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COMMVINICTIONS

P. Bauer - J. Sitar *

ANALYSIS OF ELECTROMECHANICAL ACTUATOR BASED
ON FEM - CIRCUIT SIMULATOR COUPLING

Abstract: Design and simulation of an electromechanical system is multidisciplinary. In this paper three different types of co-simulation of
a mechatronic system are compared. The co-simulation is realized between two different programs (power electronic circuit simulator - control
part and finite element analysis - magnetic and mechanic model part). The simulations were realized for an electromechanical actuator fuel
injection system. The output waveforms for coil current, forces, inductances and position are compared. Finally the measured waveforms are

presented too.

I. Introduction

Design and construction of modern types of electromechani-
cal actuators is often verified by simulation. Analysis of a typical
electromechanical system with power electronic converter consists
of many aspects and is often multidisciplinary. Such a design can
be realized only by different software packages. A classical electro-
mechanical system consists of three different parts: electrical circuit
(simulation of electrical circuit and control part), magnetic circuit
(forces, co-energy, inductances) and mechanical part (torque, rev-
olution). There is not a single simulation program which can handle
such a system in a single way and consider all aspects at the same
detailed level. Therefore, the design of an electromechanical system
drive is mostly created step by step in different programs. The first
step is usually building the magnetic circuit of a machine. Simu-
lation results are often used in the next step, which is the simula-
tion of electric circuit and control part of the machine. Simulation
of mechanical loads and forces can be computed together with the
first step in magnetic circuit simulation. However, the simulation
of electric and magnetic circuit can not be decoupled because they
interact with each other.

In this paper the simulation of a fuel injection system is inves-
tigated. There are two different parts in this system. Magnetic circuit
and magnetic model specifications consist of forces, material prop-
erties and mechanical quantities such as movement, speed, shift
and deformation. The electric circuit consists of a control circuit
simulator together with the signal generator. To achieve an analy-
sis of a complete system, two different programs are used. For this
model type it is very suitable to use co-simulation, where two dif-
ferent programs are co-operating.

I1. Basic co-simulation principles

In the first two cases of co-simulation it is possible to describe
the program cooperation in the same way (Fig. 1). The difference
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is only in the obtained results. The dynamic power electronic
model calculation is based on static finite element model calcula-
tion. From this the static values for inductance, magnetic force
and coil current are obtained and used in the power electronic cal-
culation. In the second case the difference is only for finite element
model calculation where the power electronic output results were
verified by the static loop calculation.
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Fig. 1: Simple principle for data exchange at the first and second
co-simulation

The computing like this one is accurate for a solenoid actua-
tor description but from these first two co-simulation types there
is no possibility to determine the transient behaviour. For this reason
the third co-simulation possibility between the programs (Fig. 2) was
realized. In this case it is necessary to realize the primary static
computing in the finite element program too. After that the full
dynamic co-simulation can start. This calculation is transient and
during simulation the results are saved as data table.
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Fig. 2: Principle for full variable data exchange during co-simulation
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The main question remains: on what level these programs must
co-operate. Three different levels of data exchange will be defined
as shown in Figs. 3, 4, and 5. These levels bring different kind of
abstraction and simplification of the subsystems. Different kind of
levels of the co-simulation will result in different output values.
This paper will give an answer to the question, how the different
level of co-simulation influences the results of the investigated
system. The conclusions about the usefulness of these different
levels of co-simulation are given. The best know simulation package
for magnetic circuit analysis are Ansys, Femag, Femlab, Maxwell,
Femm and there are many others. For simulation of electrical
circuit the best know are Spice, Caspoc, Matlab/Simulink, Dynast
and others. Some of these mentioned programs have a connection
option with open interface, which can make the co-simulation. For
example: Maxwell can be connected together with the Simplorer
and Caspoc has a connection with Ansys and Matlab/Simulink.
Here co-simulation between Caspoc and Ansys will be created and
the results are presented. Basic structures, analyses and mathemat-
ical models of solenoid are described in [8]. In literature the mag-
netic circuit model is presented together with control circuit.
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Fig. 3: Block circuit for one value co-simulation and data exchange

5
CASPOC 5 ANSYS |,.0,1 Data

goce Data > model | [1apie

2 | table |33 ] " orces
ki eddycll.lor;esms
PWM + I F ;osiﬁan
lifife -

Fig. 4: Block diagram for table data exchange in co-simulation
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Fig. 5: Block scheme for full dynamic co-simulation
(dynamic data exchange)
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III. Electromagnetic and mathematical
model of solenoid
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Fig. 6: Co-simulation model design

The principles of feedback current control strategy for solenoid
are introduced and a simple electromagnetic actuator is devel-
oped. Here an analysis is carried out that calculates the inductance,
flux densities, stored magnetic energy and co-energy, magnetic
forces, current and power losses. Typical structures for the solenoid
are described.

Fig. 6 shows the basic structure of the solenoid with a feed-
back current controller. Excitation of the windings produces mag-
netic forces for plunger movement. The plunger is free only in the
vertical axis. The current i produces a flux . The flux path is
shown by the dotted line in Fig. 6 and 7, and it crosses the air-gap
in the vertical direction. The attractive force between the plunger
and anchor is function of 7 and is proportional to the square of 7,
if the material is not saturated. Under movement conditions, the
generated attractive force is higher than the spring force. The spring
force is a little bit higher than multiplied plunger weight m with
gravity acceleration g. The force command is the sum of spring,

I, a) b)
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Fig. 7: Solenoid basic dimensions and equivalent magnetic circuit a)
and electric circuit b)
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gravity and attractive force commands. The spring force is in oppo-
site direction to the gravity and attractive force commands.

The voltage U excites a coil. Let us suppose that the number
of turns in the windings is N so that the magneto-motive force
(MMF) Ni is produced. Since the permeability in ferromagnetic
materials is high, the flux follows the path shown. The flux crosses
the air - gap. Note that only one flux path is shown; however, the
flux is distributed in the air - gap. The maximum flux density in
the air - gap is determined by the coil excitations.

Figure 7 a) shows the model of the solenoid used for simula-
tion. The anchor has the width w. The main flux path is indicated
by the doted line. The length of the flux path in the model is
defined by /,, /, and /5. The flux path length in the plunger is /,.
The winding in the coil has N turns. The instantaneous current is
i, so that the MMF is Ni. The air-gap length is equal to / at the
maximal position. A coordinate position x is defined in plunger
position so that the air-gap length is /-x.

Reluctance of magnetic circuit is defined as:

/
R= fp* 1)
Moy ™S
Where:
l, - Flux path length ([, = [, + [, + 5 + 1)
mt

w™ - Permeability of the material
S - Cross - section area of the flux path

Permeance is inverse function of magnetic reluctances:
*
P, = “”',—S @)
o
Figure 7 b) shows an “electrical” equivalent circuit of the sole-
noid magnetic circuit. In terms of MMF (voltage), flux (current),
reluctances (resistance) and constant (dc) magnetic circuit can be
treated in the same way as in the electric circuit. The main differ-
ence is that magnetic reluctance is an energy storage component
rather than loss component. The “dc voltage” source Ni represents
the MMF generated by the winding current. R, and R, are the
magnetic reluctances in plunger and anchor respectively. R, rep-
resents the magnetic reluctance in the air - gap. These magnetic
reluctances are written as:

The flux ¢ is:

Ni Ni poS
== 6
v 2R, 2 h—x ©

The flux linkage A, of the coil is defined as a number of the
turns N multiplied by the flux passing through the coil:
CONZ S

A= 7
A (N

Inductance is defined as flux linkage divided by the current
value

)\[:N_z HoS

L i 2 h—x ®)

Stored magnetic energy and co-energy can be determined
from the relation between flux linkage A and current / in the mag-
netic circuit with ferromagnetic components such as the cores in
figure 2. The flux linkage is proportional only to low current values.
At high current, the ferromagnetic cores become saturated, pro-
ducing a nonlinear characteristic. Stored magnetic energy and co-
energy is calculated in Ansys with Synergy macro. The stored

magnetic energy W, in a magnetic system is obtained from:
/\0
W, = idn ©)
0

In addition to the magnetic energy, we can introduce the mag-

netic co-energy W,,. The magnetic co-energy is defined as:
)‘0

w, = Ui (10)

The independent variables in a magnetic solenoid system are
normally the coil winding current and plunger position. If the
system is moved by 0, then it can be shown that the work done is
equal to the change in co-energy of the system. Then, the electro-
magnetic force F is given as the partial derivative of the magnetic
co-energy:

ow,,

F . (11)

If the magnetizing characteristic is linear (no saturation) then
the magnetic stored energy is equal to magnetic co-energy. Assum-
ing a linear system, where the self-inductance L is constant and
L, = A, the magnetic co-energy is derived as:

I+ 1L+ i L,
R,=—"— 3) w,, = fLidi =—1Li (12)
ot S 0 2
h—x Substituting (8) into (10) yields:
R, = (4) 2 )
¢ HoS - a_L l_ - i = (13)
ox 2 h 2
1
= 4 S (5) The next expression for magnetic force is based on flux density
Fokt in the air-gap and is well-known as Maxwell stress equation where:
Where: B
Mo - is the permeability of free space (u, = 47 * 1077) F= 2—0 (14)
w, - is the relative permeability (1, = o u,) Ko
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S - is defined as the air-gap area and B, is nominal flux
density. In this electromechanical system the nonlinear character-
istic of the material properties are used.

IV. Control circuit model

The control circuit model was created in power electronic and
electrical circuit simulation software CASPOC. The full controlled
four quadrant inverter is modeled here. Its parameters and values
for output signal are described in TABLE 1.
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Fig. 8: Single phase full bridge controlled inverter implemented
in power electronic circuit simulator.
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Inverter parameters and output voltage waveform Table 1
Switching frequency 50 Hz
Input DC voltage 120V w H H
Output voltage 120V £
Power 200W . |
Current 1.2A fmeld

The electric circuit simulator also summarizes the finite element
analysis results for value of inductance, power losses, eddy cur-
rents and forces and draws their waveforms in scopes. For co-sim-

Co-simulation possibilities
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ulation the pre-defined function FROMLF (for receiving data -
from open interface) and TOLF (for sending data - to open inter-
face) was used. The block scheme implemented in the power elec-
tronic circuit simulator of a single phase full controlled bridge
inverter is shown in Fig. 8. This block diagram was prepared for
co-simulation (there are co-simulation blocks and all the received
data are visualized in the scope). All the received data was also
used as an open interface in inverter simulation.

V. Finite element model

Magnetic circuit was created in finite element software ANSYS.
There the mechanical and magnetic parts of solenoid were modeled
together. Basic dimensions of model and material properties were
described.

Basic input dimensions for finite element model Table 2
Model width 15 mm
Model height 35 mm
Material types Air, Colil,
(nonlinear material | Two ferro-
properties - BH magnetic
curves) materials
Plunger movement 2.95 mm
Spring constant 1.065¢3
Fill factor 0.658
Number of turns 1750
Spring damping 0.05

Outputs of this simulation are parameters for impedances,
position, power losses, eddy currents and other requested results.
These are, e.g., the waveforms for electromagnetic vector potential
and magnetic flux density. The basic model dimensions are shown
in TABLE 2.

In the finite element model a parameter value is computed
and it is used via the open interface in the electric model simula-

Table 3

Type number | Realization

Description

Ist type One value data exchange without dynamic Exchange of only one value for inductance, Force and Back-EMF from
co-simulation and without saturation effects the finite element model. No dynamic interaction between simulation
of electro-magnetic circuit programs.

2nd type Table data ex-change without dynamic In this type the data table is used as input into simulation programs. These
co-simulation, but including saturation effects tables include; for finite element model - values for position and coil current;
of the electromagnetic circuit for power electronics - values for inductances, voltage back-EMF and force.

3rd type Full dynamic co-simulation considering This simulation is based on full data exchange during simulation. All output

saturation effects of electromagnetic circuit
and transient eddy currents

values of magnetic and electric circuit simulation are written in the graphs.
In this co-simulation finite element model and control power electronic
circuit simulator are mutually influenced during computation.
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tion (Fig. 8). The electric control circuit computes the input voltage
value for the finite element model and also exchanges them via the
open interface. These values are used in the next step for each
interconnected program. On this basic principle, a loop for co-sim-
ulation was created.

VI. Possibilities of co-simulation

For computation, the FEM (finite element method magnetic
circuit simulation) and power electronics circuit simulation soft-
ware are used. In this paper we compare the results for the three
different types of co-simulation (TABLE 3 and TABLE 4). The
goal is to compare the difference between output values for coil
current, inductance, force, air-gap for the mentioned three co-sim-
ulation possibilities. They are described below.

VIL. 1% Co-simulation type

The basis of this simulation is a simple calculation for one
plunger position in the FEM software. For a constant coil current
value, from FEM the inductance, force and back-EMF constant
(induced voltage) can be obtained. The finite element model pro-
vides only one static value for these variables. For one plunger
position in FEM the static magnetic vector potential or magnetic
flux density can be presented.

The obtained results are used as inputs for power electronic
circuit simulation program. The block diagram of this simulation

Simulation types used in power electronic circuit simulator and finite element analysis

type is shown in Fig.3. The plunger model is presented as output
load on inverter DC link and is modeled by a mechanical system,
where the plunger can move in one direction. This output load
consists of a coil (FEM value of inductance), resistor (FEM value
of resistance) and source of EMF (FEM value of induced voltage
constant multiplied by plunger speed). From this simulation the
waveforms for coil current, forces, and position can be drawn.

VIII. 2" Co-simulation type

The block diagram of this simulation type is shown in Fig.4.
For this co-simulation type the input and output values for induc-
tance, back-EMF and force are in the data table form. The control
circuit calculates an initial variable data table for different plunger
position, voltage and coil current. This initial variable data table
is converted into the finite element software script. This table is
written cross the *DIM (defines an array parameter and its dimen-
sions) commands for computation of macro (*DO control for
loop computation). In the finite element program these values of
voltage and plunger position are read and the FEM program cal-
culates the data table for inductance, back-EMF and force that are
needed in its circuit simulation. This data table is written into a text
file in column form. The next step is to create the waveform for
these values in different software for comparison. Finite element
output data can be used in the other control circuit calculation for
variable value of inductance and coil current. In these first two co-
simulation types only static computing was used in FEM analysis.
These programs work separately all the time. These analyses are
without dynamic co-simulation and only the second type consid-

Table 4

Type number | Power electronic simulation type

Finite element method simulation type

simulator starts the co-simulation. In the first
step it computes and sends data for the driving
voltage. This data is sent to the FEM program
and the simulator waits for the next step. The
next step is realized after recalculation of the
magnetic circuit in FEM. The whole process is
repeated in a loop. After reaching the final
simulation end time, the co-simulation process
is terminated

Ist type Dynamic calculation - In the control circuit the | Static calculation - only one static value computation. For the next step, the
data table, which is used for finite element model parameters are adjusted based on control circuit data table manually
model static computing is created. by user.

After finishing the FEM analysis, the parameters
calculated in FEM are used in the transient
power electronic simulation.

2nd type Dynamic calculation - In the control circuit the | Static calculation together with data loop - based on results of control circuit
data table, which is used for finite element simulation. A data table is created to model the inputs for the *DIM areas.
model in the static loop computing is created. These are used for changing the model parameters in the *DO loop. The
After finishing the FEM analysis, the table with | control circuit generates the data table which is used as input for finite
parameters from the FEM calculation is used in | element model. Based on this table the finite element model is reconfigured
the transient power electronics simulation. auto-matically and the results are calculated for each position listed in the

table.

3rd type Dynamic calculation - The Power electronic Dynamic calculation - in this case the full transients in the magnetic

circuit are modeled. The forward movement of the plunger is caused by
electro-magnetic force. The backwards movement is caused by a mechanical
spring (in the FEM model realized by a spring constant and spring damping)
The input value for the driving voltage is obtained from the power

electronic circuit simulation. The considered simulation results are values
for magnetic vector potential, magnetic intensity, inductance, forces, coil
current, speed and back-EMF.
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ers saturation of the electromagnetic circuit. Eddy currents are
not considered in the first and second type of co-simulation.

IX. 3" Co-simulation type

This co-simulation is based on full data exchange during sim-
ulation. The block diagram of this simulation type is shown in Fig. 5.
All the data is exchanged between both programs at each time
step in the simulation. The Power electronic simulation software
continuously reads this data and in the same time computes the
next voltage and position value for FEM software. The results are
drawn into the oscilloscopes.

The interconnection between programs is realized inside power
electronic and FEM software. In the power electronic software
are the co-simulation blocks for data reading and writing (TOLF
and FROMFL). The program creates for this purpose two different
data sets. The first set for reading FEM results data and the second
for writing the output voltage value for finite element software.
The name of these datasets, co-simulation time and number of
sub-steps can be set in power electronic software. In FEM analysis
these data sets are used, where the first data set is used for data
writing and second data set for input voltage reading. In this case
the co-simulation includes the saturation of magnetic circuit and
influence of eddy currents. During the saturation of magnetic circuit
there are no changes for the material properties in this simulation
set up. These properties are assigned with the assistance of BH
curve. There are changes only in current values and inductance.

After finishing the co-simulation the waveforms for all the
computed variable values are shown in graphs (Fig. 9 and 10). Tran-
sient FEM results are given as animations, variable data table and
nonlinear model characteristics are given for magnetic vector poten-
tial and magnetic flux density. Some of the results are shown in
the next section.
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Fig. 9: Dynamic co-simulation results for air-gap and current
waveforms (full dynamic co-simulation).
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X. Comparison of the results

Different criterions for comparison of these three co-simula-
tion methods are used. The first criterion is for time and hardware
requirements. The first method uses not many system requirements,
but if we need more results for different plunger position the user
must change parameters before the next computation manually.
The second method uses a variable data table. The computation is
realized for many positions in one step, but not in the real inter-
action between programs. Control circuit computation is not time
consuming, but the finite element calculation takes a long time
and is dependent on the variable data table.
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Fig. 10: Power electronic simulator results for air-gap and current
(bases for this calculation is variable data table which was computed
in static finite element analysis).

Fig. 11: Magnetic flux density at the maximum air gap (Ig = 0.3).

The last co-simulation method is comparable with the second
method with respect to the computing time (electric and magnetic
model needed the same time for computing), but the results are
different due to simplification made in the first two models (Figs.
3 and 4).
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ANSYS

Fig. 12: Magnetic vector potential for maximum air gap (Ig = 0.3).

The next criterion is the comparison of the acquired results.
We can compare values of inductance, coil current, plunger posi-
tion and forces. Values of these variables can be written in one
graph. The output waveforms for current and position are shown
in Figs. 9, 10, 13 and 14.

In Fig. 9 the full dynamic co-simulation results are presented
(full cooperation between FEM analysis and power electronic
simulation). The coil current (red) and plunger position (blue) are
compared there. After starting the co-simulation, the coil current
increases as long as there is a driving voltage. At the same time the
plunger starts its movement to the zero position. After removing
the driving voltage, the current decreases as long as the plunger
position is zero. After reaching the zero position and sufficient
current drop the backward movement is started. (Spring force is
higher than electromagnetic force). Continuously, there is a small
peak in the current waveform. It’s the effect of induced voltage
(back-EMF) and eddy currents. After this state the current is pro-
gressively decreasing to zero and air-gap is increasing to maximal
position. In Fig. 10 are the same waveforms (red - plunger posi-
tion, blue - coil current) for 2nd type of co-simulation.
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Fig. 13: Comparison of air-gap waveforms for two periods.

Figs. 11, 12, 15 and 16 show value for magnetic vector potential
and magnetic flux densities during co-simulation for the maximum
and minimum values of air-gap. The results of co-simulation are
values for storage magnetic energy and co-energy, inductance, power
losses, eddy current and coil current. These results were summa-
rized during co-simulation in power electronic software. Their
waveforms are presented in the figures below.
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Fig. 14: Comparison of current waveforms for two periods.

In Figs. 13 and 14 is comparison between 2nd and 3rd co-sim-
ulation type in position and current. Fig. 13 shows the confronta-
tion between plunger positions (noted as Ansys position - 3rd
co-simulation type, noted as Caspoc position - 2nd co-simulation
type). The basic difference is in velocity of air-gap reduction and
in backward movement; where the third co-simulation result is
above the maximum air-gap and the results from second co-simu-
lation are bellow the maximum air-gap. In Fig. 14 the comparison
between currents waveforms are presented (Ansys current - 3rd
co-simulation type, Caspoc current - 2nd co-simulation type with
different model resistance).

The current increases until the input voltage is connected. After
removing the driving voltage the current value decreases until the
plunger position is equal to zero. When the plunger starts the
backwards movement, the current rises a bit. After this situation,
the current decreases to zero continuously.

XI. Experimental validation

In measurement the solenoid current waveforms for different
size of duty cycle were obtained (Fig. 19). In these current wave-
forms it is possible to see the effect of the local current minimum.
It is the result of mechanical movement of an inductor through
a magnetic field. This phenomenon has very important diagnostic
implications. Usually the circuit will have about 20 percent to 40
percent more current than is necessary to pull in the coil so it is
possible to see about 2/3 to 3/4 of the way up the ramp. The size
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and distinction are directly related to the amount of movement.
The actual mechanical movement in the fuel injector takes place
in about 0,5 millisecond.

Fig. 16. Magnetic vector potential and magnetic flux density at the
minimum air gap (lg = 0).

To better illustrate this phenomenon, it is possible to use
a simple relay. A relay coil has a multitude of windings that elec-
trons must pass through before completing a circuit. Magnetic
lines of force are created around the conductor. The lines cut
across the adjacent windings causing their electrons to move in
opposition to the main flow. This is called backEMF or Counter
Electromotive Force (CEMF).

When an inductor is placed in the core of a coil, the magnetic
lines of force are attracted to the inductor; as current flows, they
concentrate on it causing more CEMF and slow current build-up
in the coil. Then as the magnetic field builds enough strength to

COMMVINICTIONS

Fig. 17 Test bench Fig. 18. Basic circuit for solenoid

current measurement

pull in the inductor, a fluctuation occurs causing the current flow
to lessen momentarily as the inductor moves through its travel to
a stop. After that it is possible to see the decreasing of current
which is in literature presented as a Gull Effect. After saturation
of the coil, the current will gradually reach the peak.

In Fig. 18 a simple electronic circuit for solenoid current mea-
surement is presented. The current is calculated with Ohm’s law
from measured voltage on a precise resistor R. The solenoid voltage
was 90V and maximum current value was 136 mA.
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Fig. 19. Comparison of current waveforms for one period
and different duty cycle
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Fig. 19 shows the solenoid current reading consistently through-
out its range up to 80 percent duty cycle along with the voltage
signals. At 100 percent duty cycle there would be a 100ms pulse.
In presented waveforms it is possible to see the gull effect in the
beginning. After finish of voltage pulse the current is decreasing.
Near the zero value the current increases a little bit and after that
it drops to zero.

XII. Conclusions

A full dynamic co-simulation for an electromechanical system
in power electronic circuit simulator and finite element analysis is
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