux linkage signal Y, ppm(t) at the input of the characteristic curve iS,A(lpstat,A, iB,xl) to calculate the
dynamics input signal igae o (£). With the knowledge of the shape of pulse-width modulated actuator input voltage
Vpwma (t) and the function of the power electronics described in section 2.2, the smooth flux linkage signal can
be approximated Y4 pem (t) With Py 4 (t). Figure 4.b) illustrates the approximation action. For the approximation
of the FEM induced voltage V;, 5 rgm(t) by equation (1), which is also simulated with a fixed step size of t5 =
1/10 kHz, the pulse-width input signal Vpyy a(t) is reconstructed. For every simulated FEM vector element, all
16 possible combinations of the input voltage signal are tested. As already mentioned, the model with lumped
parameters including the power electronics is simulated with f; = 80 kHz. Within a sampling interval of t; =
1/10 kHz of the outer controller, there are 16 possibilities of inverting the voltage level during a sampling interval
step. One of 16 possible switching actions is illustrated in Figure 4.b). If the first voltage value at the beginning of
a sampling interval is fixed, then only eight possibilities exist. The switching sequence which leads to the minimal
quadratic error between the flux linkage signal ¥ ppm (t) simulated by transient FEM and the approximated flux
linkage signal Y, 4 (t) by equation (1), regarding the current sampling interval, is chosen. Figure 5 illustrates the
resulting approximation of the induced voltage Vi, o ppm(t) (based on the reconstructed input voltage Vpwm a(t))
and the magnetic flux linkage ¥4 pgm(t). The time integration of the induced voltage leads to the magnetic flux
linkage in the right plot of Figure 5. The comparison with the results of the transient FEM, highlights the high but
limited quality of approximation. Only high amplitudes of induced voltages cannot be reproduced by the valve
model with lumped parameters. This results in an increasing approximation error (for example at t = 4.8 T). A
fast current change leads to a high amplitude of the induced voltage. Hence, a suitable current excitation signal is
required for generating identification signals. For instance, a step-shaped excitation signal would lead to high
amplitudes of the induced voltage. Thus, the trapezoidal shaped excitation signal with a variable steepness of the
flanks constitutes a possible approach. For this reason, Figure 4.b) shows a feedback to Figure 4.a). If a geometric
design leads to highly dynamic electromagnetic interactions within the actuator, the slope of the flanks can be
reduced automatically. The fit of the approximation of the FEM flux signal 1, pgm(t) indicates a poorly
conditioned excitation signal. Regarding the force model, no requirements exist for the current excitation signal
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Figure 5: Approximation of the transient FEM signals with pulse-width modulated voltage inputs.
Left: Approximation of the induced voltage Vi, a pem (t) with the reconstructed input Voyww a(t). The model with
lumped parameters cannot represent sufficiently high voltage values. The current excitation signal must be chosen
in consideration of this effect. Right: Time integration of the left voltage signals leads to the magnetic flux linkage.

since the input Fyae 4 (t) and the output Frgy (t) are well known. However, the trapezoidal signal is also used for
the identification of Gr(s). The current excitation signal is designed to be relatively short while magnetizing in
both directions starting from i ggm (t) = igrpm(t) = 1A. The stroke is kept constant with x; (t) = 0 %. The short

time base is chosen since linear dynamics with just a small number of parameters a, b, d and f are utilized:

bo+bys+bys?
z

_ fotfistfes®
Gr(s) = 1+dys+dys® )

Ga(s) = Gg(s) =

1+ll1$+1125
Figure 4.c) and Figure 4.d) show the identification actions of the dynamics based on transient FEM results. In the
case of a more complex excitation signal with different levels of excitation, the linear models would try to fit on
average to the simulated transient FEM results. When modeling a nonlinear system with a linear model structure
the parameters depend on the excitation signal. This problem is well known from the literature and is discussed
and summarized in /21/. Figure 6 shows the identification performance for the current dynamics on the left side
and for the force dynamics on the right side. The objective is to realize suitable correction properties of the
dynamics. The dynamics do not aim to realize an exact match. The results on the left side show the desired
derivative characteristics of the current dynamics and the results on the right side show the desired delayed force
application. Hence, the desired correction properties of the dynamics can be achieved with this approach. The use
of simple dynamics with a small number of parameters justifies a neglect of a test procedure to avoid overfitting.
This fact reduces computational time of the FEM. Obviously, it is possible to use non-linear dynamic models for
the improvement of the valve model instead of linear dynamics. For this purpose, a division of the simulated FEM
results at least into a training and test set would be necessary. The simple shape of the chosen excitation provides
a further advantage concerning computational effort. The fixed step size of the transient FEM can be chosen higher
as the step size during the closed-loop control. Since an identification is performed for a model of the continuous
time domain, the dependency on the sampling step size is rather low. This, however, requires the use of a solver
for nonlinear optimization problems. For the identification of linear dynamics in the time domain representation,
a nonlinear least-squares problem is usually solved with a Newton-type solver.

4 Development of the Holistic Valve System Optimization Process

To evaluate the impact of the design variations on the system performance, a controller design process is essential.
It makes sense to include the controller parameters into the set of optimization parameters. However, the problem
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Figure 6: Identification results of the linear dynamics G, (s) and Gg(s). The dynamics adjust the signals at the
outputs of the characteristic curves towards the transient FEM signals. Left: Derivative character of the current
dynamics. Right: Delayed force application through the usage of the force dynamics.

is the high number of controller parameters regarding the native nonlinear PID position controller. The global
optimization algorithm may not achieve convergence within an acceptable time. To reduce the number of
controller parameters significantly, a model predictive control concept is suitable. In this case, the whole plant is
a part of the control concept and is known exactly during the optimization through the parameterization process in
Figure 3. Figure 7 illustrates the closed-loop performance of the proportional valve with the reference design. The
model with lumped parameters is parameterized applying the process in Figure 3 and the valve reference design.
MPTSC with only three parameters is tuned to reach a closed-loop performance which is similar to the native
nonlinear PID control concept. This three additional parameters can be included into an optimization vector. Thus,
the assumption is that the extension of the system optimization vector with three controller parameters has only a
low impact on the global optimization process. The current signals i, (t) and ig(t), the input signal u(t) and the
stroke signal x; (t) exhibit valve common characteristics. The closed-loop performance regarding the position can
be now used to evaluate different criteria as rise times, settling times and overshoots concerning different reference
step amplitudes for the varying design. Whenever the design changes the prediction model is adopted inherently.
The current signals can be used to define additional constraints like maximum power losses. A suitable
optimization algorithm for multi-criteria optimization problems like the NSGA-II /22/ modifies the values of a
pre-defined optimization vector. Elements of this optimization vector can either be geometrical, physical or
controller parameters. In Figure 3 the optimization algorithm constitutes the outer loop. Although the model
predictive approach reduces the number of controller parameters, there are still plenty of different geometrical
parameters. To realize a useful system optimization, a pre-selection of the essential parameters is required. A
sensitivity analysis contributes the needed information. Every construction parameter is changed by a factor of
+5% while the other parameters are kept constant. A static and a transient FEM simulation provide the sensitivity.
The maximum changes in the characteristic curves and the pole-zero description of the linear dynamics are
considered. Since the FEM is time-consuming, a global sensitivity analysis is not performed. An important
consideration for the sensitivity analysis or the optimization is the adherence to restrictions concerning not
recommended design. For instance, adherence to certain dimensions provided by human expertise, avoiding
additional air gaps or overlap of different FEM elements should be taken into account. For this reason, the distantly
a FEM element is related to an axis (x-axis or z-axis) the more dependencies it exhibits from more nearly related
elements and thus geometrical parameters. Thus, the dimensions of the outer elements depend on the dimensions
of the elements near the axes. The optimization process and the valve model are simulated with Matlab/Simulink.
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Figure 7: Evaluation of the model-based valve system performance. The valve model is identified with FEM data
which is generated with the original valve design. Top: Closed-loop performance regarding the position control.

The overall objectives are the rise times, the settling times and the overshoot characteristics. Middle: Current

signals of the two coils during closed-loop control. Bottom: Constrained input signal with |u(t)| < 100 %.

The closed-loop system, including the plant and the prediction model, is simulated with a fixed step size and finite-
differences using the Euler method:

Xpr1 = X + F (X, We) £, Xp=o = Xo. ©)
The vector X, € R/ describes the state vector with j states at time instance k and u;, € R the corresponding input.
f(*) denotes the nonlinear system dynamics concerning the whole model in Figure 2. The inter-process
communication between Matlab and Ansys is fully automated utilizing the OLE Automation and the scripting
functions of Ansys Maxwell. However, this contribution does not aim to discuss the optimization process and the
FEM model in detail. The primary objective is to introduce the identification of dynamics within a fully automated
optimization process. The overall paremetrization process enables a holistic system optimization of a proportional
directional control vale.

5 Summary and Conclusion

This contribution presents a novel holistic approach to the system optimization process of a fast-acting proportional
valve. A model with lumped parameters enables the simulation of the closed-loop performance and thus the
evaluation of the holistic system performance. By utilizing a 2D FEM model of the electromagnetic actuator within
the optimization loop, the level of detail of this nonlinear subsystem increases. A process is developed which maps
geometrical design parameters to the required model parameters. For the simulation of dynamical effects like eddy
currents of fast-acting electromagnetic actuators linear dynamics are identified based on transient FEM simulation
results. The parameterization with FEM data results in a closed-loop system which shows a realistic closed-loop
performance. This new parameterization process is fully automated and is suitable for the holistic valve system
optimization without requiring human expertise. Further work is concerned with the description of the optimization
setup in more detail. The progress of the evolution and the discussion of the results are of central interest.

Nomenclature

Variable
a,b,df
€1, €
duy
e(t)
10
F(t)
Fe(v (1)
Frem (1)
Fy

F,

F, b2

1
fs
E()
Fsp1, Fp2
Fotar(£)
Ga(s), G (s)
Gr(s)

h()

i(t)
i5(8), 5 (2)
iarem (8), igrem (1)
i54(), s ()

istat,A(t)r istat,B (t)

Description

Parameter vectors of linear dynamics
Spring constants

Diameter of wire with isolation
Position error

Nonlinear system dynamics

Actuator force

Velocity dependent friction

Actuator force from transient FEM

Static Friction

Spring pre-load forces

Sampling frequency

Characteristic force curves from transient FEM
Spring forces

Output of characteristic curves within the force model
Transfer function of current dynamics for coil A and B
Transfer function of force dynamics

Winding height of orthocyclic coil winding

Electrical current

Electrical current for coil A and B

Current excitation for transient FEM for coil A and B

Characteristic current curves for coil A and B from static FEM

Output of characteristic curves within current models A and B

Number of states of valve model

Coil cross-section dimensions within FEM

Mass of all movable elements

Oil pressure

Volumetric flow rate

Ohmic resistor for coil A and B

Time constant

Sampling interval

Output of position controller, u at time instance k

Velocity

Unit
[-]
[N/m]
(m]
(%]

(N]
(N]
(N]
(N]
(N]
[Hz]
(N]
(N]
(N]

[-]
[m]
[A]
[A]
[A]
[A]
[A]
[-]
[m]
[kg]
[bar]
[m?/s]
[Q]
[s]
[s]
[%]
[%%/s]
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VL(t) Induced voltage [V]
Via(®), Vp(t) Approximation of induced voltage for coil A and B [V]

Viarem(t), Vi prem(t)  Induced voltage for coil A and coil B from transient FEM [V]
Vowm (£) Pulse-width modulated voltage [V]

Vewma(®), Vowms(t),  Pulse-width modulated input voltage for coil A and B [V]

Vr(®) Ohmic voltage drop [V]

Vra(t), Vrp(t) Ohmic voltage drop for coil A and coil B [V]
x(t), X State vector of the plant, X at time instance k [-]
Xpef(t) Reference state vector for control [-]

x4 (1) Stroke, position [%]

X ref(t) Reference position for control [%]

P(t) Magnetic flux linkage [Wb]
Ystara(), Ystarg(t)  Approximation of flux linkage for coil A and B [Wb]
Yarem(t), Yprem(t)  Flux linkage for coil A and B from transient FEM [Wb]

a, B Friction model parameters [-], [Ns/m]

A Number of coil turns [-]

() Number of winding layers in x-axis direction [-]
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